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Abstract
Prostate cancer is the most common cancer in American men, representing
19 percent of all cancers diagnosed in males. The most prominent biomarker
utilized for prostate cancer screening and diagnosis is prostate specific antigen
(PSA). Unfortunately, limitations of PSA testing, including inability to distinguish
cancer from benign disease, inefficiency in predicting cancer aggressiveness and
low specificity, have led to overtreatment of prostate cancer in the clinic and
propelled the scientific community to explore superior prostate cancer biomarkers
that can discriminate indolent from aggressive disease and can improve clinical
decision-making regarding whether the patient indeed needs biopsy and what type
of treatment is the best option.
In this thesis, we report that secreted ribonuclease 4 (RNASE4) protein
may serve as such a biomarker as well as therapeutic target. RNASE4 expression
is significantly elevated in prostate cancer patients and positively correlates with
advanced disease stage, grade, Gleason score, and risk. Therefore, plasma
RNASE4 protein level may stratify patients for biopsy and for type of treatment
as it provides valuable information on cancer aggressiveness and can
independently predict biopsy outcome. Functionally, RNASE4 induces cancer cell
proliferation and tumor angiogenesis. Mechanistically, RNASE4 activates AXL, a
tyrosine kinase receptor known to drive prostate cancer metastasis and therapeutic
resistance. This is the first study to demonstrate the function and mechanism of
RNASE4 in cancer.
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Work described in this thesis also demonstrates that RNASE4 undergoes
receptor-mediated endocytosis and that AXL may serve as a cell surface receptor
for RNASE4. Studies presented here show that RNASE4 physically interacts with
AXL to induce its autophosphorylation. Therapeutically, inhibition of RNASE4
activity by monoclonal antibody inhibits tumor angiogenesis, cancer cell
proliferation, establishment of xenograft tumors, and growth of already
established xenograft tumors. Consistent with the notion that AXL is an RNASE4
receptor, RNASE4 inhibition resulted in a reduction of AXL phosphorylation in
prostate cancer xenograft animal models. Together, these findings demonstrate
the functional importance of RNASE4 in prostate cancer, and suggest that
RNASE4 may simultaneously serve as a prognosis marker and therapeutic target
for high risk prostate cancer.
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Chapter 1: Introduction
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1.1.

Prostate Cancer
Prostate cancer is the most common invasive cancer in American men (Siegel

et al., 2016). In 2016, American Cancer Society estimated about 161,360 new
cases of prostate cancer will be diagnosed and 26,730 men will die of prostate
cancer in 2017 (Siegel et al., 2016). Prostate cancer develops mostly in older men
aged 65 and older, and rarely in men younger than 40 years old (Miller et al.,
2003). Although the exact cause of prostate cancer is not known, diet, age, race
and family history are suspected to be contributing risk factors (Hsing &
Chokkalingam, 2006). African American men are more likely to develop and die
from prostate cancer than whites and Asians (Lewis et al., 2017). Most prostate
cancer cases are slow growing — allowing plenty of time for treatment, however
other types may progress more rapidly and develop into lethal disease (Miller et
al., 2003).
Prostate, a gland in the male reproductive system, is a walnut-sized organ
located under the bladder, surrounding the urethra (Kirby, 1995). The prostate
plays an important role in sexual function by secreting prostate fluid, one of the
components of semen (Mann & Lutwak-Mann, 1981). The prostate fluid
constitute one-third of the total semen volume and contains various enzymes, zinc
and citric acid (Kirby, 1995). The muscles of the prostate gland are responsible
for the propelling action of this seminal fluid into the urethra during ejaculation
(Mann & Lutwak-Mann, 1981). Urinary function is frequently affected by the
prostate as well, since the urethra passes through the gland. In fact, the muscle
that controls the urinary flow is located at the tip of the prostate gland (Kirby,
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1995). Therefore, prostate cancer and other prostate related diseases frequently
present with a risk of sexual and urinary complications (Miller et al., 2003).
Although these symptoms may only present in later stages of prostate cancer.
Majority of prostate cancer is clinically localized at time of diagnosis in
developed nations with the wide-spread adoption of screening tests, such as PSA
test. However, the clinical behavior of localized cancers may vary greatly from
indolent to aggressive depending on several parameters, such as Gleason score,
PSA levels, clinical and pathological staging, and molecular profile. Ability to
distinguish indolent from aggressive prostate cancer is critical for efficient
management of disease. Thus, establishing additional risk stratification
parameters are an active area of prostate cancer research for the development of
more precise therapeutic interventions.
Unfortunately, prostate cancer is a complex disease with a heterogeneous
nature (Boyd et al., 2012). Point mutations, microsatellite variations, and
chromosomal

alterations,

including

translocations,

deletions,

insertions,

duplications and gene fusion events represent the underlying genetic
heterogeneity in prostate cancer. This genetic heterogeneity is not only observed
between patients with different genetic backgrounds, but also between different
tumor foci within the same patient and different cells within the same tumor focus
(Barbieri et al., 2013; Lindberg et al., 2013; Taylor et al., 2010).
Tumor heterogeneity of prostate cancer represents a real challenge in the
clinic for disease management and treatment. Several sources have highlighted
the importance of identifying subpopulations of prostate cancer patients and

3

tumors that would benefit from a more targeted therapy (Barbieri et al., 2013;
Boyd et al., 2012; Taylor et al., 2010). By the introduction of new genomic
technologies, biomarker discovery has significantly advanced to improve prostate
cancer diagnosis and biomarker guided management of disease. Efforts towards
understanding the genetic alterations in subpopulations, uncovering the molecular
mechanisms underlying the disease and discovery of novel biomarkers have
proven advantageous (Marks, 2012; Sedelaar & Schalken, 2015), but further
studies are needed to comprehend the clinical context of these genomic changes
and prostate cancer biomarkers to successfully pursue targeted therapies.
Furthermore, multiple biomarkers, risk stratification systems, molecular and
therapeutic targets are required to comprehensively diagnose and manage this
heterogeneous disease. In this chapter, an overview of prostate cancer, including
epidemiology, cellular origin, diagnosis, molecular and clinical mechanisms of
disease progression and treatment modalities with an emphasis on current unmet
clinical needs will be discussed.

1.1.1. Epidemiology
Worldwide, 1.1 million men were diagnosed with prostate cancer in 2012,
representing 15% of all new cancers cases in men (Ferlay et al., 2014). Global
prostate cancer incidence rates vary by 25-fold, with 68% of cases occurring in
more developed countries (Lewis et al., 2017). Highest incidence rates were
reported in Oceania and Northern America, and the lowest in Asia and Africa in
Figure 1.1. (Ferlay et al., 2014).
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Figure 1.1. Estimated prostate cancer incidence worldwide in 2012.
Highest incidence of prostate cancer was in Australia, Northern America, Western
and Northern Europe; lowest incidence in Asia and Africa (Ferlay et al., 2014;
WHO, 2017).
In 2012, prostate cancer resulted in 307,000 deaths, representing 6.6% of
total deaths and the fifth leading cause of death from cancer in men (Lewis et al.,
2017). Less variation was seen in mortality rates worldwide (10-fold variation)
than is observed for incidence (25-fold variation) since prostate cancer screening
has a much greater impact on incidence than on mortality (OECD, 2016). The
observed number of deaths from prostate cancer was higher in less developed
countries (Ferlay et al., 2014). Figure 1.2. demonstrates mortality rates to be
highest in African-American populations, moderate in the Americas and Oceania,
and lowest in Asia.
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Figure 1.2. Estimated prostate cancer mortality worldwide in 2012.
Mortality rates are highest in Caribbean (29 per 100,000) and sub-Saharan Africa
(19-24 per 100,000), and lowest in Asia (2.9 per 100,000 in South-Central Asia)
(Ferlay et al., 2014; WHO, 2017).
1.1.2. Cell types of origin, genetic alterations and molecular subtypes
The prostate epithelium consists of luminal secretory epithelial cells,
adjacent basal cells and rare population of neuroendocrine cells (Wang et al.,
2009). Primary prostate cancer almost always has a luminal phenotype, which
either arises from oncogenic transformation of a luminal cell or a basal cell that
underwent luminal differentiation as depicted in Figure 1.3. (Barlow & Shen,
2013; Wang et al., 2009; Wang et al., 2014). In fact, prostate cancer phenotype is
often characterized by atypical glands, strong AR and an absence of basal cells
(Abate-Shen, 2000). Limited evidence supports the notion that the cell of origin
for prostate cancer correlates with disease outcome or treatment response,
however future studies are underway to establish relationships between cell types
of origin and distinct prostate cancer molecular subtypes (Lee & Shen, 2015).
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Figure 1.3. A model demonstrating cellular lineage in prostate cancer
initiation.
Under oncogenic conditions, luminal cells undergo transformation, while basal
cells undergo luminal differentiation to give rise to adenocarcinoma (Barlow &
Shen, 2013).
Unlike most cancers that are driven by specific point mutations, prostate
cancer involves multiple recurrent genomic alterations, including mutations, DNA
copy number changes, rearrangements and gene fusions (Shen & Abate-Shen,
2010). Loss of one or both copies of critical tumor suppressor genes such as
PTEN, NKX3.1, TP53, and CDKN1B as well as gene mutations in SPOP, TP53,
FOXA1, and PTEN are frequently observed in prostate cancer (Abate-Shen, 2000;
Network et al., 2015; Shen & Abate-Shen, 2010). Fusions of androgen-regulated
promoters with ERG and other ETS family members of transcription factors are
also common alterations in prostate cancer genomes (Network et al., 2015;
Schoenborn et al., 2013; Taylor et al., 2010). A recent study assessing 333
primary prostate carcinomas established a molecular taxonomy of prostate cancer,
identifying seven subtypes defined by ETS fusions – ERG, ETV, ETV4, FLI1,
and by mutations in SPOP, FOXA1, IDH1, however; even within these subtypes,
there was significant epigenetic heterogeneity. (Network et al., 2015).
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1.1.3. Diagnosis, stages and grading
The actual diagnosis of prostate cancer can only be made with a biopsy
regardless of whether cancer is suspected from screening tests or symptoms
(Heidenreich et al., 2014). A core needle biopsy is the procedure used to diagnose
prostate cancer during which small samples of the prostate are removed by a
urologist (Miller et al., 2003). Antibiotics are prescribed to the patient and advised
to be taken before the biopsy and possibly for a couple of days after to minimize
risk of infection. During this 10-min procedure, surgeons frequently use a
transrectal ultrasound (TRUS) to guide the biopsy needle and collect about 12
pieces of tissue from multiple areas of the prostate to ensure good sample quality,
which will later be analyzed by a pathologist (Akdas et al., 1995; Egevad et al.,
2001). The purpose of removing multiple cores from different areas of the
prostate during a biopsy is to minimize false-negative results, however there is a
chance that the biopsy needle might still miss a cancer if none of the biopsy
needles pass through the cancerous areas of the prostate (Miller et al., 2003).
Alternatively, an MRI scan can be combined with TRUS to produce a 3D
image of the prostate for visualization of cancerous areas within the prostate for
precise targeting of the biopsy needle (Pepe et al., 2017). Although more precise
than TRUS biopsy, MRI fusion biopsy does not eliminate the need for repeat
biopsies (Pepe et al., 2017).

At initial biopsy, only 20-30% of patients are

diagnosed with prostate cancer and repeat biopsies are often required to diagnose
the rest of the patients (Akdas et al., 1995). Biopsy procedure is painful and often
associated with uncomfortable side effects, including bleeding from rectum and
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blood in semen, and therefore often performed after convincing evidence –
abnormal screening test results and urinary symptoms – support the need for a
definitive cancer diagnosis (Miller et al., 2003).
Screening tests, digital rectal examination (DRE) and PSA, are frequently
performed in healthy men to find evidence of early signs of prostate cancer prior
to a biopsy (Eggener et al., 2015). However, there is major controversy around
using PSA screening to look for prostate cancer in men with no symptoms
(Tabayoyong & Abouassaly, 2015). Several cancer organizations have varying
views on prostate cancer screening. ASCO discourages older men with no
symptoms from using PSA screening, especially if they are expected to live less
than 10 years (Editorial, 2015). The U.S. Preventative Services Task Force have
concluded that the risks of PSA screening outweigh the benefits (Drazer, 2012).
American Urological Association and American Cancer Society recommend that
patients are educated of the risks and benefits prior to PSA screening (Eggener et
al., 2015).
Predicting tumor aggressiveness is a serious challenge in the clinic and
some slow-growing prostate cancer may never cause harm during the lifetime of
the patient (Miller et al., 2003). Therefore, PSA screening often leads to overtreatment of prostate cancers that may not be life-threatening if left untreated and
unnecessary treatments with serious side effects that reduce patients’ overall
quality of life (Draisma et al., 2009; Velonas et al., 2013). On the other hand, PSA
test is useful for patients with aggressive tumors that may benefit from early-stage
detection and treatment (Adhyam & Gupta, 2012).
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PSA is a secreted protein that is primarily produced by the prostate gland.
The levels of PSA are higher than normal in various prostate conditions, such as
benign prostatic hyperplasia (non-cancerous, enlarged prostate) and prostatitis
(inflammation of the prostate), in addition to prostate cancer (Adhyam & Gupta,
2012). In fact, three out of four men who undergo biopsy after an elevated PSA
test result do not have prostate cancer (Eggener et al., 2015). Unnecessary
prostate cancer biopsies can have serious side effects, such as risk of infection,
impotence, and incontinence (Egbers et al., 2015). Therefore, it is paramount for
prostate cancer patients to fully understand the risks and benefits of PSA
screening and consult their physician prior to testing.
The lack of specificity of PSA testing and controversial benefits of use has
propelled scientists to identify adjunctive biomarkers that better refine disease risk
(Marks, 2012). Additionally, use of prostate cancer biomarkers should be
carefully assessed in a clinical context with a deliberation of the intended use:
reduction in unnecessary biopsies or prostatectomies, stratification of tumors,
monitoring disease progression or reduction in overall mortality (Prensner et al.,
2012; Sartor, 2004). Although recent efforts in prostate cancer biomarker
discovery promise improvement in clinical management of this disease, much
work is yet to be done from discovery to retrospective to prospective studies. The
next wave of prostate cancer biomarkers and current unmet needs in biomarker
research are discussed in detail in the next section.
Once a positive diagnosis of prostate cancer is made, a pathologist uses
several staging and grading systems to assess cancer aggressiveness and predict
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prognostic outcome (Miller et al., 2003). Staging demonstrates where the cancer
is located and whether it has spread to other parts of the body (Cheng et al.,
2011). There are 2 types of staging for prostate cancer: clinical stage and
pathological stage (Reese, 2016). Clinical stage is assigned based on tests – DRE,
PSA, biopsy, MRI, bone and CT scans – performed before surgery and
pathological stage is based on information revealed from the prostate tissue
removed during surgery (Reese, 2016). Both staging types rely on the TNM
staging system (T for tumor, N for node, and M for metastasis) defined by AJCC
to describe prostate cancer stage (Challacombe & Rottenberg, 2012; Reese,
2016). Table 1.1. summarizes definitions of the various clinical and pathological
TNM stages.
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Table 1.1. AJCC definitions of clinical and pathological TNM stages (Egner,
2010).
Primary Tumor (T) – TX Primary tumor cannot be assessed
Clinical
T0 No evidence of primary tumor
T1

Clinically inapparent tumor neither palpable nor
visible by imaging
T1a Tumor incidental histological finding in 5% or less
of tissue resected
T1b Tumor incidental histological finding in more than
5% of tissue resected
T1c Tumor identified by needle biopsy (for example,
because of elevated PSA)
T2 Tumor confined within prostate
T2a Tumor involves more than one-half of one lobe or
less
T2b Tumor involves more than one-half of one lobe or
less but not both lobes
T2c Tumor involves both lobes
T3 Tumor extends through the prostate capsule
T3a Extracapsular extension (unilateral or bilateral)
T3b Tumor invades seminal vesicle(s)
T4

Pathologic (pT)

Tumor invades adjacent structures other than
seminal vesicles, such as rectum, bladder, and/or
pelvic wall

pT2 Organ confined
pT2a Unilateral, one-half of one side or less
pT2b Unilateral, involving more than one-half of side
but
not both sides
pT2c Bilateral disease
pT3 Extraprostatic extension
pT3a Extraprostatic extension or microscopic invasion
of bladder neck
pT3b Seminal vesicle invasion
pT4

Regional Lymph
Nodes (N)

NX
N0

Invasion of rectum, levator muscles and/or pelvic
wall
Regional lymph nodes were not assessed
No regional lymph node metastasis
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Distant Metastasis
(M)

N1-2
M0
M1
M1a
M1b
M1c

Metastasis in regional lymph node(s)
No distant metastasis
Distant metastasis
Nonregional lymph node(s)
Bone(s)
Other site(s) with or without bone disease

The histological grade of prostate cancer is reported by the Gleason score,
which reveals information on the aggressiveness of tumors by comparing
similarity of the cancer cells to healthy cells (Barlow & Shen, 2013). The Gleason
system ranges from grade 1 (most differentiated) to 5 (least differentiated)
(Barlow & Shen, 2013; Ni Chen, 2016). Following assessment of biopsy
specimens, pathologists assign a total score between 2 and 10 based on the
combination of two histological grades of two areas; most prevalent and secondmost prevalent (Partin et al., 1993; Miller et al., 2003). An overall score of 6 is
low-, 7 is medium- and 8, 9, 10 is high-grade cancer (Partin et al., 1993; Ni Chen,
2016). Less aggressive tumors generally have a low Gleason score and closely
resemble the healthy tissue, more aggressive tumors receive a higher score and
look less like the healthy tissue (Barlow & Shen, 2013; Ni Chen, 2016). Tumors
with high Gleason score are likely to grow and spread to other parts of the body
(Partin et al., 1993; Reese et al., 2012). For example, patients with a high Gleason
score may need more intensive therapy even if the cancer has not spread outside
the prostate yet due to high risk of metastasis (Egevad et al., 2002; Ni Chen,
2016). Figure 1.4. demonstrates the histopathological presentation of various
Gleason scores.
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Figure 1.4. Typical Gleason patterns of Gleason grading system in prostate
cancer.
H&E stained sections of prostate cancer tissue with varying Gleason score
patterns are shown. The Gleason system defines five histological growth patterns;
Gleason 1 is the most differentiated and Gleason 5 is the least differentiated. The
sum of the primary and secondary patterns make up the Gleason score. Gleason
score £6 is a well differentiated tumor tissue that is less aggressive, Gleason score
7 is a moderately differentiated tumor tissue that is moderately aggressive, and
Gleason score of 8-10 is poorly differentiated or undifferentiated tumor tissue that
is highly aggressive (Ni Chen, 2016).
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Taken together, combined information from blood PSA level, Gleason
score and TNM system allow doctors to assign tumors into prognostic groups,
made up of four anatomic stages – I, II (IIA and IIB), III and IV – to design the
right treatment plan (Partin et al., 1993; Challacombe & Rottenberg, 2012; Cheng
et al., 2011; Miller et al., 2003). Anatomic presentation of the different stages of
prostate cancer is shown in Figure 1.5. Stage I is the least advanced and Stage IV
is the most advanced overall stage of the cancer (Cheng et al., 2011). Table 1.2.
summarizes these prognostic groups by showing the associated TNM stage, PSA
amount and Gleason scores. In Stage I, cancer is confined to the prostate and
cannot be detected during DRE or other imaging tests, and made up of cells that
closely resemble the healthy cells. In stage II, tumors are either too small to be
felt or seen on imaging tests (IIA) or can be felt during DRE (IIB), and although
the cancer is confined in the prostate gland, cells are abnormal looking and may
grow rapidly. In stage III, cancer has spread outside of the prostate into adjacent
tissues. In stage IV, tumor has spread to other parts of the body, such as bone,
liver, lungs or lymph nodes (Edge & Compton, 2010; Egner, 2010; Miller et al.,
2003). These stages help determine strategic treatment options and predict
prognosis (Heidenreich et al., 2014; Hoogland et al., 2014; Susman, 2002).
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Figure 1.5. Prostate cancer anatomic stages.
Images show representative diagrams of varying stages of prostate cancer. Stage I
cancer is small and only present in the prostate. Stage II cancer is larger and may
be present in one (IIA) or both lobes (IIB) of the prostate, but remain organ
confined. Stage III cancer has spread beyond the prostate and into the seminal
vesicles. Stage IV cancer has metastasized and spread to distant body parts, such
as lymph nodes or bones (Winslow, T., 2010; NCI website: cancer.gov).
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Table 1.2. AJCC prostate cancer
2010).
Group
T
N
I
T1a-c
N0
T2a
N0
T1-2a
N0
IIA
T1a-c
N0
T1a-c
N0
T2a
N0
T2a
N0
T2b
N0
T2b
N0
IIB
T2c
N0
T1-2
N0
T1-2
N0
III
T3a-b
N0
IV
T4
N0
Any T
N1
Any T
Any N

staging and prognostic groups (Egner,
M
M0
M0
M0
M0
M0
M0
M0
M0
M0
M0
M0
M0
M0
M0
M0
M1

PSA
PSA <10
PSA <10
PSA X
PSA <20
PSA ³10<20
PSA ³10<20
PSA<20
PSA<20
PSA X
Any PSA
PSA ³20
Any PSA
Any PSA
Any PSA
Any PSA
Any PSA

Gleason
Gleason £6
Gleason £6
Gleason X
Gleason 7
Gleason £6
Gleason £6
Gleason 7
Gleason £7
Gleason X
Any Gleason
Any Gleason
Gleason ³8
Any Gleason
Any Gleason
Any Gleason
Any Gleason

In addition to stage, there are other prognostic evaluation tools available to
plan a successful strategy for prostate cancer treatment (Cooperberg & Broering,
2009; Shariat et al., 2008). For example, the D’Amico system is often used to risk
stratify patients for recurrence after prostatectomy for localized prostate cancer
(Barlow & Shen, 2013). This system combines the PSA level, Gleason score, and
the T stage of the cancer to establish 3 risk groups; low, intermediate, and high
(Cooperberg & Broering, 2009). Low risk group is defined as PSA levels <10,
Gleason score £6 and T stage T1-T2a, whereas high risk group represents PSA
levels >20, Gleason score ³8, T stage T2c or higher (Cooperberg & Broering,
2009). The expected 10-year recurrence rate of these patients are 17% for lowrisk and 71% for high risk; therefore, the high risk group often requires a more
aggressive treatment regimen (Barlow & Shen, 2013). The various risk
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assessment tools provide doctors a straightforward way to evaluate prostate
cancer risk, PSA recurrence, metastasis and mortality, which is a critical aspect of
decision-making in prostate cancer treatment and management (Shariat et al.,
2008). However, currently available prostate cancer risk assessment tools heavily
rely on information obtained from invasive biopsies and cannot be measured by
only using non-invasive biomarkers due to lack of biomarkers that can accurately
and consistently assess tumor aggressiveness.

1.1.4. Current status of secreted biomarkers
Prostate cancer management have long utilized biomarkers to aid
screening, diagnosis, prognosis and monitoring of disease progression. The three
main characteristics of an ideal biomarker are: 1) non-invasive and easy
measurement protocol; 2) high sensitivity and specificity; and 3) improvement in
clinical decision-making abilities (Prensner et al., 2012). Although an ideal
biomarker would have all three characteristics, often multiple biomarkers are
needed to fully cover screening, diagnosis, prognosis, prediction and monitoring.
The clinical questions different types of biomarkers aim to answer are varied.
Screening implies early detection of cancer to decrease mortality rates; diagnosis
determines the presence and grade of cancer; prognosis aims to identify the
clinical outcome in the absence of intervention; prediction determines the most
appropriate therapy; monitoring can reveal the effectiveness of therapy and
information on disease recurrence (Prensner et al., 2012). This section will
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provide a review of selected, contemporary, and secreted biomarkers for prostate
cancer and discuss their applications in the clinic.
PSA
The first clinical biomarker for prostate cancer was established in the
1930s, when prostatic acid phosphatase (PAP) was found to be elevated in the
serum of men with metastatic prostate cancer and investigated as a clinical
biomarker for progression (Kaplan et al., 1985). Later, PAP was replaced by PSA
that had been demonstrated to be more sensitive to monitor disease progression
than PAP (Turkes et al., 1988) and approved by the FDA in 1987 as an adjunctive
test to DRE for detection of prostate cancer in men over 50 years (Prensner et al.,
2012). With the introduction of PSA as a diagnostic marker, its use as a screening
test among asymptomatic men became widespread (Adhyam & Gupta, 2012).
Although PSA screening led to a significant impact on incidence and
mortality of prostate cancer, it also led to overdiagnosis and overtreatment
(Draisma et al., 2009). An estimated 50% of cases of new prostate cancer
diagnosis detect a slow-growing tumor that might not present clinically (Prensner
et al., 2012). Moreover, risks of treating a slow-growing, indolent cancer often
outweigh the benefits from patient’s perspective due to serious side effects
associated with prostate cancer treatments that may significantly lower patient’s
quality of life and cause psychological distress (Heidenreich et al., 2014).
In addition, the diagnostic test performance of PSA is quite variable with a
specificity and sensitivity range of 20 to 40% and 70 to 90%, respectively
(Prensner et al., 2012). Poor specificity of PSA stems from serum PSA elevations
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indicative of conditions other than prostate cancer, such as BPH and inflammation
(Sartor, 2004). Area under the curve (AUC) of PSA (receiver operating
characteristic) ROC curve is between 0.55 and 0.70, depending on the cohort
analyzed (Prensner et al., 2012). An ROC or AUC value of 1 represents a perfect
discrimination and ideal diagnostic, whereas a value of 0.5 represents a coin-toss
with no diagnostic ability. Therefore, PSA screening for prostate cancer results in
a low positive predictive value of 25 to 40% and a lot of false positives (Prensner
et al., 2012). Limitations of the PSA test have led to efforts to improve its
diagnostic performance by exploring PSA derivatives (Marks, 2012).

PSA derivatives, prostate health index (PHI), and 4K score
Various PSA derivatives have been explored to improve the performance
of the PSA test, including using PSA isoforms (proPSA), free and complexed
PSA (fPSA and cPSA, respectively), normalizing PSA to size of the gland (PSA
density), PSA velocity (PSAV) and doubling time (PSADT) (Gaudreau et al.,
2016; Prensner et al., 2012). Serum PSA is either found in unbound, free form
(fPSA) or predominantly bound to a-1-antichymotrypsin (cPSA) (Lilja, Cockett,
& Abrahamsson, 1992). By means of calculating fPSA over total PSA, %fPSA
can be reported (Catalona et al., 1999). The utility of %fPSA have been explored
to distinguish men with BPH from men with cancer (Catalona et al., 1999) and to
reduce unnecessary biopsies in men with total PSA levels in the gray zone, 4-10
ng/ml (Prestigiacomo et al., 1996). However, limitations of fPSA measurement,
such as the instability of fPSA and variation in fPSA values after DRE and biopsy
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procedures have been a major drawback (Ornstein et al., 1997; Piironen et al.,
1996).
Moreover, the free form of PSA is composed of several proenzyme forms,
collectively referred to as proPSA (Hori et al., 2012). The major activating
enzyme, kallikrein-related peptide 2 (hK2) cleaves the propeptide at specific sites
in the lumen (Gilgunn et al., 2013). There are couple of identified proPSA
isoforms, including [-7]proPSA, [-5]proPSA and [-2]proPSA, named after their
truncated amino-acid leader sequence (Gilgunn et al., 2013). Studies have
suggested a role for these isoforms in early detection of prostate cancer and
association with disease aggressiveness (Catalona et al., 2004; Fossati et al., 2015;
Heidegger et al., 2013; Sokoll et al., 2003). In fact, PHI is a mathematical formula
incorporating measurements from 3 biomarkers, calculated as [-2]proPSA/fPSA x
PSA½, designed to distinguish benign from malignant prostatic conditions
(Lazzeri et al., 2013). The PHI score is gaining global acceptance to predict
probability of prostate cancer and risk for further use in clinical decisions
(Murphy et al., 2014; Roobol et al., 2014). Alternatively, the 4K score,
incorporating tPSA, fPSA, intact PSA, and hK2, can potentially predict
probability of prostate cancer prior to biopsy and help avoid 48-56% of biopsies
(Vickers et al., 2011; Voigt et al., 2013). However, both the PHI and 4K score is
not recommended for first-line screening of all patients for early prostate cancer
detection by the 2014 National Comprehensive Cancer Network (NCCN)
guidelines – long-term prospective studies are needed (Mohler et al., 2014).
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In addition, PSA can be normalized to prostate volume and reported as
PSA density (Prensner et al., 2012). A correlation between PSA density and
prostate cancer aggressiveness was reported (Kundu et al., 2007). Despite efforts
to refine PSA measurements by adjusting for prostate volume, PSA density failed
to independently predict prostate cancer (Raaijmakers et al., 2004). Furthermore,
PSA density test is quite inconvenient as it requires imaging tests and reported to
have poor sensitivity (Catalona et al., 2000).
PSA dynamics, such as PSA velocity (PSAV), defined as the change in
PSA concentration per year and doubling time (PSADT), defined as the time
necessary for the serum PSA level to double, have been explored for their
prognostic value in prostate cancer (Aus et al., 2001). Following prostatectomy,
patients who have high PSAV and rapid PSADT have significantly reduced
survival (Kibel, 2007; Makarov et al., 2008). Despite their uses in monitoring
diseases progression, neither test has shown to add any incremental value to PSA
screening (Ulmert et al., 2008). Particularly, PSAV increases the number of
unnecessary biopsies while missing high-grade cancers (Thompson et al., 2006).
In conclusion, PSA derivatives only modestly improve prostate cancer
management and are subject to similar limitations as PSA.

PCA3
Urine PCA3, currently the most prominent biomarker for prostate cancer,
is a noncoding RNA only expressed in the prostate tissue and highly
overexpressed in prostate cancer (Prensner et al., 2012). Numerous assays have
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been developed to measure PCA3 non-invasively in the clinic (Hessels &
Schalken, 2009). PCA3 test is performed on urine specimens collected from the
patients after a DRE, which results in prostatic epithelial cell shedding into the
urethra (Lin, 2009). In 2012, FDA approved the use of PCA3 as a diagnostic test
for prostate cancer in patients with a prior negative prostate biopsy (Hessels &
Schalken, 2009). PCA3 is also included in the EAU guidelines as a useful tool for
repeat biopsy decisions (Heidenreich et al., 2014). There is a direct correlation
between PCA3 test score and the risk of finding cancer on a subsequent biopsy
(Fradet, 2009). When used in conjunction to the PSA test, PCA3 significantly
increased the diagnostic performance of serum PSA alone with a combined AUC
score of 0.71-0.75 (Birnbaum et al., 2015). The sensitivity of PCA3 is 53-69%,
and has been shown to be highly specific to the prostate – a major distinction
from PSA (Prensner et al., 2012).
PCA3 score is calculated as a ratio of PCA3 RNA to PSA RNA and
usually a PCA3 score of <25 is associated with a decreased likelihood of having
prostate cancer (Gaudreau et al., 2016). In a meta-analysis of pooled studies, at
the PCA3 score cut-off value of 20, sensitivity of the test was 72% and specificity
was 53% (Gou et al., 2014). Serving as a complement to PSA test, PCA3 test is a
useful diagnostic biomarker to inform clinicians about the need for a prostate
biopsy (Chevli et al., 2014). However, studies exploring correlation of PCA3
scores with prostate cancer aggressiveness have demonstrated confounding results
(Hessels et al., 2010), therefore further studies are needed to validate its
prognostic value. In addition, PCA3 test is dependent on the relative abundance of
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PSA transcript levels in urine and uninformative if the levels are too low
(Prensner et al., 2012).

TMPRSS2-ERG
TMPRSS2-ERG is a common gene rearrangement in prostate cancer,
highly specific to prostate cancer (specificity 93%) with a positive predictive
value of 94%, but has low sensitivity (37%) due to heterogeneity (Sartori & Chan,
2014). Several studies have investigated the role of TMPRSS2-ERG with prostate
cancer aggressiveness and reported significant correlations with high Gleason
score (p=0.01) and tumor stages (p<0.01), but not with biochemical recurrence or
lethal disease (Leyten et al., 2014). TMPRSS2-ERG RNA expression in serum
and urine have been explored for its ability to predict response to therapy
(Prensner et al., 2012). While some studies showed that TMPRSS2-ERG
expression decreased in patients treated with chemotherapy (Dijkstra et al., 2014),
others observed no significant changes (Danila et al., 2011), once again
confirming the heterogeneous nature of this biomarker. Therefore, in an attempt
to increase its sensitivity, TMPRSS2-ERG is often multiplexed with other
markers, such as PCA3 and PSA, instead of used alone to make risk assessments
of aggressive disease (Prensner et al., 2012). The limitations of TMPRSS2-ERG
assay are like that of PCA3: only used as adjunctive to PSA and its urine RNA
expression is dependent on abundance of urine PSA mRNA (Hessels et al., 2007).
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Prostarix Risk Score
Prostarix is a logistic regression analysis of four urinary metabolites:
sarcosine, alanine, glycine, and glutamate (Gaudreau et al., 2016). The metabolic
signature of metabolites is determined by liquid chromatography-mass
spectrometry (LC-MS) after centrifugation of the urine pellet collected after a
rigorous DRE (Prensner et al., 2012). Significant differences in metabolite
profiles between prostate cancer and healthy patients were observed, and can
successfully predict organ confinement (AUC 0.62) and 5-year recurrence (AUC
0.53-0.64) (McDunn et al., 2013).
Other studies have also shown that Prostarix Risk Score may have
diagnostic and prognostic value; especially useful for physicians to decide
whether a biopsy is needed in patients with a negative DRE result, but slightly
elevated PSA levels (Gaudreau et al., 2016). These studies suggest that panels of
metabolites may significantly enhance prediction of clinical outcomes and help
stratify prostate cancer patients into molecular subtypes, assisting the application
of precision medicine. On the other hand, the challenges of developing robust,
clinically useful and reproducible results with this technology are profound due to
confounding factors, such as diet, physical activity, supplements, medications,
specimen preparation and stability (Fredolini et al., 2010).

Circulating tumor cells (CTCs)
CTC analysis have many potential applications in prostate cancer,
although most are still under investigation (Prensner et al., 2012). The major
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application of CTCs in prostate cancer is evidently its use as a predictive
biomarker to discern the molecular drivers of metastasis. CTCs are shed from the
primary tumor site and enter circulation; while majority are cleared, some may
deposit in bone marrow or seed in other distant metastatic sites to initiate
accelerated tumor growth and angiogenesis (Maheswaran & Haber, 2010). Due to
high mortality rates of metastatic CRPC and lack of efficacious therapies, better
prediction and knowledge of the biology of metastasis is invaluable for discovery
of new therapies for this heterogeneous disease. Further, in castration-resistant
prostate cancer (CRPC) PSA is not used as a valid endpoint in clinical trials
(Fleming et al., 2006) and clinicians are often left with limited options to track
progression and monitor response to therapy to determine efficacy of novel
therapies. CTC analysis, both enumeration and molecular analysis, can provide a
snapshot into the underlying mechanisms of CRPC and an opportunity for
targeted therapy (Hu et al., 2013). Determining protein, mRNA expression levels,
DNA mutations and translocations in CTCs can provide a detailed
characterization of the tumor in the form of a liquid biopsy, and reveal useful
information on the specific cancer phenotype (Pantel, 2014).
The prognostic and predictive role of CTCs in prostate cancer have been
reported in numerous studies (Chen et al., 2012; Hu et al., 2013; Scher et al.,
2011). Increased levels of CTCs are correlated with poor prognosis in CRPC
patients and have proven useful to monitor disease status in response to hormonal
and cytotoxic therapies (Chen et al., 2012). Moreover, CTCs can be used as an
intermediate endpoint in clinical trials to expedite testing of future therapeutics
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(Hu et al., 2013). In a recent study, a panel containing CTC number was used as a
surrogate for survival in CRPC at the individual patient level (Scher et al., 2015).
Isolation techniques for rare CTCs have advanced over the years,
especially with the introduction of CTC-chip technology (Nagrath et al., 2007).
However, the immunoaffinity technique that is used in the CTC-chip heavily rely
on the utilization of cell surface markers, such as epithelial cell adhesion molecule
(EpCAM) (Yu et al., 2011). The surface expression of these markers on CTCs are
quite variable and not detectable in certain cases, which is the considerable
drawback of this technology (Scher et al., 2011). Another limitation is the need
for pure CTCs for molecular characterization since white blood cell
contamination is often encountered with this technique (Yu et al., 2011). Finally,
the availability and cost of CTC equipment may be prohibitive for widespread use
of this biomarker.

Exosomes
Exosomes, secreted small membrane vesicles with a diameter of 40-150
nm, are useful non-invasive biomarkers for prostate cancer (Soekmadji et al.,
2013). Exosomes contain various nucleic acids and proteins, including prostate
cancer RNA biomarkers: PCA3 and TMPRSS2-ERG, and can be found in blood,
semen or urine (Drake & Kislinger, 2014). Studies have shown that patients with
prostate cancer secrete higher levels of exosomes compared to healthy controls,
and elevated levels of exosomes correlate with disease aggressiveness (Nilsson et
al., 2009).
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Isolating cancer-specific exosomes have been the focus of recent studies,
since healthy cells can also release exosomes (Witwer et al., 2017). Various
isolation and purification techniques were developed to isolate prostate-cancer
related

exosomes,

including

sequential

centrifugation

followed

by

ultracentrifugation, immuno-affinity, and microfluidics (Witwer et al., 2017).
Exosomes and subsequent protein profiling can greatly vary based on the
purification method (Drake & Kislinger, 2014). Thus, although a useful method,
much work is still needed for standardizing sample collection and isolation to
promote broad use of exosomes in the clinic for prostate cancer management.

In summary, prostate cancer biomarker research continues to advance with
the availability of new technologies in proteomic profiling and bioinformatics and
propelled by unmet needs in prostate cancer management. Despite the availability
of novel biomarkers, their adoption in the clinic requires substantial time and
effort to overcome individual biomarker limitations. Due to the heterogeneous
nature of prostate cancer, scientists and clinicians in the field are continuously on
the search for novel biomarkers that can improve diagnosis, prognosis, prediction
and monitoring of disease progression.
The most well-known biomarker for prostate cancer, PSA, is expected to
be around for years to come unless new biomarkers demonstrate superiority in
head-to-head comparisons. Moreover, more complex multiplex models with the
combination of several biomarkers are expected to be the future of prostate cancer
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biomarker research. Clinical development of novel therapies will also benefit
from multiplex biomarker tests as surrogate endpoints or trial evaluation criteria.
The future focus of prostate cancer biomarker research will certainly be
the development of prognostic and predictive biomarkers that can distinguish
indolent from lethal disease and effective therapies from ineffective ones.
Additionally, biomarkers may replace traditional biopsy procedures as a noninvasive liquid biopsy option for prostate cancer diagnosis, and reduce the risk of
adverse effects commonly associated with biopsies. Finally, important tissue
markers and imaging techniques often used in prostate cancer management were
not discussed here, however must be considered in conjunction with secreted
biomarker discoveries. Table 1.3. summarizes the above discussed biomarkers
and their clinical use in prostate cancer management.
Table 1.3. Summary of secreted prostate cancer biomarkers and clinical
applications. Table summarizing contemporary secreted biomarkers for
prostate cancer management (Gaudreau et al., 2016).
Biomarker Description
Specimen Clinical applications
PSA
Prostate specific antigen
Serum
Diagnostic,
prognostic, predictive,
pharmacodynamic
fPSA
PSA not bound to plasma
Serum
Diagnostic,
proteins
prognostic
[-2]proPSA Incompletely processed
Serum
Diagnostic,
single-chain form of PSA
prognostic
PSA
PSAV and PSADT measure Serum
Prognostic,
dynamics
PSA velocity and doubling
monitoring
time
PHI
Mathematical formula of
Serum
Prognostic
three biomarkers:
([−2]proPSA/fPSA)×PSA1/2
4K score
PCA3

Immunoassay of: tPSA,
fPSA, intact PSA, hK2
PCA3 RNA normalized to
PSA RNA
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Blood
plasma
Urine

Prognostic
Diagnostic

TMPRSS2ERG
Prostarix

CTCs
Exosomes

Fusion gene of ERG and
TMPRSS2
Logistic regression
algorithm combining four
metabolites: sarcosine,
alanine, glycine and
glutamate
Cancer cells found in
peripheral circulation
prostate-derived exosomes

Urine,
blood
Urine

Prognostic, predictive

Serum

Prognostic, predictive,
monitoring
Prognostic, predictive

Serum,
urine

Diagnostic,
prognostic

1.1.5. Treatment strategies and castration resistance
Treatment strategies for prostate cancer differ based on the stage of the
cancer. For men with no symptoms and slow growing tumors contained in the
prostate, active surveillance or surgery might be performed (Heidenreich et al.,
2014; Loeb et al., 2015). Additionally, radiation therapy, cryotherapy, androgen
deprivation therapy (ADT) and chemotherapy may be considered depending on
the stage of the cancer (Oudard, 2013; Payne et al., 2015; Taplin, 2014).
During active surveillance, patients are closely monitored with repeat PSA
and DRE tests every six months, and yearly biopsies (Loeb et al., 2015). If the
results of active surveillance are concerning, showing signs of increase in cancer
aggressiveness, surgery might be considered (Laudone et al., 2011). The main
surgery for prostate cancer is radical prostatectomy, where the surgeon removes
the entire prostate and the surrounding tissue, including seminal vesicles
(Laudone et al., 2011). Radiation therapy may be used if cancer recurs, or as part
of a first-line treatment along with ADT for more advanced cases, where the
cancer has spread outside the prostate (Kariya, 2013). Common side effects from
these treatments are usually urinary incontinence, sexual dysfunction and
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impaired bowel/rectal function (Kariya, 2013; Laudone et al., 2011). Cryotherapy,
use of very cold gasses to freeze cancer cells, may be used if the cancer recurs
after radiation therapy (Berglund & Jones, 2016). Although less invasive than
surgery or radiation therapy, the long-term effectiveness of cryotherapy is not
known (Berglund & Jones, 2016).
If the cancer has spread too far to be treated by surgery or radiation, or
recurs, doctors may use ADT to reduce levels of androgens in the body (Ziaran,
2011). Prostate cancer growth is initially hormone-dependent (Chang, 1996), and
men failing surgical and radiation therapy are therefore subjected to ADT (Ziaran,
2011). By regulating cell proliferation, differentiation and apoptosis, androgens
play a pivotal role in prostate cancer development and progression (Chang, 1996),
therefore reducing levels of androgens in the body generally shrinks prostate
tumors or reduces their growth (Ziaran, 2011).
The main androgens in the body are testosterone and dihydrotestosterone
(DHT) (Boorjian & Tindall, 2012). DHT is synthesized from testosterone and has
higher affinity to androgen receptor (AR) and longer half-life in the body than
testosterone (Grino et al., 1990). Most of the androgens are made by the testicles,
and some by the adrenal glands (Boorjian & Tindall, 2012). ADT often uses
chemical or surgical castration, by using luteinizing hormone-releasing hormone
agonists/antagonists or surgically removing the testicles in an effort to decrease
androgen production in the body (Ziaran, 2011). Anti-androgens, that work by
blocking androgen binding to AR, may be additional options that are often used
alongside ADT (Taplin, 2014). Serious side effects may occur from ADT,
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including erectile dysfunction, cognitive dysfunction, memory loss, loss of muscle
mass and depression (Harris et al., 2009). Androgen ablation almost always leads
to tumor regression, but this is inevitably followed by recurrence and
development of castration-resistant and often metastatic disease (Feldman &
Feldman, 2001; Harris et al., 2009). Traditionally, ADT is a lifetime treatment;
however, may be stopped if castration resistance arises and ADT is no longer
successful (Harris et al., 2009).
Development of an androgen-independent growth status of prostate cancer
cells is a real threat to prostate cancer patients and is the culprit of castration
resistance (Feldman & Feldman, 2001). The ability of prostate cancer cells to
acquire an androgen-independent phenotype has been associated with changes in
AR, including gene amplification and point mutations (Taplin, 2014). Such
genetic changes enable prostate cancer cells to respond not only to testicular
androgens but also to estrogens, low levels of adrenal androgens, and
antiandrogens (Feldman & Feldman, 2001; Harris et al., 2009). AR can also be
activated by stimuli other than exogenous steroid ligands such as the Mitogenactivated protein kinase (MAPK) and AKT (Protein kinase B) signaling pathways
(Taplin, 2014). Moreover, CRPC has a heterogeneous morphology and genotype.
Among them, AR-deficient cells exist indicating that alternative pathways can be
invoked that can bypass the AR completely (Harris et al., 2009; Shen & AbateShen, 2010).
Chemotherapy is often used for advanced stages of prostate cancer, where
the cancer has spread to distant sites or castration resistance arises (Oudard,
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2013). While the 5-year survival rate for local or regional stage prostate cancer is
100%, for distant stage disease it is only 28% (Giacinti et al., 2017). Almost all
patients with metastatic disease become castration resistant (Francini & Taplin,
2016). The most common chemo drugs used are docetaxel and cabazitaxel, which
may increase CRPC survival by 2-3 months (Ansari et al., 2008; Bilusic, 2016; de
Bono et al., 2010). Other drug options for CRPC are abiraterone acetate, which
inhibits androgen biosynthesis, and enzalutamide, which inhibits binding of
androgens to AR (Cabot et al., 2012; Chopra et al., 2017).
Alternatively, a form of immunotherapy called Sipuleucel-T may be
considered, where antigen-presenting cells are extracted from the patient using
leukapheresis, incubated with an antigen expressed in prostate cancer tissue, and
infused back into the patient to activate the immune system against prostate
cancer (Hammerstrom et al., 2011). All these treatments have serious side effects
and only prolong survival of CRPC patients by several months (Ansari et al.,
2008; de Bono et al., 2010; Hammerstrom et al., 2011). Therefore, there is a
strong unmet need for more effective treatment of CRPC and identification of
novel targets for therapeutic intervention. Moreover, a big obstacle in prostate
cancer therapy is the development of therapeutic resistance and disease recurrence
(Alvarez et al., 2013; Harris et al., 2009). To overcome this obstacle and develop
effective therapeutic strategies, a better understanding of disease progression and
drug resistance mechanisms are still needed in prostate cancer.
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1.1.6. Unmet needs in clinical management
Major unmet needs in prostate cancer management are detailed substratification of patients for targeted therapy, development of prognostic and
predictive biomarkers, identification of new biomarkers that can distinguish lethal
from indolent disease at time of initial screening and more effective therapies for
advanced prostate cancer cases (Prensner et al., 2012). With the emergence of
multiple novel biomarkers for prostate cancer, a multiplexed approach utilizing
several biomarkers are already being incorporated into the clinic (Tomlins et al.,
2016). Therefore, a completely personalized system in prostate cancer therapy is
not out of reach. Recent studies demonstrating the use of genetic classifiers to
divide prostate cancer into subtypes might be especially useful for patients with
fast growing or recurrent tumors (Schoenborn et al., 2013). However, additional
studies are needed to understand the underlying mechanisms of these genetic
alterations to uncover useful therapeutic targets.
The discovery of prognostic and predictive biomarkers is essential for
effective management of CRPC (Li & Armstrong, 2015). Up to 40% of diagnosed
prostate cancer cases develop metastatic disease, which eventually acquire
castration resistance after ADT fails, resulting in average survival of 2-3 years
(Beltran et al., 2011). Available treatments for CRPC, including hormone
therapies (abiraterone acetate and enzalutamide), immunotherapies (Sipuleucel-T)
and chemotherapy (docetaxel and cabazitaxel), only extend life by additional 4-5
months (Bilusic, 2016; Hammerstrom et al., 2011). When managing CRPC,

34

clinicians often face difficult treatment decisions and have limited options to
monitor disease progression (Beltran et al., 2011). As a result, identification of
optimal treatment strategies, monitoring response and development of surrogate
biomarkers will certainly improve CRPC management (Prensner et al., 2012).
Biomarkers that can offer a more personalized approach to heterogeneous
and aggressive prostate cancer can be utilized to identify patients who would most
likely benefit from available and future treatments. Currently the only solution in
CRPC to tackle heterogeneity is biopsy and re-biopsy of metastatic sites to assess
differentiation and proliferation characteristics, which can be painful and present
serious side effects in addition to the ones already endured from aggressive
treatment strategies (Hoogland et al., 2014). Moreover, monitoring effectiveness
of therapies depend on imaging techniques, such as x-rays, CT and MRI, which
have poor sensitivity and specificity, require a hospital setting and may not be
affordable or available to all patients (Bitting & Armstrong, 2013; Shariat et al.,
2008). Thus, developing and validating prognostic and predictive biomarkers are
of paramount importance for CRPC management.
Another important area of unmet need is the ability to distinguish between
slow and fast growing prostate tumors (Prensner et al., 2012). A major limitation
and source of controversy of PSA screening is the fact that majority of patients
screened will have indolent disease instead of metastatic, and treatment of these
patients leads to overtreatment and decreased quality of life, which could be
avoided if the disease was left untreated (Tabayoyong & Abouassaly, 2015). A
biomarker that can rule out lethal disease at screening may significantly reduce
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unnecessary treatments. Figure 1.6. presents a diagram highlighting areas of
unmet need in prostate cancer biomarker research.

Figure 1.6. Unmet needs in prostate cancer biomarker research.
The future focus of biomarker discovery should concentrate on the current unmet
clinical needs: diagnosis of prostate cancer in patients with gray-zone PSA levels
<10 ng/ml, prognostic information distinguishing indolent from lethal cancer
cases, and biomarkers that can identify metastatic CRPC (Prensner et al., 2012).

36

1.2.

Ribonuclease A Superfamily
The sole vertebrate-specific enzyme family, ribonuclease A superfamily are

made up of 13 paralogs; including RNASE1 (also known as RNASEA or
pancreatic ribonuclease), RNASE2 (Eosinophil-derived neurotoxin or EDN),
RNASE3 (eosinophil-cationic protein or ECP), RNASE5 (ANG) and RNASE4
(Cho, Beintema, & Zhang, 2005). Among these, unquestionably RNASEA is the
most studied due to its high catalytic activity and stability, serving as a convenient
model system for the study of proteins in biochemistry (Dyer & Rosenberg,
2006). EDN and ECP, major secretory proteins of human eosinophil granules,
have been mostly studied for their antibacterial properties (Lehrer et al., 1989).
ANG and RNASE4 were isolated from the conditioned medium of HT-29
colon adenocarcinoma cells, are co-regulated and co-expressed, and have roles in
tumor angiogenesis, neurogenesis, cancer cell proliferation, survival and stress
response (Li et al., 2013; Sheng et al., 2014; Hu & Li, 2010). Other active
members of the family, RNASE6-7 have antimicrobial functions in the urinary
tract, RNASE8 is abundantly found in placenta, and RNASE9-11 are highly
expressed in the male reproductive organs (Castella et al., 2004; Penttinen et al.,
2013; Zhang et al., 2003). Although some members of the ribonuclease A
superfamily have been extensively studied, others are not as well-characterized
and their physiological functions remain a mystery.
These secreted proteins are quite basic and have high isoelectric points (9.610.5), suspected to be important for their catalytic and antibacterial properties
when binding to their negatively charged RNA substrates and disruption of
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negatively charged bacterial membranes (Cho et al., 2005; Egesten, Dyer, Batten,
Domachowske, & Rosenberg, 1997). Figure 1.7. demonstrates the gene locations
of ribonuclease A family members on chromosome 14, position 11 on the long
arm (Cho et al., 2005). Amino acid sequence alignments between different
members demonstrate a range of similarity from 20-98% (Beintema &
Kleineidam, 1998b; Zhou & Strydom, 1993). They also differ in their tissue
expression patterns, ribonucleolytic activities, substrate preferences, and
biological functions (Beintema & Kleineidam, 1998a). The diverse biological
functions of this family includes digesting dietary RNAs, angiogenesis,
neurogenesis, host defense, and innate immunity (Beintema & Kleineidam,
1998a).
Ribonuclease A family members are small proteins (12-16kDa) made up of
around 130 amino acids, contain a typical hydrophobic signaling peptide, 3-4
disulfide bonds and three reserved catalytic residues: lysine 41, histidine 12 and
histidine 119 (numbers based on RNASEA) at the active site (Dyer & Rosenberg,
2006). During RNA catabolism, pancreatic ribonucleases either cleave at uridine
or cytosine nucleotides, however may also exert specificity to a certain cleavage
site (Zhou & Strydom, 1993). Uncontrolled ribonuclease activity can be toxic to
cells, therefore often regulated by ribonuclease inhibitors (Futami et al., 2009). In
fact, the ribonuclease inhibitor constitutes about 0.01% of total cellular protein in
mammalian cells (F. S. Lee & Vallee, 1993) and has the tightest binding to
RNASEs with a dissociation constant in the femtamolar range (F. S. Lee, Shapiro,

38

& Vallee, 1989). Its relative abundance and tight binding characteristics signal the
importance of strict regulation of RNASE activity in biology.

Figure 1.7. Gene cluster of human ribonuclease A superfamily.
All 13 members of the ribonuclease A superfamily are vertebrate-specific,
secreted proteins located on chromosome 14, position 11 on the long arm,
forming a gene cluster of 0.5 million base. Gene locations are drawn to scale.
Arrows indicate transcriptional directions. Filled arrows show functional genes
and open arrows show pseudogenes (Cho et al., 2005).
1.2.1. Origin and diversification
With the advances in human genome project and analysis of human,
mouse, rat and chicken genomes, RNASEs were identified and assessed to gain
insights into their molecular origin and diversification. With a dynamic history of
evolution, members of ribonuclease A superfamily originated from an expansion
of RNASE5-like gene in mammals, supported by the fact that only RNASE5-like
RNASEs have been reported in non-mammals (Cho et al., 2005). All other
members arose during the mammalian evolution (Cho et al., 2005). Since
RNASE4 is the closest family member to ANG, this suggests that ANG and
RNASE4 are the most ancient forms of RNASEA superfamily. Moreover, this
superfamily of proteins is quite susceptible to gene duplications and loss;
therefore, resulted in a various number of genes in different species. Several
reports investigated the original function of RNASEs in host-defense system,
which later diversified into other known functions (Dyer & Rosenberg, 2006;
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Egesten et al., 1997). The antibacterial activity of several members of this
superfamily supported this point of view (Egesten et al., 1997; Lehrer et al.,
1989).

1.2.2. Angiogenin (ANG)
ANG, the fifth member of the ribonuclease A superfamily, is an
established molecular and therapeutic target for prostate cancer (Li et al., 2011;
Vanli, 2015). Ever since its isolation from tumor cells (Fett et al., 1985), ANG
have been the focus of cancer research for its functions in primary and metastatic
tumor growth (Tello-Montoliu et al., 2006). ANG is a secreted protein that is also
found in healthy human plasma at a concentration of 250-360 ng/ml (TelloMontoliu et al., 2006). Development of antibodies against ANG and commercial
ELISAs allowed for a convenient way to measure the levels of this secreted
protein in serum, plasma, urine, and cell culture media. ANG is up-regulated in
several human cancers (U. W. Nilsson, Abrahamsson, & Dabrosin, 2010;
Rozman, Silar, & Kosnik, 2012), including prostate cancer (Katona et al., 2005).
In a study examining 252 patients, secreted ANG protein was assessed as a
complementary diagnostic tool to PSA and serum ANG was reported to be
significantly elevated in prostate cancer patients compared to healthy controls
(487.5 vs. 414.8 ng/ml, p=0.008) (Pina et al., 2014). Moreover, mouse ANG is the
most significantly up-regulated gene in a prostate cancer mouse model (Majumder
et al., 2003).
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The functional role of ANG in cell proliferation, survival, tumor
angiogenesis and ribosomal RNA (rRNA) biogenesis drives prostate cancer
progression and mediates castration resistance (Li et al., 2013). ANG undergoes
nuclear translocation and stimulates rRNA transcription by acting as a
transcription factor (Li et al., 2011). Constitutive nuclear translocation of ANG
observed in CRPC cells ensures a constant supply of rRNA for tumor growth and
progression to an androgen-independent state (Li et al., 2013). Interestingly,
ANG-mediated rRNA synthesis is required for sustained cell proliferation and
angiogenesis driven by other angiogenic factors, such as bFGF, VEGF and EGF.
Thus, enhancement of rRNA biogenesis is the underlying mechanism by which
ANG exerts its biological functions. Surprisingly, innate ribonucleolytic activity
of ANG is required for angiogenesis to occur (Tello-Montoliu et al., 2006).
In the absence of ANG, cells display a significant reduction in
angiogenesis and tumor growth even though other growth factors are elevated
(Kishimoto et al., 2005). Besides, ANG binds to actin and activates plasmin to
induce neovascularization (Hu & Riordan, 1993). More importantly, ANG is
abundantly found in the human placenta, where it actively stimulates placental
angiogenesis (Rajashekhar et al., 2005), and present in various organs undergoing
angiogenesis during development (Tello-Montoliu et al., 2006), emphasizing its
critical physiological function in homeostasis and development.
Angiogenin-mediated cell processes require catalytic substrates and a cell
surface receptor. The known catalytic substrates of ANG are rRNA and tRNA (Li
& Hu, 2012). Under growth conditions, ANG undergoes nuclear translocation to
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stimulate rRNA transcription and subsequent cell growth and proliferation (Hu &
Li, 2010). Under stress conditions, ANG is directed to stress granules in the
cytoplasm, where it cleaves tRNA and produces tiRNA to suppress global protein
translation and promote survival (Li & Hu, 2012). Both pathways are activated by
the cell surface receptor of ANG, recently identified as PlexinB2 by our
laboratory in various cell types, including cancer, endothelial and neuronal
(unpublished). PlexinB2 is widely expressed in several tissues during
development and Plexin receptors have known functions in neurogenesis,
angiogenesis and tumor progression (Fujisawa, 2004; Neufeld & Kessler, 2008).
Prostate cancer cell line, LNCaP served as the initial model system from
which PlexinB2 was identified as the functional and specific cell surface receptor
for ANG. Complementary to ANG, PlexinB2 is significantly elevated in several
cancers and correlate with reduced survival in TCGA solid cancer datasets
(unpublished). Antibodies targeting PlexinB2 are developed by our laboratory and
show promising preclinical results for mitigating cancer progression. Future
studies will focus on testing the PlexinB2 antibody in the clinic and establishing
its therapeutic value in cancer.
ANG undergoes nuclear translocation only in proliferating endothelial and
cancer cells and its presence in the nucleus is essential for its function. Therefore,
inhibitors targeting nuclear translocation of ANG, such as neomycin, were also
explored in prostate cancer treatment (Hu, 1998). Neomycin not only efficiently
inhibited ANG-induced angiogenesis and cancer cell proliferation, but also
prevented tumor establishment by delaying appearance of palpable tumors in
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animal studies (Hu, 1998; Li et al., 2011). In addition, neutralizing mAbs against
ANG, like 26-2F, were extensively studied for their therapeutic benefit in prostate
cancer as well (Li et al., 2011; Olson et al., 2002; Olson et al., 1995). ANG mAb
26-2F significantly reduced the number and size of aggressive PC-3 tumors
formed and metastasis in athymic mouse models (Olson et al., 2002). Alternative
ANG antagonists were also evaluated in prostate cancer therapy, such as ANGspecific siRNA, antisense, soluble binding proteins and enzymatic inhibitors
(Vanli, 2015; Olson et al., 1995).
Overall, these various ANG antagonists have efficiently inhibited prostate
tumor growth and angiogenesis, subsequently mitigating disease progression and
metastasis (Olson et al., 2001; Yoshioka et al., 2006). Indeed, studies suggest
ANG is closely related to tumor aggressiveness and patients with high levels of
ANG have poor prognosis (Miyake et al., 1999; Shimoyama et al., 1996). In
addition to being a therapeutic target for cancer treatment, ANG also has potential
clinical use as a biomarker for cancer. ANG has been explored as a diagnostic,
prognostic and therapy-monitoring biomarker in multiple cancers (Tello-Montoliu
et al., 2006). A significant challenge in establishing ANG as a universal cancer
biomarker is the varying levels of ANG levels between cancer types and different
study cohorts (Tello-Montoliu et al., 2006). ANG cut-off point ranges widely
from 330-600 ng/ml depending on the cancer type and median values of patient
ANG levels in the study cohorts (Miyake et al., 1999; Pina et al., 2014).
Interestingly, there are no reported correlations between ANG and patient
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demographics, such as age, sex and race, therefore the reason for this observed
variation in serum ANG levels is yet to be determined.

1.1.9. RNASE4
The unique features that distinguish RNASE4 from other members of the
ribonuclease A superfamily include: 1) being the shortest member with 119 amino
acid residues, 2) specificity towards 3’ side of uridine nucleotides at catalytic site,
3) most evolutionarily conserved gene with ~90% degree of inter-species
similarity (Figure 1.8.) (Sorrentino, 2010). Explanation of uridine specificity was
revealed from the crystal structure of human RNASE4 complexed with its uridine
substrate. Upon interaction with uridine, Arg101 on the non-catalytic site of the
enzyme obstructs the binding pocket of RNASE4, shaping the recognition site by
forming a hydrogen bond with the oxygen group on uridine and allowing the
active site pocket to recognize chemical groups that distinguish uridine from
cytosine (Terzyan et al., 1999). RNASE4 is suspected to have a very specialized
function that is yet to be discovered due to these unique features and high
evolutionary pressure to maintain its structure among vertebrates.
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Figure 1.8. Inter-species similarity of RNASE4. RNASE4 is highly conserved
among mammalians (human, monkey, pig, mouse, rat, dog and cow) and
demonstrates ~90% inter-species similarity. RNASE4 catalytic residues are
depicted in bold and substrate binding in italic bold font (Hofsteenge et al., 1998).
Despite comprehensive research conducted on RNASEA and ANG, little
is known about RNASE4. Like other members of its family, RNASE4 is a highly
basic protein that contains four disulfide bridges and is an active enzyme with
comparable catalytic efficiency of RNASEA using the yeast tRNA as substrate
(Dyer & Rosenberg, 2005; Hofsteenge et al., 1998). The overall sequence identity
of RNASE4 is 43% with RNASEA, 31% with EDN, 30% with ECP, and 39%
with ANG (Zhou & Strydom, 1993), demonstrating greatest similarity to
RNASEA and ANG. Like other members of the family, RNASE4 does not have
any post-translational modifications and lack N-linked carbohydrate sequence
motifs (Rosenberg & Dyer, 1995). However, mRNA encoding RNASE4 is nearly
twice as large (~2kb) as those of other members, including ANG (800bp)
(Rosenberg & Dyer, 1995; Seno et al., 1995). Characterization of the RNASE4
transcript further revealed that its coding sequence and entire open reading frame
is located on a single exon, and alternative splicing results in two transcript
variants that encode the same protein (Rosenberg & Dyer, 1995).
Human RNASE4 was first isolated from the conditioned medium of
human colon cancer cells (Shapiro et al., 2002) and later from normal plasma
(Zhou & Strydom, 1993). In addition, RNASE4 is also present in the conditioned
medium of human pancreatic adenocarcinoma cells, saliva, and abundantly in the
liver tissues (Terzyan et al., 1999). RNASE4 possesses a similar expression
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pattern in the human body and fluids to ANG as they are shown to be coregulated and co-expressed (Sheng et al., 2014). In fact, ANG and RNASE4 share
the same promoter and 5’ exons (Dyer & Rosenberg, 2005). This special
arrangement suggests that RNASE4 may have complementary or supplementary
functions to ANG. Indeed, RNASE4 possesses angiogenic, neurogenic,
neuroprotective activities and a potential role in ALS pathogenesis, like ANG (Li
et al., 2013). RNASE4 single nucleotide polymorphisms are modestly linked to
ALS susceptibility (SNP rs3748338, p=0.042) and its expression is demonstrated
to be significantly reduced in ALS (Li et al., 2013). Further, RNASE4 stimulates
formation of neurospheres and neurite outgrowth, suggesting a role in
neurogenesis (Li et al., 2013). The neuroprotective activity of RNASE4 was
demonstrated by observing its ability to safeguard neurofilaments and neurites
against hypothermia and starvation in support of its function in motor neuron
survival, akin to ANG (Li et al., 2013).
Examination of RNASE4 subcellular localization in various cell lines,
including HUVEC, demonstrated that endogenous RNASE4 is mostly found in
the cytoplasm and plasma membrane (Li et al., 2013). However, upon exogenous
recombinant RNASE4 protein treatment, it undergoes nuclear translocation,
similar in behavior to ANG (Figure 1.9.) (Li et al., 2013).

Upon nuclear

translocation, ANG induces rRNA biogenesis (Yoshioka et al., 2006), but the role
of RNASE4 in the nucleus is yet to be determined. Interestingly, RNASE4 does
not stimulate rRNA transcription (Xu et al., 2002) or tiRNA production
(Yamasaki et al., 2009), suggesting an alternative function in the nucleus than that

46

of ANG. Strong evidence suggests that even though RNASE4 and ANG have
overlapping functions, they likely act through different mechanisms to always
ensure an alternative pathway in the possible scenario that one fails.

Figure 1.9. Subcellular localization of RNASE4 in HUVEC.
Cells were treated in the absence (control) or presence of exogenous RNASE4
protein (1 µg/ml) at 37°C for 1 hour. Cells were fixed and visualized by
immunofluorescence using RNASE4 antibody. Nuclei were stained by DAPI (Li
et al., 2013).
Angiogenic activity of RNASE4 was assessed by in vitro endothelial cell
tube formation assay, ex vivo mouse aortic ring explant cultures, and in vivo
Matrigel plug assay (Li et al., 2013). Results from the endothelial cell tube
formation assay are shown in Figure 1.10., demonstrating the angiogenic function
of RNASE4 in a dose dependent manner. The ribonucleolytic activity of RNASE4
is essential for angiogenesis since chemical modification of lysine residues at the
active site by diethyl pyrocarbonate (DEPC) completely abolished its angiogenic
activity (Figure 1.11.) (Li et al., 2013).
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Figure 1.10. RNASE4 is an angiogenic protein.
RNASE4 stimulated in vitro endothelial cell proliferation in a dose-dependent
manner (Li et al., 2013).

Figure 1.11. Ribonucleolytic activity of RNASE4 is required for its
angiogenic function.
DEPC treated RNASE4 fails to stimulate in vitro endothelial cell tube formation
(Li et al., 2013).
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Despite recent efforts by our lab to understand the function and mechanism of
RNASE4, several broad questions still exist. The function of RNASE4 in the
nucleus, its catalytic substrate, physiological functions other than angiogenesis
and cell survival, mechanism of action, cell surface receptor, downstream
signaling pathways, and crosstalk mechanisms with ANG and other angiogenic
factors are all appealing areas of research for the future. While the function of
ANG in cancer is extensively studied by several independent groups (Li et al.,
2011; Nilsson et al., 2010; Yoshioka et al., 2006), the function of RNASE4 in
cancer remains completely unexplored. Only a handful of papers are published on
RNASE4 to date, demonstrating the immense opportunity for future investigation
to identify the function, mechanism and cell surface receptor of this unique
ribonuclease.

1.3.

Role of AXL receptor kinase in prostate cancer
The receptor tyrosine kinase, AXL, also known as tyrosine-protein kinase

receptor UFO, demonstrated in this thesis to be activated by and as a possible cell
surface receptor for RNASE4, mediates prostate cancer cell growth and survival
(Paccez et al., 2013), making it an intriguing target for pharmacological
intervention along with RNASE4. Moreover, AXL is overexpressed in advanced
human prostate cancer and has been implicated in cancer therapeutic resistance
(Bansal et al., 2013). A major hurdle in prostate cancer therapy is the
development of therapeutic resistance and disease recurrence (Oudard, 2013).
While androgen ablation-, chemo-, and radio-therapies are effective for localized
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disease, they become ineffective for metastatic castration-refractory disease due to
inevitable development of drug resistance (Kim et al., 2015). To overcome this
hurdle and develop effective therapeutic strategies, extensive efforts have been
put in understanding the mechanisms of disease progression and drug resistance
by studying the role of AXL receptor kinase in cancer (Kariolis et al., 2017;
Paccez et al., 2013).

1.3.1. Introduction to TAM family of receptors and ligands
AXL is a member of the TAM (TYRO3, AXL, MER) family of receptor
tyrosine kinases (RTKs) (Linger et al., 2008). RTKs are transmembrane proteins
that are located on the cell surface and communicate extracellular signals to the
nucleus and cytoplasm to promote cellular processes, such as survival, growth,
and differentiation (Schlessinger & Ullrich, 1992). Aberrant expression or
activation of RTKs are commonly reported in human cancers, and therefore
tyrosine kinase inhibitors (TKIs) have been an active area of cancer research in
the past decade (Kostler & Zielinski, 2014; Natoli et al., 2010). However,
significant clinical challenges are encountered using TKIs therapy in a clinical
setting mostly due to reported toxicity and acquired drug resistance arising from
cell -extrinsic and -intrinsic mechanisms (Chen & Fu, 2011; Kostler & Zielinski,
2014). Tumor cells are already genetically unstable and can easily develop drugresistant mutant forms of RTKs that no longer respond to TKIs therapy, therefore
despite initial promise in cancer treatment recurrence is common with TKI
treatment (Bielecka et al., 2013; Graham et al., 2014). As a result, uncovering
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previously unknown mechanism of drug resistance and advances in molecular
characterization of individual tumors may allow clinicians to target these
mechanisms prior to their development.
All

RTKs

contain

three

main

domains:

extracellular

domain,

transmembrane domain, and conserved intracellular kinase domain (Wheeler et
al., 2014). RTKs are classified into families by their intracellular kinase domains
and structural similarities in their extracellular domains (Graham et al., 2014).
The distinguishing features of TAM receptors are the conserved intracellular
kinase

domain

and

the

distinct

extracellular

domain

containing

two

immunoglobulin-like and two fibronectin type III domains (Graham et al., 2014).
These adhesion molecule-like extracellular domains are important features of the
TAM family and allow important cell-cell contacts. Similar extracellular domains
are found in neural cell adhesion molecule (Yamagata et al., 2003). TAM family
of RTKs have surprisingly high homology among its members: TYRO3, AXL
and MER. They share 52-57% similarity in their extracellular region and 72-75%
similarity in their tyrosine kinase domain (Linger et al., 2008).
The approximate molecular weights for TYRO3, AXL and MER are 97,
98, and 110 kDa, respectively (Linger et al., 2008). However, the actual sizes may
be slightly different due to post-translational modifications. Thus, the molecular
weight for AXL may range from 100 to 140 kDa due to glycosylation and
phosphorylation events (O'Bryan et al., 1991). Vitamin K-dependent ligands,
Gas6 and Protein S, bind to TAM family of receptors (Nagata et al., 1996; Stitt et
al., 1995). For Gas6 and Protein S to become biologically active proteins,
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glutamic acid residues at their N-terminal domain must be carboxylated in a
vitamin-K-dependent fashion (Linger et al., 2008). While Gas6 can bind to all
three receptors, Protein S does not bind to AXL (van der Meer et al., 2014).
Biochemical studies demonstrated that Gas6 binds to AXL and TYRO3 with
equal affinity, but with 3-10-fold lower affinity to MER (Linger et al., 2008).
The expression patterns of these proteins are ubiquitous; however, they are
abundantly found in the brain, endothelial cells, platelets, macrophages, heart,
liver, and reproductive organs, including ovary, testis and prostate (Graham et al.,
1994; Graham et al., 2006; Neubauer et al., 1994). Interestingly, TAM receptors
are shown to regulate spermatogenesis, as triple knockout mice are infertile (Lu et
al., 1999). Other TAM family functions are vascular smooth muscle cell
proliferation and survival (Fridell et al., 1998), platelet function (AngelilloScherrer et al., 2001), differentiation and maturation of natural killer cells (Caraux
et al., 2006), regulation of cytokine secretion (Camenisch et al., 1999; Wu et al.,
2004), and clearance of apoptotic cells by macrophages (Cohen et al., 2002). In
addition, TAM family are involved in oncogenic mechanisms and overexpressed
in several cancers, including myeloid and lymphoblastic leukemias, melanoma,
breast, lung, colon, liver, gastric, kidney, ovarian, uterine, brain, and prostate
(Bansal et al., 2015; Kim et al., 2015; Li et al., 2014; Linger et al., 2008).
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1.3.2. AXL mediates prostate cancer progression and confers drug
resistance
AXL has been linked to drug resistance in several cancers (Kim et al.,
2015; Wang et al., 2016), including prostate cancer (Bansal et al., 2015;
Armstrong, 2015). Further, AXL is associated with aggressive phenotypes, tumor
progression (Rankin et al., 2010; Shiozawa et al., 2010), and serves as a prognosis
marker for poor overall patient survival in breast, pancreatic, and non-small cell
lung cancers (Gjerdrum et al., 2010; Koorstra et al., 2009; Linger et al., 2013). In
addition, AXL is considered an essential regulator of cell proliferation and tumor
growth in prostate cancer (Paccez et al., 2013), and its activation is linked to
PI3K, S6K, and AKT (Goruppi et al., 1997; Li et al., 2014). Interestingly, AXL
inhibitors have been shown to attenuate tumor growth and prolong survival
(Holland et al., 2010; Ye et al., 2010).
Currently, the only known ligand of AXL is Gas64. However, Gas6
binding is not AXL specific (Nagata et al., 1996). Identification of a specific AXL
effector molecule could improve selectivity profile of current AXL inhibitors by
the development of much needed allosteric AXL inhibitor rather than currently
available ATP-competitive inhibitors. Moreover, a publically available abstract of
an NIH grant proposal (Libermann) reported that AXL is a key driver of
docetaxel resistance in prostate cancer. They found that while knockdown of AXL,
as well as AXL blockage by a pharmacologic AXL inhibitor sensitized prostate
cancer cells to docetaxel, AXL overexpression reduced docetaxel efficacy in
prostate cancer cells. They also demonstrated that generation of docetaxel-
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resistant prostate cancer cells resulted in upregulation of AXL expression. These
findings suggest that AXL plays a critical role in prostate cancer progression and
chemo-resistance.

1.3.3. AXL receptor signal transduction
RTKs are conventionally activated by ligand binding at the extracellular
domain and subsequent receptor dimerization followed by autophosphorylation in
the intracellular domain (Linger et al., 2008). Alternatively, they may be activated
by ligand-independent dimerization, heteromeric dimerization of two different
TAM receptors, heterotypic dimerization with a non-TAM receptor (such as
EGFR), and transcellular binding of extracellular domains (Kostler & Zielinski,
2014).
Human Gas6 binds to AXL at the N-terminal extracellular domain and
dimerization of two 1:1 Gas6-AXL is required for signal transduction (Nagata et
al., 1996). The primary sites of autophosphorylation for AXL are 698, 702 and
703 (Linger et al., 2008). Alternatively, residues Y-779, Y-821, and Y-866 have
also been proposed as potential AXL autophosphorylation sites (Linger et al.,
2008). Notably, AXL can undergo proteolytic cleavage just outside its
transmembrane domain and circulate as soluble AXL with a molecular weight of
80 kDa (Budagian et al., 2005). Soluble AXL proteins can be found in the
conditioned medium from tumor cells as well as in serum of human, mice and rats
(O'Bryan et al., 1995). Ectodomain shedding is not a novel concept and have been
utilized by other growth factor receptors (Blobel, 1997; Wilken et al., 2013).
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AXL interacts with several signaling molecules, such as PLC, PI3K and
GRB2 (Graham et al., 2014). AXL signaling promotes growth and survival of
numerous cell types by activating MAPK/ERK and PI3K signaling pathways
(Linger et al., 2008). MAPK/ERK pathway have been proposed as a mechanism
of AXL-mediated cell proliferation (Axelrod & Pienta, 2014). These studies show
that AXL can induce cell proliferation by binding to adapter protein GRB2, and
stimulation of MAP kinases: ERK1/2, p38 and JNK (Fridell et al., 1996).
Besides, Gas6/AXL signaling activates PI3K pathway and downstream
mediators associated with cell proliferation and survival, such as AKT and S6K
(Goruppi et al., 1997). While wortmannin, inhibitor of PI3K, abrogates activation
of AKT and S6, rapamycin, inhibitor of mTOR, blocks Gas6-induced entry into
the S phase in serum-starved NIH 3T3 fibroblasts, demonstrating a mechanism for
mitogenic and survival activities of AXL (Goruppi et al., 1997). Moreover, Gas6
can also stimulate Bad phosphorylation downstream of AKT to promote survival
(Linger et al., 2008). In addition, Gas6/AXL signaling can activate additional
PI3K-mediated

survival

pathways

and

downstream

effectors,

including

phosphorylation of NFkB, elevated expression of Bcl-2 and Bcl-XL, and
inhibition of pro-apoptotic protein caspase 3 (Graham et al., 2014). Interestingly,
a study shows that the soluble AXL protein is also able to induce phosphorylation
of full-length AXL and PI3K pathway and involved in mediating fibroblast
migration (Budagian et al., 2005). Overall, AXL utilizes key signaling pathways
that are well-established in maintaining cellular processes essential for
homeostasis, such as cell proliferation, growth, survival and migration.
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1.3.4. Therapeutically targeting AXL in cancer
Out of the six proposed hallmarks of cancer – self-sufficiency in growth
signals, insensitivity to anti-growth signals, evasion of apoptosis, tissue invasion
and metastasis, sustained angiogenesis, and limitless replicative potential
(Hanahan & Weinberg, 2000; Linger et al., 2008), AXL contributes to at least
three. Key cellular processes AXL mediates in cancer are tumor growth and cell
survival, tumor invasion, cell migration, and angiogenesis (Fridell et al., 1998; Li
et al., 2014; Paccez et al., 2013). Elevated levels of AXL have been correlated
with invasiveness of cancer cells and poor progression-free and overall survival in
lung cancer (Shinh et al., 2005). AXL also correlates with poor prognosis in acute
myeloid leukemia (AML) (Rochlitz et al., 1999) and gastric cancer (Wu et al.,
2002).
Small molecule inhibitors, soluble receptors and antibodies are currently being
explored for targeting AXL. R428, selective, potent and orally bioavailable small
molecule inhibitor of AXL kinase, blocks autophosphorylation of AXL at
nanomolar concentrations and have shown to inhibit AXL-dependent events, such
as AKT phosphorylation, cell invasion and proliferation, pro-inflammatory
cytokine production, angiogenesis and cancer metastasis in preclinical models of
breast cancer (Holland et al., 2010). R428 (also known as BGB324), is codeveloped by BerGenBio and Merck and first entered clinical trials in 2013 as a
first-in-class AXL inhibitor with a >100-fold selectivity for AXL over other TAM
family kinases, MER and TYRO3 (Sheridan, 2013). Clinical investigations
exploring the therapeutic value of R428 either alone or in combination with TKIs
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are currently underway and recruiting patients for Phase 1 or Phase 2 clinical
trials with various cancer types, including non-small cell lung (ClinicalTrials.gov
identifier:

NCT02922777

and

NCT02424617),

metastatic

melanoma

(NCT02872259) and AML (NCT02488408). Preclinical investigations of R428
establish proof of concept for clinical investigation of R428 in prostate cancer,
particularly to sensitize cells to therapy and overcome drug resistance (Bansal et
al., 2015).
Antibodies inhibiting AXL, like AXL mAb 20G7-D9, have been recently
explored in animal models of triple negative breast cancer using cancer cell- and
patient-derived xenograft models and successfully inhibited AXL-dependent
epithelial-mesenchymal-transition (EMT), tumor growth and metastasis (Leconet
et al., 2016). Several other studies demonstrate AXL as a therapeutic target for
lung, pancreatic and breast cancer using mAbs that inhibit AXL and subsequent
AKT phosphorylation leading to inhibition of cell proliferation and migration
(Leconet et al., 2013; Y. Li et al., 2009; Ye et al., 2010). There is substantial
precedents that cancer patients would benefit from AXL mAbs, however currently
there are no clinical trials conducted to assess the therapeutic benefit of AXL
antibodies in cancer.
Treatment with soluble AXL receptor is also an active area of research as a
strategy to inhibit AXL activity. As discussed in Section 1.3.3., AXL may
undergo proteolytic cleavage in its extracellular domain to generate a soluble
form of the receptor. Since the soluble AXL receptor lack the tyrosine kinase
domain, it acts as a ligand sink, and inhibits AXL-mediated signal transduction
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(Costa et al., 1996). Conversely, a study shows that the soluble form of AXL can
still activate the AXL signaling pathway in fibroblasts (Budagian et al., 2005).
Further, the differences in ligand binding affinities between the full-length and
soluble AXL receptor present significant challenges. While the soluble AXL
receptor demonstrates nanomolar binding affinity to its ligand Gas6, the fulllength AXL binds tighter with picamolar affinity. To overcome this limitation, a
group of researchers very recently developed a high-affinity AXL decoy receptor,
MYD1-72, that has femtamolar affinity against Gas6, and demonstrated
compelling evidence for the clinical evaluation of MYD1-72 as an adjuvant
therapy to current standard-of-care chemotherapy in pancreatic and ovarian
cancers (Kariolis et al., 2017).
In summary, numerous studies discussed above link abnormal AXL receptor
activity to cancer progression, and highlight its critical role in prostate cancer.
Recent interest of the scientific community in targeting AXL to overcome drug
resistance and cancer recurrence and emergence of commercially available AXL
inhibitors fueled the entry of novel AXL drug candidates into the clinic. AntiAXL therapeutics, including small molecule TKIs, soluble receptors, and
antibodies, have shown promise in retarding cancer growth in preclinical animal
models and currently being assessed for their therapeutic efficacy in clinical trials.
In the future, along with targeted therapies against several other tyrosine kinases,
clinical studies exploring anti-AXL therapeutics in multiple cancer types are
expected, especially with the emergence of new markers and technological
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improvements in molecular subtyping that allow for superior ability to select
patients that would most likely benefit from such therapies (Linger et al., 2008).

1.4.

Tools to study RNASE4 in prostate cancer
The tools described here were used for Chapters 3-5. Our laboratory generated

several tools to study the function and mechanism of RNASE4, including
recombinant RNASE4 protein, RNASE4 pAb, RNASE4 mAb and RNASE4
ELISA. Together, these tools allow for the investigation of RNASE4 in prostate
cancer. To study the diagnostic and predictive role of RNASE4 as a biomarker for
prostate cancer management in Chapter 3, prostate cancer and healthy subject
plasma samples and associated clinical data were obtained from Johns Hopkins
School of Medicine. To study prostate cancer in Chapters 4-5, prostate cancer cell
lines and xenografts established from: LNCaP, DU145, and PC-3, were utilized as
a model system.

1.4.1. Expression and purification of recombinant RNASE4 protein
The recombinant RNASE4 protein was expressed in E.coli BL21 cells using a
pET11a human RNASE4 expression plasmid and induced by IPTG (Figure 1.12.
A and B). RNASE4 is isolated from the supernatant of lysed bacterial cells;
however, because it is produced as inclusion bodies, it had to be released from
inclusion body by denature agents and then refolded prior to subsequent
purification. The refolded protein was purified by successive chromatographic
fractionations on SP-Sepharose (Figure 1.12.C) and C18 columns (Figure 1.13.A).

59

The purity of the fractions was assessed by SDS-PAGE and Coomassie Blue
staining (Figure 1.13. B). The purified protein was lyophilized for storage and
confirmed to be active by ribonucleolytic in vitro endothelial cell tube formation,
and cell proliferation assays (Figure 1.14). This process typically yields 5 mg of
endotoxin-free RNASE4 protein per liter of bacterial culture. The recombinant
RNASE4 produced by above procedures was utilized for experiments in Chapters
3-5.
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Figure 1.12. Expression and purification of recombinant RNASE4 protein
from bacteria.
(A) E.coli BL21(DE3) cells were transformed with pET11a-hRNASE4 plasmid or
empty vector. Black arrows point to transformed pET11a-hRNASE4 colonies that
have the antibiotic resistant gene. (B) SDS-PAGE and Coomassie Blue staining of
uninduced and IPTG induced bacterial cell lysates. Arrow points to RNASE4
expression around 14 kDa. (C) Recombinant RNASE4 protein bound and eluted
by high salt concentration using SP-Sepharose Ion-Exchange Chromatography.
RNASE4 protein peak is labelled as depicted. The peak yielded 4.8 mg RNASE4
protein per liter culture. hRNASE4: human RNASE4.
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Figure 1.13. Purification of recombinant RNASE4 protein by HPLC.
(A) RNASE4 recombinant protein was purified by C18 reversed-phase HPLC.
RNASE4 protein peak was observed at around 23 minutes. (B) Purity of HPLC
fractions were assessed by SDS-PAGE and Coomassie Blue staining. RNASE4
was visualized at 14 kDa, forming a dimer at 28 kDa.
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A

B

Figure 1.14. HPLC purified recombinant RNASE4 protein is biologically
active. (A) In vitro endothelial cell tube formation assay demonstrates the
angiogenic activity of HPLC-purified recombinant RNASE4 protein on HUVEC
in a dose-dependent manner. Total tube length and number of loops were
quantified on the right. (B) Cell proliferation assay shows the proliferative
function of recombinant RNASE4 protein in LNCaP cells under steroid free
conditions in a dose-dependent manner. The concentration of RNASE4 treatment
ranged from 0.01-1 µg/ml.
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1.4.2. Generation of RNASE4 antibodies
The recombinant human RNASE4 protein was used as antigen for the
generation of RNASE4 pAb and mAb antibodies. Proprietary RNASE4 pAb and
hybridoma clones secreting RNASE4 mAb were generated by Research Contract
Organizations. The RNASE4 pAb was affinity purified using a RNASE4 coupled
column in the laboratory. The sensitivity of the RNASE4 pAb is shown in Figure
1.15.A. RNASE4 pAb at 0.5 µg/ml could detect a minimum 50 pg of recombinant
RNASE4 protein by immunoblot (Figure 1.15.A).
Out of the ten RNASE4 hybridoma clones generated, two (Clones 8A7G12
and 3F11G7) were picked for their high sensitivity against RNASE4 protein by
ELISA and WB (data not shown). The RNASE4 mAbs from the hybridoma cell
culture were purified by Protein G affinity chromatography. A representative
depiction of RNASE4 mAb (Clone 8A7G12) purification is shown in Figure 1.16.
Using this protocol, from a ~600ml hybridoma cell culture, 72.8 mg IgG were
isolated. The two clones were characterized by Sigma IgG Isotype Kit (Figure
1.17). Clone 8A7G12 (IgG2b-k) was used for experiments in Chapters 3-5. The
sensitivity of RNASE4 mAb 8A7G12 is shown in Figure 1.15. B-D. The lowest
detection level of 1 µg /ml RNASE4 mAb was 1ng of RNASE4 protein. The
RNASE4 mAb is specific to human RNASE4 and does not detect other members
of the superfamily or mouse RNASE4 (Figure 1.15. B-D).
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Figure 1.15. Sensitivity and specificity of RNASE4 antibodies and a typical
standard curve generated from in-house RNASE4 ELISA.
(A) Sensitivity of RNASE4 pAb of human RNASE4 protein at the indicated
concentrations. Lowest detected concentration of RNASE4 was 50 pg detected by
0.5 µg/ml RNASE4 pAb by immunoblotting. (B) Sensitivity of RNASE4 mAb of
human RNASE4 protein at the indicated concentrations. Lowest detected
concentration of RNASE4 was 1 ng detected by 1 µg/ml RNASE4 mAb by
immunoblotting. (C) Dot blot analyses representing specificity of RNASE4 mAb
to human RNASE4. (D) Immunoblotting analysis showing specificity of
RNASE4 mAb to human RNASE4 at the indicated concentrations of proteins. (E)
A typical standard curve generated by in-house RNASE4 ELISA using RNASE4
protein of known concentrations. The working range of the RNASE4 ELISA is 135 ng/ml.
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Figure 1.16. Purification of RNASE4 mAb from hybridoma cell culture.
(A)Representative peak from elution of RNASE4 mAb (8A7G12) by low pH
using Protein G affinity chromatography. RNASE4 IgG peak shown here was
obtained from a large hybridoma cell culture medium and yielded 72.8 mg total
antibody. (B) Commassie Blue staining of the peak (containing RNASE4 IgG
elution) and flow through (wash step after IgG elution) fractions from Protein G
affinity chromatography. Flow through has no IgG left suggesting successful
purification of antibody from the column. The peak fraction demonstrates the IgG
light (25 kDa) and heavy (50 kDa) chains of the purified RNASE4 mAb.
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Figure 1.17. Characterization of RNASE4 mAbs by Sigma IgG Isotype Kit.
Two clones of RNASE4 mAb were evaluated to determine their IgG isotypes and
light chains: 8A7G12 (IgG2b-k) and 3F11G7 (IgG1-k). Clone 8A7G12 was used
in experiments presented in Chapters 3-5.
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1.4.3. Development of in-house RNASE4 ELISA
RNASE4 ELISA was generated in-house using purified RNASE4 pAb and
mAb. A sandwich ELISA was developed by coating the ELISA plate with
RNASE4 mAb, detecting RNASE4 by RNASE4 pAb and alkaline phosphataseconjugated secondary antibody. A representative standard curve from the in-house
sandwich RNASE4 ELISA is shown in Figure 1.15.E. The working range of the
RNASE4 ELISA was determined to be 1-35 ng/ml. Various coating buffers were
tested, including PBS, sodium carbonate/bicarbonate and borate buffers, for
identifying the optimum binding condition for RNASE4 mAb to the ELISA plate.
Sodium carbonate/bicarbonate buffer showed the best performance and was
selected for establishing the final RNASE4 protocol (Figure 1.18.).
RNASE4 ELISA assay was validated for its precision and recovery (Table
1.4. and 1.5.). The intra-assay variation was less than 5% and inter-assay variation
was less than 10%, demonstrating acceptable variation in the range of 1-35 ng/ml
(Table 1.4.). The assay also successfully recovered on average 120% of expected
amounts of RNASE4 in plasma when the levels were spiked with known
RNASE4 protein concentrations ranging from 1 to 35 ng/ml (Table 1.5.).
Generation of a reproducible RNASE4 ELISA allowed us to measure secreted
RNASE4 levels in blood plasma in Chapter 3. The RNASE4 ELISA presented
here was also assessed for reproducibility by an independent research laboratory
at Zhejiang University School of Medicine in China. Utilizing the RNASE4
ELISA protocol and antibodies generated by our laboratory, they reported similar
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levels of RNASE4 protein in healthy serum samples as those reported in Chapter
3, corroborating ELISA results presented in this thesis.

Figure 1.18. Performance of various RNASE4 ELISA coating buffers.
Various ELISA plate coating buffers, including PBS, Bicarbonate/carbonate, and
Borate were evaluated to identify the best binding condition for 10 µg/ml
RNASE4 mAb to adhere to the ELISA plate. Bicarbonate/carbonate buffer (pH
8.0) showed the best performance and was used to establish the RNASE4 ELISA
protocol utilized for experiments discussed in Chapter 3.
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Table 1.4. Assay validation of RNASE4 ELISA precisionA
Intra-assay Precision

Inter-assay Precision

Sample

1

2

3

1

2

3

n

12

12

12

12

12

12

Mean (ng/ml)

1.05

2.1

4.21

1.05

2.1

4.21

Standard
deviation

0.013

0.008

0.011

0.016

0.035

0.041

CV (%)

4.9

1.8

2.3

5.9

9.3

8.5

Precision (%)

95.1

98.2

97.7

94.1

90.7

91.5

A

Intra- and inter- assay precision of the established in-house sandwich
RNASE4 ELISA. Three different RNASE4 protein concentrations were tested
in 12 rows on one plate and in 12 different plates to determine intra-assay and
inter-assay variability. Coefficients of variations (CV), demonstrating
variability relative to the mean, were all less than 10% and within the allowable
immunoassay range. CV: coefficient of variation.

Table 1.5. Assay validation of RNASE4 ELISA recoveryA
Sample type

Average % Recovery

Range

PlasmaB (n=5)

120

113-126

A

Recovery was assessed by the ability to recover known amounts of
recombinant RNASE4. The assay recovered average of 120% of the expected
amounts of RNASE4 in plasma at working concentrations from 1 to 35 ng/ml.
B
Plasma was diluted 1:10 prior to assay.
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1.4.4. Human prostate cancer model systems utilized in this study
To study the role of RNASE4 in prostate cancer, we utilized three established
adherent prostate cancer cell lines: LNCaP, DU145 and PC-3. LNCaP cells are
androgen-sensitive and derived from a patient with prostate cancer and lymph
node metastasis. PC-3 is a classic prostate cancer cell line, androgen-insensitive
and form osteolytic tumors. DU145 cells were derived from brain metastases of
prostate cancer and have a moderate metastatic potential. These three cell lines
were used in Chapter 4-5 for in vitro studies and to establish xenograft tumors in
mice for in vivo studies. Together, these tools allow us to study the function and
mechanism of RNASE4 in prostate cancer, as described in Section 1.5.

1.5.

Thesis Summary
Primary unmet needs in prostate cancer management are the lack of reliable

prognostic and predictive biomarkers and efficient treatment strategies for
aggressive prostate cancer cases that no longer respond to ADT. Work presented
in this thesis demonstrates several significant findings that may have translational
impact for prostate cancer. In Chapters 3-5, we aimed to answer several questions
pertaining to the role of RNASE4 in prostate cancer: 1) Can secreted RNASE4 in
plasma be used as a novel biomarker for prostate cancer 2) Does RNASE4
functionally regulate prostate cancer progression, and 3) Can we therapeutically
target RNASE4 for prostate cancer treatment?
In Chapter 3, we demonstrated that RNASE4 is highly elevated in prostate
cancer and can serve as a novel biomarker for prostate cancer. Importantly, we
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show that RNASE4 can accurately diagnose prostate cancer and distinguish it
from BPH. Moreover, RNASE4 provides critical information regarding cancer
aggressiveness and its utilization as a prognostic or predictive test may help avoid
unnecessary biopsies and assist treatment decisions. In Chapter 4, we present
RNASE4 as a functional ribonuclease in prostate cancer progression that drives
tumor angiogenesis and cell proliferation. Notably, we demonstrate the
mechanism of RNASE4-mediated cell proliferation through activation of AXL
kinase and downstream effectors. In Chapter 5, we show that therapeutic targeting
with RNASE4–specific mAb is efficacious in diminishing prostate cancer
progression in preclinical models. Together, these results demonstrate the
function and mechanism of RNASE4 in prostate cancer for the first time.

Chapter Contributions
Experiments in Section 1.4. were performed by Nil Vanli with technical
assistance from Drs. Shuping Li and Wenhao Yu. RNASE4 protein expression
plasmids were cloned by Dr. Shuping Li. Significant contributions were made by
Dr. Jinghao Sheng and Yuxiang Jiang to generate RNASE4 antibodies.
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Chapter 2: Materials and Methods
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Human plasma samples
A total of 240 plasma samples (120 healthy, 120 prostate adenocarcinoma)
was collected at Johns Hopkins University and obtained from Prostate Cancer
Biorepository Network (PCBN), in compliance with institutional guidelines, as
approved by the Institutional Review Board of Tufts Medical Center/Tufts
Medical School and Johns Hopkins University School of Medicine. All
participants provided written informed consent. Clinical data associated with
healthy subjects and patients who underwent radical prostatectomy for treatment
of prostate cancer was provided by Johns Hopkins University. Plasma samples
were diluted 1:10 in PBS prior to performing RNASE4 ELISA and tested in
duplicates.

Recombinant human RNASE4 protein and RNASE4 antibodies
Recombinant human RNASE4 protein was generated using an pET11
expression system in E.coli and purified by SP-Sepharose and reversed-phase
HPLC as previously described (Li et al., 2013). RNASE4 pAb was generated
through custom antibody service at a Contract Research Organization. The
antigen for RNASE4 antibodies was recombinant RNASE4 protein. RNASE4
pAb was affinity purified using 2.5 mg pure recombinant RNASE4 protein
coupled to HiTrap NHS-activated HP column (GE Healthcare) according to
manufacturer’s instructions. Coupling efficiency was determined as 90% by
Bradford Assay. Minimum detectable concentration of RNASE4 detected by 0.5
µg/ml affinity purified RNASE4 pAb was 50 pg by Western Blotting.
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RNASE4 mAb hybridoma clones were generated by a Contract Research
Organization. Initial immunization was done in 5 BALB/c mice. Sp2/0 mouse
myeloma cells were used for fusion. A panel of 10 hybridoma clones was
generated. Two clones had the highest sensitivity for RNASE4 (Clones 8A7G12
and 3F11G7) which were purified from hybridoma cell culture adapted to serum
free conditions. Specificity of various mAb clones to RNASE4 protein was
measured by Western Blotting at ProMab and a direct ELISA method in lab. For
direct ELISA, 96-well high binding EIA/RIA microplate (Sigma) was coated with
5 µg/ml pure RNASE4 protein overnight at 4°C. After blocking with 1% BSA in
PBS for 2 hours at room temperature, RNASE4 mAb clone supernatants were
diluted 1:10 and incubated for 2 hours at room temperature. Bound antibodies
were detected with alkaline phosphatase goat anti-mouse IgG (1:1000, Kirkegaard
& Perry Laboratories) as described below.
RNASE4 mAbs (Clones 8A7G12 and 3F11G7) were selected for their
superior sensitivity and affinity purified by Protein G affinity chromatography (1
x 5ml HiTrap Protein G HP, GE Healthcare) according to manufacturer’s
instructions. Clone 8A7G12 was used for all the experiments. RNASE4 mAb
8A7G12 was determined to be an IgG2b-kappa by IgG Isotype Kit (Sigma).
Sensitivity and specificity of RNASE4 mAb 8A7G12 was measured after Protein
G affinity purification.
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RNASE4 ELISA
Secreted human RNASE4 was quantified with an in-house sandwich
ELISA calibrated against a highly purified E.coli-expressed recombinant human
RNASE4 produced in lab. A mAb specific for human RNASE4 (Clone 8A7G12,
ProMab) was pre-coated onto 96-well high binding EIA/RIA microplates
(Corning) at 10 µg/ml in 100 mM sodium carbonate-bicarbonate buffer (pH 8.5)
overnight at 4°C.
For all washing steps, 4 washes with PBST (10 mM phosphate buffer pH
7.4, 150 mM NaCl, 0.025% Tween-20) were used. After blocking with 5 mg/ml
BSA in PBS (300 µl/well) for 1 hour at room temperature and subsequent washes,
standards and samples were pipetted into the wells (100 µl/well) and incubated
overnight at room temperature. After washing away unbound substances, 0.75
µg/ml of rabbit RNASE4 pAb specific for human RNASE4 is added to the wells
and incubated for 2 hours at room temperature. Following washes to remove any
unbound antibody, goat anti-rabbit alkaline phosphatase linked antibody (1:1000,
Kirkegaard & Perry Laboratories) is added to the wells and incubated for 1 hour
at room temperature.
Substrate solution was prepared 5 minutes before use by adding 1 pnitrophenyl phosphate substrate tablet (Sigma) into 10 ml diethanolamine buffer
(10 mM diethanolamine, 0.5 mM MgCl2, pH 9.5). Following washes, phosphatase
substrate solution is added to the wells and incubated at room temperature for 1-4
hours. Color develops in proportion to the amount of RNASE4 bound and the
intensity of the color is measured by a plate reader at 450nm.
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The minimum detectable dose (MDD) of human RNASE4 is typically 0.5
ng/ml. The MDD was determined by adding two standard deviations to the mean
optical density value of twelve zero standard replicates and calculating the
corresponding concentration.
No significant cross-reactivity was observed with angiogenin (in-house) at
1 µg/ml. Cross-species reactivity was not observed with mouse RNASE4. The
intra- and inter-assay precision was assessed. Three samples of known
concentration were tested twelve times on one plate to assess intra-assay
precision. Three samples of known concentration were tested in twelve separate
assays to assess inter-assay precision. Recovery of human RNASE4 spiked to
levels throughout the range of the assay in human plasma was evaluated.

Prostate tissue array
Prostate cancer, hyperplasia and normal tissue array was purchased from
US Biomax. Array (PR807a, US Biomax) was comprised of 80 cores, 10 cases of
normal prostate tissue, 20 cases of benign prostate hyperplasia and 50 cases of
prostate adenocarcinoma, each tissue spot representing 1 individual specimen. A
core of malignant tissue marker, hepatocellular liver cancer was included in the
array. Each array spot was 1.5 mm in diameter and 5 µm in thickness. The
histological diagnosis, grading using the Gleason scoring system, and TNM
grading were supplied by the manufacturer for each array. Detailed information
for

the

array

can

be

viewed

at

http://www.biomax.us/tissue-

arrays/Prostate/PR807a (Prostate cancer, hyperplasia and normal tissue array)
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Inhibitors and proteins
AXL inhibitor R428 was purchased from ApexBio. MK-2206 was from
Selleckchem. Wortmannin was from Sigma. Rapamycin and LY294002 were
purchased from Cell Signaling Technology. His-tagged N-terminal and Cterminal AXL proteins were purchased from NovoProlabs.

RNA extraction and qRT-PCR
Total cellular RNA was isolated using TRIzol reagent (Invitrogen) and
reverse-transcribed (1 µg) to cDNA with random and oligo(dT)18 primers by MMLV reverse transcriptase (Promega), per manufacturer’s instructions. Relative
abundance of mRNAs was calculated with respect to the standard calibration
curve and by the comparative CT method 2-∆∆CT. The expression levels of
individual genes were normalized to the expression of GAPDH. For estimation of
RNASE4 copy numbers, samples were reverse transcribed simultaneously with a
standard series of cRNA samples (109-103 copies per reaction) and cDNAs
amplified on a Light Cycler 480 II (Roche) using SYBER Green PCR mix
(Roche).
The primers set are as follows:
RNASE4 forward, 5′-AGAAGCGGGTGAGAAACAA-3′
RNASE4 reverse, 5′-AGTAGCGATCACTGCCACCT-3′.
PSA forward, 5-GATGAAACAGGCTGTGCCG-3
PSA reverse, 5-CCTCACAGCTACCCACTGCA-3.
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GAPDH forward, 5'- TGAACGGGAAGCTCACTGG-3'.
GAPDH reverse, 5'-TCCACCACCCTGTTGCTGTA-3'.

Co-Immunoprecipitation
For His-tag protein pulldowns, His-tagged AXL proteins: N-AXL
(Catalog # 501760) and C-AXL (Catalog # 10103D) were purchased from
NovoProlabs. Cobalt based pulldown of His-tagged AXL proteins was done
according to the manufacturer’s protocol using magnetic Dynabeads His-tag
Isolation and Pulldown (Thermo Scientific). The pulldown, wash and elution
buffers were prepared according to the manufacturer guidelines. Pulldown buffer
consisted of 3.25 mM sodium-phosphate, pH 7.4, 70 mM NaCl and 0.01%
Tween-20. Wash buffer used was 50 mM sodium-phosphate, pH 8.0, 300 mM
NaCl and 0.01% Tween-20. Elution buffer was prepared from 300 mM imizadole,
50 mM sodium-phosphate, pH 8.0, 300 mM NaCl and 0.01% Tween-20. For
nickel-based pulldown of His-tagged AXL proteins, HisPur Ni-NTA magnetic
beads (Thermo Scientific) were used. Recombinant RNASE4 protein (2 µg) was
incubated with His-tagged AXL proteins (2µg each) in 700 µl pulldown buffer for
30 min at room temperature on a rotator. Beads were added to the protein
complex and incubated on a rotator for 15 min. Eluted proteins were analyzed by
SDS-PAGE and immunoblotting with RNASE4 and AXL antibodies.
For RNASE4 and AXL antibody pulldowns, recombinant RNASE4
protein (1 µg/ml) was added to the plasma membrane fraction of cells and
incubated at 4°C for 30 min. The mixture was then divided into 2 equal fractions,
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and incubated with 1 µg/ml of RNASE4 or AXL antibody at 4°C overnight.
Protein A/G-Sepharose (50 µl) was added and the tubes were rotated at 4°C for 4
hours. The precipitates were analyzed for RNASE4 and AXL by immunoblotting
with RNASE4 and AXL antibodies.

Cell Cycle Analysis
For flow cytometry analyses, 1 × 106 prostate tumor cells were fixed and
permeabilized using Cytofix/Cytoperm Fixation/Permeabilization Kit (BD) per
manufacturer’s instructions. Cells were stained with Ki67 FITC (BD, 1:10 in BD
Perm/Wash buffer), washed, and then stained with DAPI (2 µg/ml) for 10
minutes, directly prior to analysis. Cyan ADP LX7 Analyzer flow cytometer was
used. The percentage of growth arrested DU145 cells in G0 and S-G2-M (85%
and 15%, respectively), are in keeping with previously reported studies (Roy et
al., 2007; Sahra et al., 2008).

Tumor xenograft experiments
Six- to eight-week-old male athymic nude (CrTac: NCr-Foxn1nu
background) mice were obtained from Taconic Biosciences. Mice age 7–8 weeks
were injected subcutaneously in the right flank with 1 × 106 viable PC-3, PC-3shControl or PC-3-shRNASE4 cells in 100 µl HBSS. Six mice per condition or
cell line were used. Tumor size was monitored by digital caliper. Tumor volume =
(L × W2)/2, where L is length at the widest point of the tumor and W is the
maximum width perpendicular to L.
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For the prophylactic treatment of RNASE4 mAb, one day after PC-3 cell
inoculation, mice were randomized into treatment groups, and administered with
an anti-RNASE4 mAb (clone 8A7G12) (10 or 30 mg/kg) or PBS once every 3
days by i.p. injection.
For the therapeutic treatment of RNASE4 mAb, mice were randomized
into treatment groups once tumors reached ∼100 mm3 in diameter, and antiRNASE4 mAb (clone 8A7G12) (10 and 30 mg/kg) or PBS was administered once
every 3 days by i.p. injection. Mice were sacrificed when the volume of their
tumor reached 2,000 mm3.

Animal study approval
The mice were housed and maintained in the Tufts University Department
of Laboratory Animal Medicine (Boston) in accordance with the NIH Guidelines
for the Care and Use of Laboratory Animals. All animal work was done in
accordance with protocols approved by Institutional Animal Care and Use
Committee of Tufts Medical School/Tufts Medical Center.

Bioinformatics
An in silico analysis on RNASE4 mRNA expression of Bittner Multicancer (n=1,911), Su Multi-cancer (n=174) and Roth Normal 2 (n=504) datasets
in a public cancer microarray database Oncomine (http://www.oncomine.org) was
performed. In Multi-cancer datasets, expression of RNASE4 in cancer tissues were
normalized to corresponding healthy tissues. In Normal dataset, RNASE4
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expression in prostate tissue is compared to all other tissues to derive higher/lower
RNASE4 expression in the specific normal tissue.
All microarray datasets are scaled to zero by subtracting the median from
each value. This step is performed by Oncomine to remove bias in signal intensity
between samples. The Oncomine™ Platform (Thermo Fisher) was used for
statistical analysis and visualization. Copy number gain of RNASE4 and AXL
DNA and survival probability of patients with RNASE4 and AXL copy number
variations were analyzed in (DNA) TCGA Prostate dataset (n=308) in Oncomine.
RNASE4 and AXL copy numbers were analyzed in tissue specimens only,
excluding blood specimens, in TCGA Prostate dataset (n=232).

ANG ELISA
Secreted human ANG was quantified with an in-house sandwich ELISA
calibrated against a highly purified recombinant human ANG produced in lab, as
previously reported (Li et al., 2013).

Immunohistochemistry
Immunohistochemical staining was performed as described previously (Li
et al., 2013). Briefly, paraffin-embedded tissue microarray sections were
deparaffinized in xylene, followed by treatment with a graded series of alcohols
(100%, 95%, 70%, and 50% ethanol [vol/vol] in distilled H2O) and rehydration in
PBS (pH 7.5). For antigen retrieval, the sections were immersed in sodium citrate
buffer (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0) and heated in a
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microwave for 20 minutes. After washing in PBS, endogenous peroxidases were
blocked with 0.3% hydroxyl peroxide (H2O2) in TBS for 15 minutes, followed by
2 washes in TBS. The sections were blocked with 10% goat serum with 1%BSA
in TBS in a humidified chamber for 2 hours at room temperature and then
incubated with the primary antibody diluted in TBS with 1%BSA overnight at
4°C.
For RNASE4 staining, 2 µg/ml of affinity purified human RNASE4
polyclonal antibody (generated in-house) was incubated for 3 hours at room
temperature. After washing with TBS, the slides were incubated with goat antirabbit IgG, HRP conjugated (1:500, Santa Cruz) for 1 hour at room temperature.
The chromogenic reaction was visualized by incubating the slides in with
stable 3,3′-diaminobenzidine (DAB) solution (Vector Lab) for 10 minutes or until
good color formation was observed by monitoring the reaction under a
microscope. Positive staining appeared brown. The sections were rinsed with
distilled water, counterstained with Modified Mayer’s Hematoxylin (Thermo
Fisher) for 3 minutes, and mounted with Permount (Fisher Scientific). Negative
control samples were exposed to secondary antibody alone and demonstrated no
specific staining.
TUNEL staining was conducted with In Situ Cell Death Detection Kit
(Roche) according to manufacturer’s instructions. Immunohistochemical staining
of blood vessels and cell proliferation were determined by CD31 (1:200, Abcam)
and Ki-67 (1:500, Santa Cruz) antibodies. Slides were examined by microscope
(Nikon Eclipse Ti-S). Two independent scientists, who were blind to clinical data,
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independently scored average RNASE4 expression in human tissue arrays as
absent (0 or -), low (1 or +), moderate (2 or ++), high (3 or +++) or very high (4
or ++++).

Immunofluorescence
Cells were cultured on coverslips, fixed with -20°C methanol or
paraformaldehyde, washed 3 times with PBS, and blocked with 1 mg/ml BSA in
PBS for 1 hour at room temperature. RNASE4 was stained with RNASE4 rabbit
pAb using 1 µg/ml antibody for 2 hrs at room temperature in a humidified
chamber. The secondary antibody, Alexa 488-goat anti-rabbit IgG was used at
1:2000 dilution and stained for 1 hr at room temperature in a humidified chamber.
Nuclei were stained by DAPI. Images were taken under a Nikon Eclipse Ti
microscope.

Cell culture
PC-3, LNCaP, DU145 and HUVEC used in this study were previously
published (Hu et al., 2000; Li et al., 2013). PC-3 and DU145 were maintained as
monolayer cultures in DMEM (Cellgro; Corning) including 100 U/ml penicillin
and 100 µg/ml streptomycin (Gibco; Thermo Fisher) supplemented with 10%
FBS (HyClone). LNCaP was maintained as monolayer cultures in RPMI 1640
(Cellgro; Corning) including 100 U/ml penicillin and 100 µg/ml streptomycin
(Gibco; Thermo Fisher) supplemented with 10% FBS (HyClone). To test the
effect of DHT on RNASE4, LNCaP cells were washed in phenol red–free
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medium containing charcoal/dextran–treated (steroid-stripped) FBS (Sigma),
incubated in this steroid-free medium for 1-2 days prior to DHT stimulation.
Human prostate epithelial cell line RWPE-1 cells were maintained in
keratinocyte serum-free medium (Gibco; Thermo Fisher) supplemented with 50
µg/ml bovine pituitary extract, 5% l-glutamine, and 5 ng/ml EGF. HUVEC were
maintained in Human Endothelial SFM (Gibco; Thermo Fisher) plus 5 ng/ml
bFGF. Experiments with HUVEC were carried out at cell passage number 4-8.
RNASE4 monoclonal antibody secreting hybridoma cells were cultured in
serum-free CD Hybridoma Medium (Gibco; Thermo Fisher) supplemented with
8mM GlutaMAX (Thermo Fisher) for large scale Protein G affinity purification.
Hybridoma cells were sequentially adapted to serum free conditions by reducing
the amount of FBS (HyClone) in media in the order of 10% FBS, 5%FBS, 2.5%
and 0% FBS with every passage. Antibiotics were not used in hybridoma cell
cultures. All cell cultures were maintained in 5% CO2 at 37°C.

Transfection and generation of stable cell lines
pGIPZ the non-silencing GFP control shRNA construct and RNASE4
specific

shRNA

constructs

ATCTCGCTTGGGCGAGAGTAAGTA-3′,
ACCTGTCAGGGAGGCATTAAA-3′;

(shControl,

NC,

5′-

shRNASE4-1,

R4B5,

5′-

shRNASE4-2,

R4A9,

5′-

CAAAGAGATATGGAGACATAA-3′) were obtained from Open Biosystems as
previously published (Sheng et al., 2014). Lentiviral particles were packaged in
293T cells with the generation II packaging plasmids (psPAX2 and pMD2.G) and

86

concentrated by Lenti-X concentrator (Clontech). Cells were infected with
lentiviral particles for 24 h in the presence of Polybrene (8 µg/ml, Millipore). The
medium was replaced with complete growth medium and incubated for 24 h and
then selected for 4 days with 1 µg/ml puromycin. The expression of RNASE4
protein was assessed by Western blotting, and, additionally, GFP-positive cells
were visualized under a fluorescence microscope.

Immunoblotting
Immunoblotting was performed as described previously (Li et al., 2013).
Briefly, cells were starved overnight in the absence or presence of 1 µg/ml
RNASE4 were rinsed three times with ice-cold PBS and then lysed with RIPA
lysis buffer (20 mM sodium phosphate, 150 mM NaCl, 5 mM sodium
pyrophosphate, 5 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS) supplemented with 1 tablet of complete mini-EDTA protease inhibitor
cocktail (Roche) and 1 mM sodium orthovanadate (pH 7.4). Cells were harvested
with the aid of a rubber policeman, clarified by centrifugation at 15,000 g for 15
minutes at 4°C, and prepared for Western blotting analysis. Lysates of the normal
human prostatic epithelial cell line RWPE-1 were prepared as described in
previous reports (Li et al., 2013).
Total proteins (30-50 µg from clarified cell lysates) were separated via
SDS-PAGE and electroblotted onto nitrocellulose membranes (Santa Cruz). The
membranes were blocked with Tris-buffered saline with Tween (0.5%) plus 5%
dried nonfat milk for 30 minutes-1 hour at room temperature and probed with the
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desired primary antibody diluted in blocking buffer overnight at 4°C.
Membranes were probed with antibodies to RNASE4 (1 µg/ml, in-house),
β-actin (1:2,000, Santa Cruz), β-tubulin (1:2,000, Santa Cruz), phospho-AKT
(1:1,000, Santa Cruz), AKT (1:1,000, Santa Cruz), phospho-S6 (1:1,000, Cell
Signaling), S6 (1:1,000, Cell Signaling), phospho-Axl (1:1,000, Cell Signaling),
Axl (1:1,000, Cell Signaling). Primary antibody incubation was followed by
incubation with an HRP-conjugated secondary antibody (1:2,000 goat anti-mouse,
1:3,000 sheep anti-rabbit; Santa Cruz) diluted in blocking buffer for 1 hour at
room temperature. Proteins were visualized with electrochemiluminescence
detection reagents (Millipore) followed by autoradiography. Autoradiographs
were quantified as described previously with ImageJ (Li et al., 2013). The film
was scanned using an HP Scanjet scanner.

In vitro endothelial cell tube formation assay
For examining the effect pf RNASE4 mAb on RNASE4-mediated
angiogenesis, 50 µl of 1x105 HUVEC were plated on a Matrigel (BD Biosciences)
treated µ-slide (µ-slide angiogenesis, Ibidi) or a 96-well plate with 1 µg/ml
RNASE4 and 30 µg/ml RNASE4 mAb or 30 µg/ml isotype control IgG
(generated in-house). Experiment was carried out according to manufacturer’s
protocol.
Cells were then observed over a period of 4-5 hours for tube formation
with imaging carried out during the maximal tube formation window (4-4.5
hours). Positive controls included human endothelial basal growth medium
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(Gibco; Invitrogen) with 10% FBS and 5 ng/ml bFGF, and serum free human
endothelial basal growth medium (Gibco; Invitrogen) was used as a negative
control. Image analysis to quantify number of loops and total tube length was
performed by ImageJ software and WimTube image analysis tool. Experiments
were performed in triplicate and were repeated at least three times.

Human Phospho-Receptor Tyrosine Kinase Array
Human Phospho-Receptor Tyrosine Kinase Array Kit was purchased from
R&D Systems, Inc. Array procedure was followed according to manufacturer’s
protocol. Cells were starved overnight and treated with 1 µg/ml RNASE4 for 5
minutes before sample collection. Untreated cells served as control. Protein
concentrations were quantified by Bradford Assay and 1.5 mg cell lysate was
used per array. Proteins were visualized with electrochemiluminescence detection
reagents provided by manufacturer and followed by autoradiography. Membranes
were exposed to X-ray films for 10 minutes. Pixel densities on developed X-ray
films were analyzed by ImageJ. Pairs of reference spots are located in three
corners of each array and were used. Average background signal from each array
was subtracted using PBS negative control spots during data analysis.

Agarose colony-formation assays
Cells were suspended in 1 ml of 10% FBS DMEM medium containing a
0.4% agarose and plated in triplicate on a firm 0.6% agarose base in 35mm plates
(10,000 cells/well) as described previously (Yoshioka et al., 2006). Cells were
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then placed in a 37°C and 5% CO2 incubator. Colonies of cells were allowed to
grow over the course of 2 weeks. Then, 100 µl of MTT was added to each well
and plates were returned to the incubator for 2 hours. Number and diameter of
colonies were measured under a microscope (Nikon Eclipse Ti-S). Five randomly
selected fields per dish were analyzed.

Cell proliferation assays
PC-3, DU145 and LNCaP cells and stable clones were plated in 24-well
tissue plates in triplicate at 10,000 cells per well and returned to the incubator.
Numbers of cells were counted with the aid of a Coulter Counter after
trypsinization. Cells were counted daily, until cultures reached saturation. For
MTT assay, PC-3, DU145 and LNCaP cells were plated (4 × 103 cells) in
quadruplicate for each time point in a 96-well plate. Following the attachment of
all cells after 6 h, the number of viable cells was measured in the presence of
indicated agents. Briefly, 10 µl of MTT (5 mg/ml) was added to the wells and
incubated for 1 h. After aspiration, 100 µl of DMSO was added to each well and
incubated for 5 min at 37°C to solubilize the bio-reduced colored MTT-formazan
and to lyse the cells. The optical density was read at 570 nm in a microplate
reader.

Biotinylation of RNASE4 and HABA assay
RNASE4 protein (0.5 µg) was biotinylated with Thermo Scientific EZLink Sulfo-NHS-LC-Biotin (Product No. 21335) according to manufacturer’s
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protocol. Thermo Scientific HABA (4 ́-hydroxyazobenzene-2-carboxylic acid)
was used to estimate the mole-to-mole ratio of biotin to protein. HABA solution
was prepared according to the manufacturer’s protocol. To quantify biotin label
incorporation, a solution containing the biotinylated RNASE4 was added to a
mixture of HABA (Thermo Scientific) and avidin (Thermo Scientific). Because of
its higher affinity for avidin, biotin displaced the HABA from its interaction with
avidin and the absorption at 500nm decreased proportionately. The absorbance of
the HABA-avidin solution before and after addition of the biotin-RNASE4 was
quantified by a plate reader. The change in absorbance related to the amount of
biotin in the sample and was used to calculate moles of biotin per mole of
RNASE4. HABA calculator on the Thermo Scientific website was utilized for this
calculation.

RNASE4-Sepharose affinity chromatography
An RNASE4-Sepharose column was prepared by coupling 2 mg
recombinant RNASE4 or RNASEA protein to a 1 ml HiTrap NHS-activated
Sepharose HP column (GE Healthcare Life Sciences). Coupling efficiency was
calculated to be around 60-70% according to the manufacturer’s protocol. The
columns were deactivated post-coupling to clear out active NHS groups. LNCaP
cells were cultured in regular medium to subconfluent (~1 x 105/cm2), washed
three times with PBS, and detached by scraping. A total of 2 x 109 cells were
suspended at a density of 5 x 106 per ml to sequentially extract plasma membrane
proteins using Mem-Per Membrane Protein Extraction Kit (Thermo Scientific)
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according to the manufacturer’s protocol. The extracted plasma fraction was
precleared by passing through an RNASEA coupled-HiTrap Sepharose column to
reduce unspecific binding. The flow-through fraction from RNASEA-Sepharose
was applied to RNASE4-Sepharose column, unbound proteins were washed away
and bound proteins eluted with 0.1 M Glycine-HCl, pH 2.5.

Modified radioligand assay with Biotin-RNASE4
To confirm that the cell surface receptor for RNASE4 resides on LNCaP
cells we performed a modified radioligand assay using biotinylated RNASE4. We
cultured the LNCaP cells in 96-well plate under normal culture conditions
(RPMI+10% FBS), moved them to 4°C the next day and added Biotin-RNASE4
to cells with increasing concentrations. At 4°C, Biotin-RNASE4 was not
internalized, therefore using a regular ELISA protocol we could detect the amount
of RNASE4-Biotin bound to the cell surface after washing. RNASE4-Biotin was
detected by Streptavidin Alkaline Phosphatase and phosphatase substrate in a
colorimetric reaction and absorbance quantified at 410 nm. We accounted for the
unspecific binding by adding unbiotinylated RNASE4 protein in excess along
with the biotinylated RNASE4 and substracting the nonspecific binding from the
total binding.

Biacore
Biacore T200 was used for protein interaction analysis between AXL and
RNASE4. His-tagged AXL proteins (0.5 µg each) were immobilized on the
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surface of a BIAcore sensor CM5 chip, and then RNASE4 was passed over the
sensor chip. pH scouting revealed best coupling buffer conditions for AXL
proteins. For N-AXL, sodium acetate buffer at pH 4.5 was used. For C-AXL,
sodium acetate buffer at pH 4.0 was used. Amount of protein coupled was
measured as the increase in RUs. 10,178 RU of N-AXL and 2166 RU of C-AXL
were bound to chip after amine (NHS/EDC) coupling. We performed the amine
coupling in the control channel without any protein, and subtracted this Blank
read-out from the other channels when calculating the amount of RNASE4 bound
to chip, as this represented unspecific binding. The unspecific binding of
RNASE4 in Blank channel was 561 RUs. The flow rate used for RNASE4
binding was 10 µl/min for 300 seconds. The regeneration conditions were
determined as 25 mM NaOH at flow rate 15 µl/min for 150 seconds. Graphs were
generated using the Biacore analysis software.

Mass spectrometry analysis
RNASE4-Sepharose elution fractions were run on SDS-PAGE and
visualized by SYPRO Ruby protein gel stain (Invitrogen) and UV light. The
bands of interest and a control unstained area from the gel were excised from the
gel and washed twice with 50% acetonitrile in high purity water. Control sample
represented as background. The samples were submitted to the Mass
Spectrometry Core Facility of Beth Israel Deaconess Medical Center for
molecular mass analysis.
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Statistics
Data were presented as the means ± SEM. GraphPad Prism 7.0 (GraphPad
Software) was used for statistical analysis. Comparisons between 2 groups were
analyzed by two-tailed Student’s t test and comparisons of multiple groups by 1way ANOVA, post hoc intergroup comparisons, and Tukey’s test. Kaplan-Meier
survival curves were analyzed using log-rank test. ROC curves were generated by
MedCalc and Prism. Regression analyses were performed by MedCalc and Stata
Softwares. The p values were indicated by stars as follows: *p<0.05, **p<0.01,
***p<0.001, and ns=not significant.
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Chapter 3: RNASE4 is a novel biomarker
for prostate cancer
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3.1.

Rationale
Biomarkers are used to evaluate normal or pathogenic processes and/or

pharmacologic response to therapy, and a commonplace in research and clinical
practice (Prensner et al., 2012). Although PSA is a well-established biomarker for
prostate cancer, it has numerous limitations (Tabayoyong & Abouassaly, 2015).
The inability of PSA test to distinguish between prostate cancer and BPH, low
specificity, and lack of correlation with disease aggressiveness present an unmet
need for additional biomarkers for prostate cancer that can overcome these
limitations imposed by the PSA test (Prensner et al., 2012).
To develop novel biomarkers, one must also experimentally validate a
protocol for routine and convenient use of the biomarker in the clinic (Robb et al.,
2016). Most biomarkers can be routinely detected by lab techniques such as IHC,
PCR and ELISA. Specific antibodies against the target protein are often required
for the development of IHC and ELISA. Further validation of the test method is
needed by analytically assessing the critical performance parameters: sensitivity,
specificity, accuracy, reproducibility and robustness (Robb et al., 2016).
A member of the Ribonuclease A superfamily, ANG, is already an
established serum biomarker and target for prostate cancer (Li et al., 2011; Pina et
al., 2014). Extrapolating from the role of ANG in prostate cancer, we
hypothesized that another member from the same family, RNASE4, which has a
unique gene arrangement with ANG resulting in co-expression of the two proteins
(Sheng et al., 2014), may have a similar or complementary role. Indeed,
preliminary studies assessing RNASE4 as a tissue marker in several cancer types
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and healthy tissues by IHC, utilizing commercial human tissue microarrays
containing various cores with multiple cancer types and relative healthy tissues,
showed that RNASE4 is elevated in many cancers, including prostate cancer.
Highest increase in RNASE4 was observed in both the nucleus and cytoplasm of
prostate cancer cells compared to healthy prostate tissue relative to other cancer
types and their corresponding healthy tissues (unpublished, data not shown).
Results from meta-analysis of RNASE4 mRNA expression in several cancers
corroborated the tumor microarray findings and showed highest RNASE4 upregulation in prostate cancer (unpublished, data not shown). These results
suggested that RNASE4 may serve as a novel tissue marker and prompted us to
investigate the function and mechanism of RNASE4 in prostate cancer.
Since ANG and RNASE4 are secreted proteins elevated in prostate cancer
and serum ANG levels are already reported to improve the diagnostic
performance of the PSA test (Pina et al., 2014), we entertained the possibility of
RNASE4 serving as a novel biomarker for prostate cancer. However, the lack of
commercially available antibodies and ELISA for RNASE4 was a major
drawback. Expertise in ELISA assay development from previous experience with
the development and validation of ANG ELISA (Li et al., 2013) and development
of RNASE4 mAb and pAbs against the recombinant human RNASE4 protein
allowed us to establish a reproducible RNASE4 sandwich ELISA (Chapter 1).
Success in establishing an in-house RNASE4 ELISA allowed us to noninvasively detect RNASE4 from human serum, plasma and urine specimens.
Further validation of the RNASE4 ELISA protocol and standardization resulted in
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a useful tool that allowed us to investigate RNASE4 as a diagnostic, prognostic
and predictive biomarker for prostate cancer. Sensitivity and specificity of the
RNASE4 antibodies and RNASE4 ELISA development and validation are
discussed in Chapter 1, Sections 1.4.2. and 1.4.3.

3.2.

Plasma RNASE4 levels serve as a diagnostic biomarker
RNASE4 level in the plasma samples of control subjects (n=120) and

prostate cancer patients (n=120) were determined by ELISA. The demographics
and clinical characteristics of the study population are shown in Table 3.1. The
mean age for the study group was 58.6 years with a range of 42-86 years for all
subjects, and 86% of the subjects were White/Non-Hispanic, 6.6% AfricanAmerican and 1.2% Asian. There was no significant relationship between
RNASE4 amount and patient demographics, such as age and race (Table 3.2).
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Table 3.1. Demographic and clinical characteristics of study population
Characteristic

All subjects
(N=240)A

Healthy
(n=120)A

Prostate Cancer
(n=120)A

Age (years)
Mean

58.6

57.4

59.8

Min-Max

42-86

42-86

43-77

White/Non-Hispanic n (%)

215 (86)

104 (86.6)

111 (92.5)

African-American n (%)

16 (6.6)

9 (7.5)

7 (5.8)

Asian n (%)

3 (1.2)

2 (1.6)

1 (0.8)

Other n (%)

5 (2)

4 (3.3)

1 (0.8)

2.13

0.96

5.42

Min-Max

0.2-19.4

0.2-2.4

0.3-19.4

≤2 n (%)

116 (48.3)

111 (92.5)

5 (4.2)

≤4 n (%)

146 (60.8)

118 (98.3)

28 (23.3)

<10 n (%)

226 (94.2)

118 (98.3)

108 (90)

≥10 n (%)

8 (3.3)

0 (0)

8 (3.3)

Race

PSA before biopsy (ng/ml)
Mean

A

Patient numbers may not add to the total sample size due to item nonresponse.
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Table 3.2. Plasma RNASE4 level does not correlate with patient
demographics.
Clinical
features
Age (years)

RNASE4 (ng/ml) Mean ± SEM
Healthy
(n=120)A

P-value

Prostate Cancer
(n=120)A

P-value

40-49

104.7 ± 4.1 (n=33)

144.4 ± 10.5 (n=6)

50-59

100.6 ± 2.9 (n=39)

p=0.41

154.7 ± 3.2 (n=62)

p=0.34

60-69

97.2 ± 3.9 (n=34)

p=0.19

153.2 ± 3.9 (n=40)

p=0.42

70-89

110.2 ± 4.7 (n=13)

p=0.46

137.2 ± 7.8 (n=12)

p=0.60

Race/Ethnicity
White/NonHispanic

102.3 ± 2.0 (n=104)

128.0 ± 2.3 (n=111)

AfricanAmerican

94.4 ± 9.8 (n=9)

p=0.28

147.8 ± 9.3 (n=7)

p=0.13

Asian

95.0 ± 5.0 (n=2)

p=0.61

185.1 ± 0 (n=1)

n/a

Caribbean/West
Indian/Hispanic

84.7 ± 7.0 (n=2)

p=0.23

139.7 ± 0 (n=1)

n/a

132.9 ± 18.6 (n=2)

p=0.04

n/a

n/a

Other
A

Patient numbers may not add to the total sample size due to item nonresponse.
n/a= information not available. Statistical analysis was performed by unpaired,
two-tailed Student’s t test.
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The median RNASE4 amount in plasma of prostate cancer patients (155.4
± 2.8 ng/ml) were significantly higher (p<0.0001) than in control subjects (101.5
± 1.9 ng/ml) (Figure 3.1.A). The predictive value of RNASE4 was explored using
ROC analysis (Figure 3.1.B), which shows an AUC of 0.94 (0.91-0.97) at 95%
confidence interval. The diagnostic accuracy of RNASE4 differed depending on
the cut-off values applied (Table 3.3.). At the optimal cut-off value of 117 ng/ml,
RNASE4 has a diagnostic accuracy of 86%, sensitivity of 94%, specificity of
80%, positive predictive value of 83%, negative predictive value of 93%, positive
likelihood ratio of 4.71 and negative likelihood ratio of 0.07 (Figure 3.1.B, and
Table 3.3.).
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Figure 3.1. RNASE4 is up-regulated and serves as an effective diagnostic
biomarker in prostate cancer.
(A) RNASE4 ELISA performed on plasma samples from healthy (n=120) and
prostate cancer (n=120) subjects showed significant up-regulation of secreted
RNASE4 protein in prostate cancer patients (p<0.0001). Individual samples
represented as one dot with the line at the median value. Error bars denote median
and interquartile range. Statistical analysis was performed by unpaired, two-tailed
Student’s t test. (B) ROC curve analysis of RNASE4 demonstrated excellent
diagnostic value of RNASE4 in prostate cancer with an AUC of 0.94. Optimal
criterion for RNASE4 cut-off value was determined to be 117 ng/ml, which
resulted in 94% sensitivity and 80% specificity. AUC: area under the curve. +PV:
positive predictive value. -PV: negative predictive value. +LR: positive likelihood
ratio. -LR: negative likelihood ratio. (C) Western Blot analysis and quantification
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of RNASE4 protein expression in prostatic cell lines. Fold change was normalized
to β-tubulin. RNASE4 amount was progressively up-regulated in metastatic
human prostate cancer cell lines (LNCaP, DU145, PC-3) compared to normal
human prostatic epithelial cell line (RWPE-1). **P ≤ 0.01 and ***P ≤ 0.001, by
unpaired, two-tailed Student’s t test. (D) Expression of RNASE4 mRNA in
RWPE-1, DU-145, PC-3 and LNCaP cells, normalized as a ratio to 100 ng total
RNA. **P ≤ 0.01 and ***P ≤ 0.001, by unpaired, two-tailed Student’s t test. (E)
Two representative images and quantification of IHC staining of RNASE4 in
TMA. Semiquantitative IHC score evaluation indicated significant up-regulation
of RNASE4 in prostate cancer (n=50) compared to normal prostate (n=10) and
BPH tissues (n=20). Data were analyzed by ANOVA using Dunnett’s multiple
comparison test. The horizontal lines in the plots represent the median and the
interquartile range. A nuclear and cytoplasmic staining pattern was observed for
RNASE4. Scale bars: 50 µm. All data are mean ± SEM. PC: prostate cancer.
BPH: benign prostate hyperplasia. ns: not significant.

103

Table 3.3. Diagnostic accuracy of serum RNASE4 at various cut-offs.
RNASE4
cut-off
(ng/ml)

Sensitivity
(%)

Specificity
(%)

+PV
(%)

-PV
(%)

+LR

-LR

Accuracy
(%)

93

99

28

58

97

1.4

0.06

36

109

95

69

76

94

3.1

0.06

82

117

94

80

83

93

4.7

0.07

86

131

80

93

92

81

12

0.21

85

141

62

97

95

72

19

0.4

78

+PV: positive predictive value. -PV: negative predictive value. +LR: positive
likelihood ratio. -LR: negative likelihood ratio.
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3.3.

RNASE4 have similar accuracy in diagnosing prostate cancer as PSA
In this cohort, PSA level was higher in prostate cancer patients (n=116,

5.4 ± 0.2 ng/ml, p<0.0001) compared to control subjects (n=118, 1.0 ± 0.1ng/ml)
and showed a better performance than RNASE4 with an AUC of 0.98 (0.96-1.00)
and accuracy of 93% (Figure 3.2. A and B). At a cut-off value of 2 ng/ml, PSA
sensitivity was 95% and specificity was 99%. PSA amount showed a significant
positive correlation with age, but not race in control subjects, however had no
correlation with age or race in prostate cancer patients (Table 3.4.).
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Figure 3.2. PSA expression does not correlate with poor prognosis.
(A) PSA amount in plasma samples from healthy (n=120) and prostate cancer
(n=120) subjects showed significant up-regulation in prostate cancer patients
(p<0.0001). Individual samples represented as one dot with the line at the median
value. Error bars denote median and interquartile range. (B) ROC curve analysis
of PSA demonstrated excellent diagnostic value of PSA in prostate cancer with an
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AUC of 0.98. Optimal criterion for PSA cut-off value was determined to be 2
ng/ml, which resulted in 95% sensitivity and 99% specificity. AUC: area under
the curve. +PV: positive predictive value. -PV: negative predictive value. +LR:
positive likelihood ratio. -LR: negative likelihood ratio. (C) Combined ROC
curve analysis of PSA and RNASE4 showed improved sensitivity and specificity
at cut-off values 2 ng/ml and 117 ng/ml, respectively. All data are mean ± SEM.
ROC curve analysis of PSA and RNASE4 for patients with (D) PSA≤2 ng/ml and
(E) PSA≤4 ng/ml. (F-I) Plots represent PSA amount in prostate cancer patients’
plasma samples (n=120) comparing tumors surgical T-stage, clinical stage, biopsy
grade, and surgical gleason. Clinical characteristics are defined in Table 2. No
statistically significant differences were observed. One-way ANOVA (F and G)
and two-tailed Student’s t test (A, H, and I) were used for statistical analysis.
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Table 3.4. Relationship between plasma PSA amount and patient
demographics.
Clinical
features
Age (years)

PSA (ng/ml) Mean ± SEM
Healthy
(n=120)A

P-value

Prostate Cancer
(n=120)A

P-value

40-49

0.7 ± 0.1 (n=33)

4.7 ± 0.7 (n=6)

50-59

1.0 ± 0.1 (n=39)

p=0.02

5.9 ± 0.7 (n=62)

p=0.68

60-69

1.1 ± 0.1 (n=32)

p=0.01

5.4 ± 0.4 (n=37)

p=0.67

70-89

1.1 ± 0.2 (n=13)

p=0.02

6.7 ± 1.4 (n=12)

p=0.43

Race/Ethnicity
White/NonHispanic

1 ± 0.1 (n=102)

AfricanAmerican

0.8 ± 0.1 (n=9)

p=0.38

5.5 ± 0.7 (n=6)

p=0.86

Asian

1.8 ± 0.1 (n=2)

p=0.05

4.7 ± 0 (n=1)

n/a

Caribbean/West
Indian/Hispanic

0.8 ± 0.3 (n=2)

p=0.61

3.6 ± 0 (n=1)

n/a

Other

0.8 ± 0.7 (n=2)

p=0.75

n/a

n/a

5.8 ± 0.5 (n=109)

A

Patient numbers may not add to the total sample size due to item nonresponse.
n/a= information not available. Statistical analysis was performed by unpaired,
two-tailed Student’s t test. Significant P-values >0.05 were highlighted in bold.
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ROC analysis of RNASE4 plus PSA showed an excellent diagnostic
performance with an AUC of 0.99 (0.98-1.00) (Figure 3.2.C), suggesting that
combining RNASE4 with PSA may give the most accurate diagnosis of prostate
cancer. Further ROC analysis showed that RNASE4 and PSA have an AUC of
0.72 and 0.64, respectively, in patient group with PSA values ≤2 ng/ml, and an
AUC of 0.91 and 0.94, respectively, in patients with a PSA values ≤4 ng/ml
(Figure 3.2., D and E). A PSA value of 4 ng/ml and above is considered
suspicious for the presence of prostate cancer, but for patients with PSA results
below 2 ng/ml, there are currently no available biomarkers. These results (Figure
3.2., D and E) may suggest that RNASE4 is better than PSA at predicting earlier
disease states in patients with PSA levels less than 2 ng/ml.

3.4.

RNASE4 outperforms ANG in prostate cancer diagnosis
For comparison, ANG amount was also measured in these patients. In

agreement with previous reports that ANG improve diagnostic performance in
prostate cancer screening (Katona, 2005; Li et al., 2011b; Pina et al., 2014), we
found that plasma ANG amount was 475.1 ± 8.6 ng/ml in prostate cancer patients,
significantly higher than that in control subjects (379.3 ± 6.3 ng/ml, p<0.0001)
(Figure 3.3.A). Again, ANG levels are not correlated to patient demographics
(Table 3.5.).
ROC curve analysis of ANG showed an AUC of 0.79 at 394 ng/ml
optimal cut-off value (Figure 3.3.B), confirming that it is a good diagnosis marker
for prostate cancer, but RNASE4 was significantly better with a higher AUC
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value (0.94). Not surprisingly, we found that ANG and RNASE4 were positively
correlated (pearson r=0.48, p<0.0001) (Figure 3.3.C) as they share the same
promoter and are co-expressed (Sheng et al., 2014). These data demonstrate that
RNASE4 is a superior marker to ANG in prostate cancer.
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Figure 3.3. ANG expression is up-regulated in prostate cancer. (A) ANG
amount in plasma samples from healthy (n=120) and prostate cancer (n=120)
subjects showed significant up-regulation in prostate cancer patients (p<0.0001).
Individual samples represented as one dot with the line at the median value. Error
bars denote median and interquartile range. (B) ROC curve analysis of ANG
demonstrated good diagnostic value of ANG in prostate cancer with an AUC of
0.79. Optimal criterion for ANG cut-off value was determined to be 394 ng/ml,
which resulted in 78% sensitivity and 64% specificity. AUC: area under the
curve. +PV: positive predictive value. -PV: negative predictive value. +LR:
positive likelihood ratio. -LR: negative likelihood ratio. (C) Correlation between
RNASE4 and ANG in plasma samples (n=240). Pearson r was used to calculate
correlation and determined to be r=0.48 (p<0.0001). (D-G) Plots represent ANG
amount in prostate cancer patients’ plasma samples (n=120) comparing tumors
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surgical T-stage, clinical stage, biopsy grade, and surgical gleason. Clinical
characteristics are defined in Table 2. ROC curve analysis of PSA and ANG for
patients with (H) PSA≤2 ng/ml and (I) PSA≤4 ng/ml. ns: not significant. Oneway ANOVA (D and E) and two-tailed Student’s t test (A, F, and G) were used
for statistical analysis.
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Table 3.5. Relationship between plasma ANG amount and patient
demographics
Clinical
features
Age (years)

ANG (ng/ml) Mean ± SEM
Healthy
(n=120)A

P-value

Prostate Cancer
(n=120)A

P-value

40-49

390.2 ± 12.4 (n=33)

469.3 ± 32.6 (n=6)

50-59

397.4 ± 10.9 (n=39)

p=0.65

473.7 ± 12.1
(n=62)

p=0.91

60-69

356.3 ± 11.3 (n=32)

p=0.04

485.7 ± 15.8
(n=37)

p=0.69

70-89

357.0 ± 17.5 (n=13)

p=0.14

450.0 ± 25.7
(n=12)

p=0.66

Race/Ethnicity
White/NonHispanic

382.7 ± 7.0 (n=102)

AfricanAmerican

351.5 ± 14.9 (n=9)

p=0.20

481.6 ± 30.9 (n=6)

p=0.83

Asian

397.1 ± 28.6 (n=2)

p=0.78

598.7 ± 0 (n=1)

n/a

Caribbean/West
Indian/Hispanic

325.5 ± 33.1 (n=2)

p=0.26

447.4 ± 0 (n=1)

n/a

Other

358.6 ± 3.7 (n=2)

p=0.63

n/a

n/a

473.8 ± 9.0 (n=109)

A

Patient numbers may not add to the total sample size due to item nonresponse.
n/a= information not available. Statistical analysis was performed by unpaired,
two-tailed Student’s t test.
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3.5.

RNASE4 can distinguish prostate cancer from BPH
Immunoblot (Figure 3.1.C) and qRT-PCR (Figure 3.1.D) analysis showed

that RNASE4 expression is higher in prostate cancer cell lines, PC-3, DU145, and
LNCaP,

compared

to

normal

prostate

epithelial

cell

line,

RWPE-1.

Immunohistochemical staining of RNASE4 in a tumor microarray (TMA)
containing 10 normal prostate, 20 BPH, and 50 prostate cancer tissue specimens
(Figure 3.1.E) showed that RNASE4 level was evaluated in cancer tissues using a
semi-quantitative criteria shown in Figure 3.4. Both nuclear and cytoplasmic
staining pattern was observed in all tissues.
The average RNASE4 IHC score in prostate cancer tissues (2.9 ± 0.1) was
significantly higher than in normal prostate tissue (1.7 ± 0.2, p=0.0005) and BPH
tissue (1.95 ± 0.2, p=0.0006). Importantly, there was no significant differences
between normal and BPH samples (p=0.3861) (Figure 3.1.E). These results
suggest that RNASE4 can predict prostate cancer, and distinguish it from BPH, a
task PSA fails to accomplish.
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Figure 3.4. RNASE4 IHC scoring system in TMA. A semi-quantitative scoring
system was used to evaluate RNASE4 staining in the tissue array. Tissue sections
representative of the RNASE4 scoring system. IHC score is indicated in
parenthesis. Staining was ranked from 1 (low) to 4 (very high). RNASE4 staining
was low in normal prostate tissue. Hepatocellular liver cancer tissue used as
positive staining control. Scale bars: 50 µm.
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3.6.

RNASE4 is highly up-regulated in human cancers and expressed in

the normal prostate tissue
In silico analysis of RNASE4 mRNA utilizing Oncomine human multicancer datasets also revealed a significant up-regulation of RNASE4 mRNA in
various types of human cancers, with the highest up-regulation observed in
prostate cancer (Figure 3.5.).
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Figure 3.5. RNASE4 overexpression in human cancers.
RNASE4 mRNA is overexpressed in human cancers compared to corresponding
healthy tissues (line at 0) (Oncomine.org, (A) Bittner Multi-cancer dataset, (B) Su
multi-cancer dataset). The boxes represent the median (black middle line) limited
by the 25th (Q1) and 75th (Q3) percentiles. The whiskers are the upper and lower
adjacent values, which are the most extreme values within Q3+1.5(Q3−Q1) and
Q1−1.5(Q3−Q1), respectively. The number of patient samples is indicated in
brackets. (C) Summary table of corresponding P-value and fold change for
RNASE4 overexpression in prostate cancer in datasets. Datasets listed according
to P-value.
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In The Cancer Genome Atlas (TCGA) prostate dataset, RNASE4 DNA
copy number was also significantly higher in prostate cancer tissues (n=171,
p=1.94x10-07) than in healthy tissues (n=61) (Figure 3.6., A and C). Kaplan-Meier
analysis showed that RNASE4 gene copy number is inversely correlated (n=57,
log-rank test p=0.03) with recurrence-free survival (Figure 3.6.C).

118

Figure 3.6. RNASE4 and AXL copy-number gain is associated with poor
prostate cancer outcome.
(A) RNASE4 and (B) AXL DNA copy-number variations (Oncomine.org; TCGA).
(C-D) Kaplan–Meier survival curve visualizes the correlation of (C) RNASE4
gain and (D) AXL gain with recurrence-free prostate cancer patient survival
(TCGA). Two-tailed Student’s t test and log-rank (Mantel-Cox) test used for
statistical analysis. PC: prostate cancer.
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In silico analysis also shows that RNASE4 mRNA is the second highest in
the prostate gland (next to urethra) among healthy organs (Figure 3.7., A and B).
These data show that RNASE4 is highly expressed in the prostate gland and
differentially enhanced in prostate cancer but not in BPH.
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Figure 3.7. RNASE4 is highly expressed in the prostate gland compared to
other normal human organs.
RNASE4 mRNA is expressed in human organs, and was 4.33 fold higher in the
prostate gland (p=6.21x10-23) compared to other healthy organs. RNASE4
expression in the prostate gland was compared to other organs (line at 0).
(Oncomine.org, (A) Roth Normal 2 dataset.) The boxes represent the median
(black middle line) limited by the 25th (Q1) and 75th (Q3) percentiles. The
whiskers are the upper and lower adjacent values, which are the most extreme
values within Q3+1.5(Q3−Q1) and Q1−1.5(Q3−Q1), respectively. The number of
patient samples is indicated in brackets. (B) Summary table of corresponding Pvalue and fold change for highest RNASE4 expression in healthy organs. Organ
types are listed according to P-value.
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3.7.

RNASE4 positively correlates with prostate cancer aggressiveness
To explore the prognostic value of RNASE4 we examined the correlation

between RNASE4 expression and prostate cancer aggressiveness. For this
purpose, we first compared levels of RNASE4 protein in the plasma of prostate
cancer patients of various clinical characteristics (Table 3.6), and found that
RNASE4 was positively correlated with surgical T-stage, clinical stage, biopsy
grade, and surgical Gleason scores of prostate cancer patients (Figure 3.8., A-D),
indicating that. RNASE4 is associated with clinical characteristics of poor
prognosis and high risk of metastasis.
For example, plasma RNASE4 level in patients having pT3 tumors that
extend beyond the prostate capsule was 166.8 ± 5.6 ng/ml (n=19), significantly
higher than those having pT2 tumors that are confined in the prostate gland (n=75,
149.5 ± 2.7 ng/ml, p=0.01) (Figure 3.8.A). Patients at T2 clinical T-stage,
representing tumors that invade one-half or less of the prostate lobe (T2a, n=17,
166.6 ± 6.7 ng/ml, p=0.006) or more than one-half of lobe (T2b, n=8, 178.5 ± 4.2
ng/ml, p=0.001), had significantly higher plasma RNASE4 level than those with
smaller, impalpable T1 tumors (T1c, n=84, 148.0 ± 2.4 ng/ml) (Figure 3.8.B).
Plasma RNASE4 levels in patients with less differentiated cancer tissues,
such as tumors with biopsy grade 7 (n=26, 164.1 ± 3.9 ng/ml, p=0.03) or surgical
Gleason 7 (n=32, 157.8 ± 3.3 ng/ml, p=0.05), was significantly higher than in
those with well differentiated cancer tissues, such as tumors with biopsy grade 6
(n=89, 149.0 ± 2.8 ng/ml) or surgical Gleason 6 (n=84, 147.8 ± 3.1 ng/ml) (Figure
3.8., C and D). Importantly, PSA failed to correlate with aggressiveness of the
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tumors (Figure 3.2., F-I). It is noteworthy that while plasma level of ANG is
correlated with surgical and clinical stages, it was not correlated with biopsy
grade and surgical Gleason scores (Figure 3.3. D-G), indicating that ANG is
associated with aggressiveness of the tumor but not with their differentiation
stage. These data suggest that RNASE4 is superior to PSA and ANG is a
prognosis marker of prostate cancer.
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Table 3.6. Clinical characteristics of prostate cancer patients.
Prostate Cancer
(n=120)A

RNASE4 (ng/ml)

6

89 (74.2)

149.0 ± 2.8

7

26 (21.7)

164.1 ± 3.9

8

2 (1.7)

137.4 ± 19.6

9

2 (1.7)

150.6 ± 13.6

6

67 (55.8)

147.8 ± 3.1

7

32 (26.7)

157.8 ± 3.3

1 (0.8)

205.7

6 (5)

129.9 ± 3.6

75 (62.5)

149.5 ± 2.7

19 (15.8)

166.8 ± 5.6

T1c

84 (70)

148.0 ± 2.4

T2a

17 (14.1)

166.6 ± 6.7

T2b

8 (6.7)

178.5 ± 4.2

Characteristic
Biopsy grade, n (%) B

Surgical Gleason, n (%) C

8
Surgical T-stage, n (%)

D

pT1 (1c)
pT2 (2a-c)
pT3 (3a-b)
Clinical T-stage, n (%)

E

A

Patient numbers may not add to the total sample size due to item nonresponse.
Biopsy grade score 6 (well differentiated), 7 (moderately differentiated), 8-9
(poorly differentiated)
C
Surgical Gleason score 6 (tumor somewhat resembles normal tissue), score 7-8
(tumor resembles normal tissue barely or not at all)
D
Surgical T-stage pathalogic pT1 (tumor identified by a needle biopsy biopsy
due to an elevated serum PSA), pT2 (tumor is confined to the prostate gland),
pT3 (tumor extends through the prostate capsule)
E
Tumor stage T1c (tumor identified by a needle biopsy due to an elevated serum
PSA), T2a (tumor involves one-half of one lobe or less), T2b (tumor is in more
than half of one lobe, but not both lobes)
B
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Figure 3.8. RNASE4 expression correlates with poor prognosis and a high
risk of metastasis.
(A-D) Plots represent RNASE4 protein expression evaluated by ELISA in
prostate cancer patients plasma samples (n=120) comparing tumors surgical Tstage, clinical stage, biopsy grade, and surgical Gleason. Clinical characteristics
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are defined in Table 2. (E-I) RNASE4 expression was evaluated by
immunohistochemistry on a TMA containing prostate adenocarcinoma samples
(n=50). Plots represent RNASE4 values comparing tumors histological grade,
tumor stage, Gleason score, patients with and without distant metastasis and
lymph node metastasis. Clinical characteristics are defined in Table S1. All data
are mean ± SEM. One-way ANOVA (A and B) and two-tailed Student’s t test (CI) were used for statistical analysis.
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3.8.

RNASE4 predicts prostate biopsy outcome and correlates with poor

prognosis
Logistic regression algorithm was used to assess whether RNASE4 can be
used alone and in combination with PSA to predict biopsy outcome. Both
univariate and multivariate logistic regression analyses showed that RNASE4 and
PSA were significantly associated with biopsy status (OR=1.10, p<0.0001,
OR=15.97, p<0.0001, respectively), but only RNASE4 was significantly
associated with surgical T-stage (OR=1.03, p=0.001), clinical stage (OR=1.04,
p=0.0002), biopsy grade (OR=1.03, p=0.01), and surgical Gleason (OR=1.02,
p=0.05) (Table 3.7.).
A multivariate logistic regression model showed that both RNASE4
(OR=9.34, p<0.0001) and PSA (OR=1.07, p<0.0001) were independent predictors
of positive prostate cancer biopsies compared to control subjects. Importantly,
RNASE4 was also an independent predictor of surgical T-stage pT3 vs. pT2
(OR=1.03, p=0.0007), clinical stage T2 vs. T1 (OR=1.04, p<0.0001), and biopsy
grade 7 vs. 6 (OR=1.02, p=0.01), while PSA was not. Unlike PSA, up-regulation
of RNASE4 expression in prostate cancer patients was associated significantly
with increased odds of having an advanced stage prostate cancer. These results
indicate that RNASE4 level in the plasma of prostate cancer patients is
significantly associated with advanced disease status, demonstrating the
diagnostic and prognostic value of RNASE4 as an independent biomarker to
predict cancer and determine disease stage prior to biopsy.
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Table 3.7. Univariate and multivariate regression analysis of RNASE4 and
PSA predictive of biopsy outcome.
Univariate

Multivariate

Outcome
variable

Predictor
variable

OR (95%
CI)

P-value

OR (95%
CI)

P-value

Biopsy status:
Prostate cancer
(n=120) vs.
healthy (n=120)

PSA

15.97
(6.4439.60)

<0.0001

9.34
(3.9022.38)

<0.0001

RNASE4

1.10
(1.081.13)

<0.0001

1.07
(1.031.12)

<0.0001

Surgical Tstage:
pT3 (n=19) vs.
pT2 (n=75)

PSA

1.10
(0.951.29)

0.19

1.08
(0.921.27)

0.32

RNASE4

1.03
(1.011.05)

0.001

1.03
(1.011.05)

0.0007

Clinical stage:
T2 (RNASE4,
n=25; PSA,
n=26) vs. T1
(n=84)

PSA

1.00
(0.861.17)

0.97

0.95
(0.801.13)

0.50

RNASE4

1.04
(1.021.06)

0.0002

1.04
(1.021.06)

<0.0001

Biopsy grade:
7 (n=26) vs. 6
(RNASE4,
n=89; PSA
n=87)

PSA

1.06
(0.901.24)

0.47

1.01
(0.851.20)

0.92

RNASE4

1.03
(1.001.04)

0.01

1.02
(1.001.04)

0.01

PSA

1.04
(0.861.27)

0.64

1.02
(0.841.26)

0.73

RNASE4

1.02
(0.991.04)

0.05

1.02
(0.991.04)

0.07

Surgical gleason
7 (n=32) vs. 6
(RNASE4,
n=84; PSA
n=66)

OR: odds ratio. CI: confidence interval. Equal n reported for PSA and RNASE4
if not stratified. P-values ≤0.05 highlighted in bold.

128

IHC analysis of RNASE4 in prostate cancer TMA revealed that the tissue
level of RNASE4 was also positively correlated with histopathological
characteristics of prostate cancer patients (Table 3.8.). The average IHC score of
RNASE4 was significantly higher in prostate cancer with clinical characteristics
likely having a poor outcome and high risk of metastasis (Figure 3.7. E-I). For
example, it is significantly higher in poorly differentiated tumors of histological
grade 3 (n=20, 3.4 ± 0.2) than moderately-well differentiated tumors of
histological grade 1-2 (n=30, 2.6 ± 0.1, p=0.0003) (Figure 3.7.E).
Similarly, average IHC score of RNASE4 was significantly higher in
poorly formed glands of Gleason score 4-5 (n=21, 3.4 ± 0.1) than predominantly
well-formed glands of Gleason score 2-3 (n=27, 2.5 ± 0.1, p<0.0001) (Figure
3.7.F), and in advanced invasive tumors of T3-T4 stage (n=23, 3.1 ± 0.1) than less
tumors of T1-T2 stage (n=27, 2.5 ± 0.1, p=0.005) (Figure 3.7.G).
Furthermore, a subset of prostate cancer patients in TMA reported distant
and lymph node metastasis. Evaluation of RNASE4 expression in these tumors
revealed significantly higher RNASE4 level in tumors with distant metastasis
(M1, n=15, 3.1 ± 0.2, p=0.0041) compared to tumors with no metastasis (M0,
n=31, 2.5 ± 0.1) (Figure 3.7.H). Notably, RNASE4 staining was also significantly
higher in tumors with 1-4 or more lymph node metastasis (N1-N2, n=17, 3.2 ±
0.2, p=0.0001) compared to tumors with no regional lymph node metastasis (N0,
n=31, 2.5 ± 0.1) (Figure 3.7.I). These results strongly suggest that RNASE4 can
predict prostate biopsy outcome, correlates with poor prognosis and patient
survival, and may thus serve as a prognosis marker.
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Table 3.8. Histological characteristics of prostate cancer TMA cohort.
Prostate Cancer (n=50)A

Characteristic
Histological grade, n (%)B
1-2

30 (60)

3

20 (40)
C

Tumor stage, n (%)
T1-T2

27 (54)

T3-T4
Gleason score n, (%)

23 (46)
D

2-3

27 (54)

4-5

21 (42)

Distant metastasis, n (%)E
M0

31 (62)

M1

15 (30)

Lymph node metastasis, n (%)F
N0

31 (62)

N1-N2

17 (34)

A

Patient numbers may not add to the total sample size due to item nonresponse.
Histological grade 1-2 (well-moderately differentiated), grade 3 (poorly
differentiated)
C
Tumor stage T1-T2 (tumor invades submucosa and muscularis propria), T3-T4
(tumor invades other organs or structures)
D
Gleason score 2-3 (predominantly well-poorly formed glands) 4-5 (only poorly
formed glands or lacking gland formation)
E
Distant metastasis M0 (no distant metastasis), M1 (distant metastasis)
F
Lymph node metastasis N0 (no regional lymph node metastasis) N1-N2
(metastasis in 1-4 or more lymph nodes).
B
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3.9.

Conclusions
In this chapter, we demonstrate RNASE4 as a novel serum and tissue

biomarker for prostate cancer. We demonstrate that RNASE4 protein level in
serum is significantly elevated in prostate cancer patients compared to healthy
control subjects. We also show that the diagnostic value of RNASE4 surpasses
that of PSA and ANG, demonstrating superior specificity as it has the potential to
distinguish cancer from benign growth. Importantly, we demonstrate a correlation
between RNASE4 and tumor grade, stage, metastasis and poor prognosis.
Univariate and multivariate regression analyses confirmed the significance of
RNASE4 as a predictive biomarker of prostate cancer outcome when used alone
and with PSA. Therefore, RNASE4 is a previously unknown biomarker for
prostate cancer with prognostic and diagnostic value relevant to stratification of
patients for biopsy, which may generate valuable insights into cancer
aggressiveness and prediction of biopsy outcome in both localized and advanced,
metastatic prostate cancer cases.

Chapter Contributions
Except for the RNASE4 IHC staining of prostate cancer tumor microarray in
Figure 3.1., which was performed by Dr. Jinghao Sheng, all experiments in this
chapter were performed by Nil Vanli under the supervision of Dr. Guo-fu Hu.
Results are pending publication (Vanli et al.). The prostate cancer and healthy
patient plasma samples were obtained through an application to the Prostate
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Cancer Biorepository Network, and with an approved MTA was shipped to Tufts
from Johns Hopkins School of Medicine by Dr. Shohreh Fazeli.
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Chapter 4: RNASE4 functionally drives
prostate cancer progression
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4.1.

Rationale
Understanding the function and mechanism of RNASE4 in prostate cancer

is critical to understanding the implications of increased RNASE4 expression in
prostate cancer and the benefits of RNASE4-targeted therapies. RNASE4 is
elevated in prostate cancer and correlates with disease aggressiveness (Chapter 3).
Therefore, determining the function of RNASE4 in prostate cancer progression
could present novel targets for the treatment of advanced metastatic prostate
cancer and uncover novel pathways of drug resistance and cancer recurrence.
Besides reported functions of RNASE4 in angiogenesis, neurogenesis and
neuroprotection (Li et al., 2013), RNASE4 is an understudied molecule and the
underlying mechanisms of its known functions are not known. In this chapter, we
show the dual role of RNASE4 in prostate cancer cell proliferation and
angiogenesis and implicate the AXL receptor kinase autophosphorylation and
subsequent signal transduction through PI3K-AKT-mTOR pathway as an
underlying mechanism for the pro-proliferative activity of RNASE4. Further, we
explored the possibility that RNASE4 binds to AXL directly to promote cell
signaling and cell proliferation.

4.2.

RNASE4 induces prostate cancer cell proliferation in vitro
To investigate the functional role of RNASE4 in prostate cancer, we

examined the effects of exogenous RNASE4 dosing on prostate cancer cells, and
found that RNASE4 stimulates cell proliferation of DU145 and PC-3 cells (Figure
4.1.A). Cell cycle distribution analysis of DU145 cells by FACS after 3-day
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treatment with RNASE4 showed a 6 ± 2% decrease in G0/G1 phase and a 43 ±
3% increase in G2/S/M phase (Figure 4.1.B).
To investigate the mechanism of RNASE4-mediated cell proliferation, we
examined the effects of exogenous RNASE4 on the PI3K-AKT-mTOR pathway
that is known to play a key role in prostate cancer (Carracedo & Pandolfi, 2008;
Hsieh & Edlind, 2014; S. H. Lee, Johnson, Luong, & Sun, 2015), and found that
AKT and S6 were rapidly and continuously activated by RNASE4 in DU145 cells
(Figure 4.1.C), which can be inhibited by AKT inhibitor MK-2206 and PI3K
inhibitors LY294002 and Wortmannin (Figure 4.1.D). It is notable that
Rapamycin, an mTOR inhibitor, inhibited S6 phosphorylation but not AKT
phosphorylation. Figure 4.1.E shows that RNASE4-induced cell proliferation of
DU145 cells was abolished by all inhibitors. These data demonstrate that
RNASE4 induces prostate cancer cell proliferation through PI3K-AKT-mTOR
signaling pathway.
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Figure 4.1. RNASE4 induces prostate cancer cell proliferation and growth by
activating PI3K-AKT/mTOR pathway.
(A) Proliferation of DU145 and PC-3 cells starved in DMEM and 2% FBS in the
presence of 1 µg/ml RNASE4 as assessed by MTT assay. (B) Flow cytometry
analysis of arrested DU145 cells in response to 24 h treatment with 1 µg/ml
RNASE4. (C) Immunoblotting analysis of AKT and mTOR signaling activity in
starved DU145 cells treated with 1 µg/ml RNASE4 for the indicated time points.
Quantification of relative p-AKT and p-S6 density normalized to total AKT and
S6 is shown on the right. (D) Immunoblotting analysis of AKT and mTOR
signaling activity in starved DU145 cells treated with either DMSO or 1 µg/ml
RNASE4 for 5 minutes in the absence or presence of the AKT (MK-2206), PI3K
(Wortmannin and LY294002) and mTOR (Rapamycin) inhibitors at the indicated
concentrations. Cells were pre-incubated with the inhibitors for 1 hour prior to
RNASE4 stimulation. Quantification of relative p-AKT and p-S6 density
normalized to total AKT and S6 is shown below. (E) Proliferation of starved
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DU145 cells assessed by MTT on day 3 treated with either DMSO or 1 µg/ml
RNASE4 in the absence or presence of the AKT (MK-2206), PI3K (Wortmannin
and LY294002) and mTOR (Rapamycin) inhibitors at the indicated
concentrations. Cells were pre-incubated with the inhibitors for 1 hour prior to
RNASE4 stimulation. Results are representative of 3 independent experiments.
Error bars indicate SEM. **P ≤ 0.01, by unpaired, two-tailed Student’s t test.
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4.3.

RNASE4 activates AXL kinase to stimulate prostate cancer cell

proliferation
In order to know whether RNASE4 activity in prostate cancer cells are
mediated by receptor tyrosine kinases, we performed an antibody array for human
phospho-receptor tyrosine kinases and found that RNASE4 treatment induced
phosphorylation of AXL in DU145 (Figure 4.2.A) and PC-3 cells (Figure 4.3.A).
AXL is a mediator of cell growth and survival (Axelrod & Pienta, 2014),
and is up-regulated in several cancers (Bivona & Okimoto, 2015; Brand et al.,
2015; Martinelli et al., 2015), including prostate cancer (Bansal et al., 2015;
Mishra et al., 2012; Paccez et al., 2012). AXL phosphorylation in LNCaP cells
was not observed as these cells do not express AXL (Paccez et al., 2012).
Interestingly, EphA6 was phosphorylated in LNCaP cells in response to RNASE4
treatment (Figure 4.3.B). EphA6 is previously reported to be highly expressed in
LNCaP cells and shown to mediate prostate cancer progression by promoting
metastasis and angiogenesis (Shibao Li et al., 2015).
EGFR phosphorylation was observed in all 3 prostate cancer cell lines in
response to RNASE4 treatment. EGFR is a well-known oncogene and target for
various anticancer therapies (Seshacharyulu et al., 2012). Prostate cancer growth
is in-part regulated by several growth factors and their cognate receptors, one of
which is EGFR (Culig et al., 1996). These data suggest that RNASE4 acts through
several tyrosine kinase receptors by mediating PI3K signaling pathway to
promote prostate cancer progression.
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We next confirmed AXL phosphorylation by RNASE4 in DU145 cells by
Immunoblot (Figure 4.2.B). To determine whether AXL activation is specific to
RNASE4 treatment, we evaluated AXL phosphorylation in response to treatment
with other ribonucleases in the same family. Among the pancreatice ribonuclease
superfamily, bovine RNASE A and ANG do not induce phosphorylation of AXL,
suggesting that AXL is specifically activated by RNASE4 (Figure 4.2.C).
To understand whether AXL mediates RNASE4 activities, we examined
the effect of R428, a selective small molecule inhibitor of AXL kinase, on
RNASE4-induced DU145 cell proliferation, and found that in the presence of
R428, RNASE4 was no longer induced proliferation of DU145 cells (Figure
4.2.D), and failed to activate AKT and S6 (Figure 4.2.E). These results suggest a
plausible mechanism of action in which RNASE4 induces prostate cancer cell
proliferation by activating AXL kinase and its downstream effectors, AKT and S6
(Figure 4.2.F).
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Figure 4.2. RNASE4 induces prostate cancer cell proliferation and growth by
activating AXL Kinase.
(A) Human phospho-RTK antibody array analysis of starved DU145 cells treated
with or without 1 µg/ml RNASE4 for 5 minutes. Mean pixel intensity of pAXL is
shown on the right. (B) Immunoblotting analysis of starved DU145 cells treated
with 1 µg/ml RNASE4 for the indicated time points. Quantification of relative pAXL density normalized to total AXL is shown on the right. (C) Immunoblotting
analysis of starved DU145 cells treated with 1 µg/ml ANG, RNASE4 or
RNASEA, untreated cells were used as control. Quantification of relative p-AXL
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density normalized to total AXL is shown on the right. (D) Proliferation of
starved DU145 cells treated with either DMSO or 1 µg/ml RNASE4 in the
absence or presence of the AXL inhibitor (R428) at the indicated concentrations.
Cells were pre-treated with R428 for 3 hours prior to RNASE4 treatment. MTT
assay was performed after 3 days of treatment. Data represent mean ± SEM.
Results are representative of 3 independent experiments. **P ≤ 0.01 and ***P ≤
0.001, by unpaired, two-tailed Student’s t test. (E) Immunoblotting analysis of
AKT and mTOR signaling activity in starved DU145 cells treated for 5 minutes
with either DMSO or 1 µg/ml RNASE4 in the absence or presence of the AXL
inhibitor (R428) at the indicated concentrations. Cells were pre-treated with R428
for 3 hours prior to RNASE4 stimulation. Quantification of relative p-Akt and pS6 density normalized to total AKT and total S6 is shown below. (F) Schematic
representation of AXL modulation by RNASE4 and subsequent modulation of
PI3K, AKT and mTOR signaling pathways to stimulate cell growth and
proliferation of prostate cancer cells.
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Figure 4.3. The Human Phospho-RTK Array detects tyrosinephosphorylated receptors in PC-3 and LNCaP cell lysates.
Human phospho-RTK antibody array analysis of starved PC-3 (A) and LNCaP
(B) cells treated with or without 1 µg/ml RNASE4 for 5 minutes.
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Next, we determined the role of DHT in RNASE4-mediated cell
proliferation, RNASE4 expression and nuclear localization. LNCaP cells were
used as a model system for androgen-responsive prostate cancer cells. In LNCaP
cells under steroid free conditions exogenous RNASE4 treatment at 1 µg/ml
increased cell proliferation by 35% (Figure 4.4.A). Compared to 1 nM DHT
treatment, which induced cell proliferation by 65%, RNASE4 was half as potent
in inducing cell proliferation compared to DHT (Figure 4.4.A). Interestingly,
there was an additive effect when RNASE4 and DHT were administered together
(Figure 4.4.A). Moreover, we found that DHT promotes RNASE4 expression in
LNCaP cells, while antiandrogen, flutamide had no effect (Figure 4.4.B). qRTPCR analysis indicated that RNASE4 mRNA level was increased by 1.5-fold after
DHT treatment (Figure 4.4.B). Interestingly, PSA expression was not regulated by
RNASE4, while it was significantly increased in response to DHT, as previously
reported (Figure 4.4.C).
As discussed in Chapter 1, RNASE4 undergoes nuclear translocation,
however the role of RNASE4 in the nucleus is not known. Here, we wanted to test
whether RNASE4 can undergo nuclear localization in prostate cancer cells and
whether this process is regulated by androgens. Androgens stimulate nuclear
translocation of ANG to increase rRNA transcription in the nucleus and promote
tumor progression. However, RNASE4 does not stimulate rRNA transcription.
RNASE4 possibly has an unknown substrate in the nucleus through which it
exerts its pro-proliferative activities. To confirm RNASE4 can undergo nuclear
translocation in prostate cancer cells, we added exogenous RNASE4 to LNCaP
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cells and visualized its subcellular localization by RNASE4 antibody and
immunofluorescence shown in Figure 4.4.D.
Interestingly, we found that RNASE4 can not only translocate to the
nucleus but also that this process can be mediated by DHT. The nuclear
translocation of RNASE4 in response to DHT was confirmed by immunoblotting
(Figure 4.4.D, right). Nuclear localization of AR in response to DHT was used as
a positive control. These results show that androgen enhances expression and
nuclear translocation of RNASE4 in LNCaP cells, which may be particularly
important for the role of RNASE4 in androgen-responsive cells. Future insights
into the nuclear target of RNASE4 could shed some light onto the mechanism by
which RNASE4-induces cancer progression in androgen-responsive prostate
tumors. Importantly, constant nuclear localization of RNASE4 is observed in
androgen-independent cell lines, DU145 and PC-3 (Figure 4.5.). These findings
suggest a role for RNASE4 in castration resistance mechanisms as RNASE4
expression is elevated in prostate tumors and even more so in aggressive tumor
types. Thus, further studies are warranted for the role of RNASE4 in castration
resistance.
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Figure 4.4. Effect of DHT treatment on RNASE4 in androgen-sensitive
prostate cancer cells. (A) Percentage increase in LNCaP cell proliferation in
steroid free conditions in response to treatment with RNASE4 and DHT at the
145

indicated concentrations were determined on day 4. Combined treatment of 1
µg/ml RNASE4 and 1 nM DHT resulted in an additive proliferative effect. (B)
Effect of androgen (DHT) and anti-androgen (flutamide) on RNASE4 expression
determined by qRT-PCR. LNCaP cells in steroid free medium were treated with
either 1 nM DHT or 1 µM flutamide for 1 day. (C) PSA expression in response to
RNASE4, DHT and combined 1 µg/ml RNASE4 and 1 nM DHT treatment for 1
day. PSA mRNA was determined by qRT-PCR. DHT treatment resulted in
significant up-regulation of PSA expression as previously reported by others.
RNASE4 treatment resulted in no significant changes compared to control or
untreated LNCaP cells in steroid free conditions. (D) DHT stimulates nuclear
localization of RNASE4 in LNCaP cells. LNCaP cells were treated with 1 µg/ml
RNASE4 and 1 nM DHT for 1 hour in steroid free conditions. Cells were fixed
and RNASE4 was visualized by RNASE4 antibody. Western blot analysis
depicted on the right confirmed the immunofluorescence findings. Histone H3
was used as a nuclear marker and tubulin as a marker for the cytoplasmic fraction.
AR was used as a positive control as it is known to undergo nuclear translocation
in response to DHT treatment. Cyto: cytoplasm. AR: androgen receptor. Steroid
free conditions are defined as phenol red-free RPMI media with 10%
charcoal/dextran-stripped FBS. Scale bar: 20 µM.
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Figure 4.5. Constant nuclear localization of RNASE4 in androgen-insensitive
prostate cancer cells. Nuclear translocation of RNASE4 in prostate cancer cells
are shown. PC-3 and DU145 cells were cultured in their respective media
supplemented with 10%FBS for 2 days. FBS was then replaced with
charcoal/dextran–stripped serum and the cells were cultured in the absence
(control) or presence of RNASE4 (1 µg/ml) or DHT (1 nM) for 1 day.
Immunofluorescence of RNASE4 was conducted with RNASE4 antibody. DAPI
staining was used to visualize nuclei. Scale bar: 50 µM.
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4.4.

Identification of AXL as a possible cell surface receptor for RNASE4
Internalization of proteins by endocytosis is temperature and energy-

dependent, and can be blocked by low temperature and inhibition of either
glycolysis

or

oxidative

phosphorylation.

Therefore,

we

utilized

immunofluorescence to visualize RNASE4 internalization in LNCaP cells by
incubating the cells with RNASE4 at 37°C, 4°C and in the presence of inhibitors
of glycolysis and oxidative phosphorylation, 2-deoxyglucose and NaN3,
respectively (Figure 4.6.A). At low temperature and depleted ATP conditions, no
intracellular RNASE4 was detected. These results demonstrate that RNASE4
internalization occurs by endocytosis.
To confirm that a cell surface receptor for RNASE4 resides on LNCaP
cells we performed a modified radioligand assay using biotinylated RNASE4
(Figure 4.6.B). RNASE4 was biotinylated by EZ-link-Sulfo-NHS-LC-Biotin and
excess biotin was removed by PD-10 column. Using the HABA assay,
biotin/mole of protein was calculated to be 0.4. The presence of the RNASE4Biotin was visualized by SDS-PAGE and biotin detected by Streptavidin-HRP
western (data not shown). To perform the modified radioligand assay using
biotinylated RNASE4, we cultured the LNCaP cells under normal culture
conditions, moved them to 4°C the next day and added Biotin-RNASE4 to cells
with increasing concentrations. At 4°C, Biotin-RNASE4 was not internalized,
therefore using a regular ELISA protocol we could detect bound RNASE4 by
Streptavidin-alkaline phosphatase. We accounted for the unspecific binding by
adding unbiotinylated RNASE4 protein in excess along with the biotinylated
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RNASE4 and subtracting the nonspecific binding from the total binding to get the
specific binding. Scatchard plot analysis revealed presence of two binding sites.
This finding demonstrated that a cell surface receptor for RNASE4 exists on the
plasma membrane of prostate cancer cell line LNCaP, and prompted us to
investigate its identity.
Our laboratory identified PlexinB2 as the cell surface receptor for ANG.
In Figure 4.6.C, we tested whether RNASE4 binds to PlexinB receptor proteins,
PlexinB2 and PlexinB3, by a direct ELISA method. While ANG binds to
PlexinB2 receptor, RNASE4 does not bind to either PlexinB2 or PlexinB3
proteins suggesting an alternative mechanism of action for RNASE4-mediated
cell processes. These results propelled us to identify the unique RNASE4
receptor.
To identify the cell surface receptor for RNASE4, we coupled 2 mg
RNASE4 and RNASEA to NHS-activated Sepharose column, with a coupling
efficiency around 60-70%. The columns were deactivated to get rid of the active
NHS groups post coupling. After isolating the plasma membrane fractions by
Membrane Proteins Extraction Kit from LNCaP cells under normal culture
conditions, we ran the fractions first through RNASEA column to get rid of
unspecific binding and then through the RNASE4 column. The fractions from the
low pH elution were collected and visualized by immunoblotting. The gel was
stained with Mass Spectrometry compatible and highly sensitive SYBRO Ruby
Protein Gel Stain and visualized by UV light (Figure 4.6.D). Two bands appeared
in the elution fraction 14, individual bands were excised and processed for Mass
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Spectrometry evaluation (Table 4.1.). Unfortunately, due to high keratin
contamination and low protein content, Mass Spectrometry did not reveal any
useful results and were inconclusive in identifying the two bands.
Since purification of the receptor from the cells did not reveal any useful
insights, we took a candidate approach to examine whether RNASE4 could act as
a ligand for AXL receptor kinase since we have shown AXL can be activated by
RNASE4. To this end, several co-IP experiments were performed with antibodies
for RNASE4 and AXL, and Protein A beads in DU145 cells, however the results
were inconclusive (data not shown). Alternatively, to detect direct binding
between RNASE4 and AXL, commercial His-tagged AXL proteins, N-terminal
AXL and C-terminal AXL were purchased from NovoPro and further explored in
direct binding studies in vitro and in vivo.
Direct binding of proteins was assessed by pull-down of recombinant Histagged AXL proteins and untagged RNASE4, using magnetic Cobalt (Figure
4.7.A) and Nickel beads (Figure 4.7.B). However, RNASE4, being a sticky
protein was bound to both Cobalt and Nickel beads regardless of whether AXL
protein was present or absent. Pre-treatment of beads with lysozyme or BSA did
not help to troubleshoot this issue. Alternatively, co-IP of RNASE4 and Histagged AXL proteins using antibodies for RNASE4 and AXL and Protein A/G
beads were also inconclusive (Figure 4.7.C). In conclusion, co-IP conditions
require additional investigation to establish the right conditions for successful pull
down of these proteins.
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Therefore, we utilized Biacore to measure the direct biochemical
interaction between recombinant RNASE4 and AXL. His-tagged AXL proteins
(0.5 µg each) were immobilized on the surface of a Biacore sensor CM5 chip, and
then 600 nM RNASE4 was passed over the sensor chip. AXL tyrosine kinase
receptor consists of 894 amino acids, have a signal peptide (Met1-Met25),
extracellular domain (Ala26-Trp451), transmembrane domain (Tyr452-Ala472),
cytoplasmic domain (His473-Ala894) and protein kinase domain (Val536Leu807). N-terminal AXL protein spans almost the entire extracellular domain of
AXL (Met1-Pro449), including the known ligand Gas6 binding region (Ala26Glu92) and C-terminal AXL spans most of the cytoplasmic domain of AXL
(Gly545-Ala894). Biacore analysis demonstrated RNASE4 bound to N-AXL and
C-AXL at 898.5 and 17.8 RUs, respectively (Figure 4.8.). Unspecific binding was
11.2 RUs and subtracted from these readings. These results show that RNASE4
interacts with the N-terminal domain of AXL, but not the C-terminal domain.
Since the known ligand of AXL, Gas6 also interacts with the receptor at its
extracellular domain, this suggests that RNASE4 may act as a previously
unknown ligand for AXL kinase.
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Figure 4.6. RNASE4 is internalized by receptor-mediated endocytosis. (A)
Subconfluent LNCaP cells were incubated with 1 µg/ml RNASE4 for 30 min at
37°C, 4°C and in the presence of 50 mM 2-deoxyglucose, an inhibitor of
glycolysis, and 10 mM NaN3, an inhibitor of oxidative phosphorylation. RNASE4
internalization was examined by immunofluorescence using RNASE4 antibody.
DAPI staining was used to visualize nuclei. Scale bars: 20 µm. (B) Binding of
Biotin-RNASE4 to the cell surface of LNCaP at 4°C. Scatchard analysis of the
binding data was shown on the right. (C) ELISA analysis of RNASE4 binding to
PlexinB2 and PlexinB3. (D) LNCaP plasma membrane proteins were extracted by
Membrane Proteins Extraction kit and affinity purified by RNASE4-coupled
Sepharose column. RNASE4-Sepharose elution fractions were visualized by
SYPRO Ruby protein gel stain and UV light. Elution fraction 14 yielded two
protein bands at 60-70kDa. Bands were excised and processed for Mass
Spectrometry analysis.
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Table 4.1. Mass Spectrometry results for the bands visualized from
running the LNCaP cell lysate through the RNASE4-coupled Sepharose
column. Control represents a randomly excised section from the SYPRO
Ruby stained gel that does not contain any protein bands. Significant
contamination with keratin was detected and protein content was reported to
be too low. Results were inconclusive as to the identity of the two bands at 6070kDa.
Control

Band 1

Band 2

Protein Shroom3

Protein Shroom3

Desmoglein-1

Keratin

Keratin

Keratin

Filaggrin-2

Filaggrin-2

Beta-2-glycoprotein 1

Protein TRAJ56

Protein TRAJ56

Protein TRAJ56

Cardiotrophin-like
cytokine factor 1

Alpha-2-HSglycoprotein

Alpha-2-HSglycoprotein

Synaptotagmin-like
protein 4

Synaptotagmin-like
protein 4

Synaptotagmin-like
protein 4

Collagen alpha-1,2(I)
chain

Collagen alpha-1(I)
chain

Collagen alpha-1(I)
chain

Serum albumin

Serum albumin

Serum albumin

Chromosome-associated
kinesin KIF4A

Kinesin-like protein
KIF20B

Chromosome-associated
kinesin KIF4A

Isocitrate
dehydrogenase [NADP]

Isocitrate
dehydrogenase [NADP]
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Figure 4.7. Pull-down experiments with recombinant RNASE4 protein and
commercial His-tagged AXL proteins were inconclusive. Pull-down
experiments with pure recombinant 2 ug His-tagged AXL proteins and 2 ug
untagged RNASE4, using magnetic Cobalt (A) and Nickel beads (B). RNASE4,
being a sticky protein was bound to both Cobalt and Nickel beads in the presence
or absence of AXL proteins. Pre-treatment of beads with lysozyme or BSA did
not help with the stickiness. (C) Co-IP of RNASE4 and His-tagged AXL proteins
by using RNASE4 and AXL antibodies and Protein A beads. Co-IP wash
conditions need to be adjusted and results were inconclusive. The molecular
weight of N-AXL is 44kDa and C-AXL is 46.5kDa, but migrates 60-70kDa after
glycosylation on SDS-PAGE. R4: RNASE4. N-AXL: N-terminal AXL. C-AXL:
C-terminal AXL.
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Figure 4.8. RNASE4 binds to extracellular domain of AXL shown by
Biacore.
AXL coupled channel readings shown here are Blank reading (11.2 RU)
subtracted and baseline adjusted. Blank reading represents unspecific binding of
RNASE4 protein to the chip, since no protein is coupled to Blank channel.
RNASE4 (600 nM), injected at 10 µl/ml flow rate, bound to N-AXL and C-AXL
at 898.5 and 17.8 RUs, respectively. N-AXL: N-terminal AXL. C-AXL: Cterminal AXL.
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4.5.

RNASE4 knockdown inhibits prostate cancer cell proliferation
We next examined cell-autonomous function of RNASE4 in prostate

cancer proliferation. For this purpose, we knockdown RNASE4 in PC-3 (Figure
4.9.), DU145 (Figure 4.10.), and LNCaP cells (Figure 4.11.) with two shRNAs
specific to RNASE4 (shRNASE4-1, -2), and a non-targeting shRNA control.
Compared to shControl, shRNASE4-1 and shRNASE4-2 transfected cell lines
demonstrated more than 80-90% knockdown efficiency in PC-3, DU-145 and
LNCaP cells. (Figure 4.9.-4.11., A and B). We found that knockdown of RNASE4
resulted in a decrease in cell proliferation (Figure 4.9.C, 4.10.C and 4.11.C), and
in both number and size of colonies formed in soft agar (Figure 4.9.D, 4.10.D and
4.11.D). Importantly, exogenous RNASE4 was able to rescue the effect of
RNASE4 knockdown in both cell proliferation and colony formation assays
(Figure 4.9.-4.11.), indicating specificity of shRNA.
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Figure 4.9. RNASE4 knockdown inhibits prostate cancer cell proliferation in
vitro. PC-3 cells were stably transfected with shControl, shRNASE4 #1 or
shRNASE4 #2.(A) Western blot analysis of RNASE4. (B) qRT-PCR analysis of
RNASE4 mRNA normalized to GAPDH. (C) Knockdown of endogenous RNASE4
inhibits the proliferation of PC-3 cells, and exogenous RNASE4 treatment (1
µg/ml) rescues this effect. Results are representative of 3 independent
experiments. (D) Effects of RNASE4 downregulation on the ability to form
colonies on soft agar. Representative images and quantification of PC-3 cell
colonies in soft agar is shown. The same number of shControl, shRNASE4 #1, or
shRNASE4 #2 in PC-3 cells were seeded in soft agar, and grown in the absence or
presence of 1 µg/ml RNASE4 treatment for the duration of the experiment.
Colonies were counted at 14 days. Scale bars: 100 µm. Numbers of colonies and
colony size per dish are analyzed from experiments performed in triplicate from
five randomly selected fields per dish. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001,
two-tailed Student’s t test. All data are mean ± SEM.
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Figure 4.10. RNASE4 knockdown inhibits DU145 cell proliferation and
colony formation. DU145 cells were transduced with shControl, shRNASE4 #1
or shRNASE4 #2. (A) Western blot analysis of RNASE4. (B) qRT-PCR analysis
of RNASE4 mRNA normalized to GAPDH. (C) Knockdown of endogenous
RNASE4 inhibits the proliferation of DU145 cells, and exogenous RNASE4
treatment (1 µg/ml) rescues this effect. (D) Effects of RNASE4 downregulation on
the ability to form colonies on soft agar. Representative images and quantification
of DU145 cell colonies in soft agar is shown. The same number of shControl,
shRNASE4 #1, or shRNASE4 #2 in DU145 cells were seeded in soft agar, and
grown in the absence or presence of 1 µg/ml RNASE4 treatment for the duration
of the experiment. Colonies were counted at 14 days. Scale bars: 100 µm.
Numbers of colonies and colony size per dish are expressed as means and 95%
CIs of experiments performed in triplicate from five randomly selected fields per
dish. **P ≤ 0.01 and ***P ≤ 0.001, two-tailed Student’s t test.
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Figure 4.11. RNASE4 knockdown inhibits LNCaP cell proliferation and
colony formation. LNCaP cells were transduced with shControl, shRNASE4 #1
or shRNASE4 #2. (A) Western blot analysis of RNASE4. (B) qRT-PCR analysis
of RNASE4 mRNA normalized to GAPDH. (C) Knockdown of endogenous
RNASE4 inhibits the proliferation of LNCaP cells, and exogenous RNASE4
treatment (1 µg/ml) rescues this effect. (D) Effects of RNASE4 downregulation on
the ability to form colonies on soft agar. Representative images and quantification
of LNCaP cell colonies in soft agar is shown. The same number of shControl,
shRNASE4 #1, or shRNASE4 #2 in LNCaP cells were seeded in soft agar, and
grown in the absence or presence of 1 µg/ml RNASE4 treatment for the duration
of the experiment. Colonies were counted at 14 days. Scale bars: 100 µm.
Numbers of colonies and colony size per dish are expressed as means and 95%
CIs of experiments performed in triplicate from five randomly selected fields per
dish. **P ≤ 0.01 and ***P ≤ 0.001, two-tailed Student’s t test.
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4.6.

RNASE4 knockdown inhibits PC-3 xenograft tumor growth
The effect of RNASE4 knockdown on tumor growth of was examined in a

xenograft animal model with PC-3 cells. Compared to mice injected with
shControl-transfected cells, tumor growth was significantly delayed in mice
inoculated with shRNASE4-transfected cells (Figure 4.12.A, p=0.011), which
resulted in an 88 ± 3% decrease in tumor weight when animals were sacrificed on
day 23 (Figure 4.12.B, p=0.03). IHC staining confirmed the reduction of
RNASE4 protein expression in tumors derived from shRNASE4-transfected cells
compared to those derived from shControl-transfected cells (Figure 4.12.C).
The percentage of cells Ki-67 and CD31 positive cells were also decreased
by 77 ± 3% and 94 ± 2%, respectively, in RNASE4 knockdown tumors (Figure
4.12.C), indicating a decrease in cell proliferation and angiogenesis upon RNASE4
knockdown. Consistent with AXL being a mediator for RNASE4, we observed a
decreased level of phosphorylated AXL in RNASE4 knockdown tumors while the
level of total AXL was not significantly changed (Figure 4.12.C). These results
provide compelling evidence on the functional role of RNASE4 in prostate cancer
cell proliferation and tumor growth.
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Figure 4.12. RNASE4 knockdown inhibits prostate tumor growth in vivo.
(A) RNASE4 knockdown inhibits tumor volume of PC-3 cells s.c. inoculated in
nude mice (n=6 per group). (B) On day 24, mice were sacrificed, and their tumors
were collected and weighed. (C) IHC staining of PC-3 xenografts derived from
PC-3 cells with RNASE4 knockdown or control shRNA. Typical sections are
stained for RNASE4, Ki-67, CD31, pAXL and AXL. Quantification of the IHC
staining is shown on the right. Scale bars: 100 µm. *P ≤ 0.05, **P ≤ 0.01 and
***P ≤ 0.001, two-tailed Student’s t test. All data are mean ± SEM.
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4.7.

Conclusion
In this chapter, we demonstrate the functional role of RNASE4 in prostate

cancer progression by stimulating cancer cell proliferation as well as tumor
angiogenesis. This is the first time that RNASE4 is found to have a direct role
toward cancer cells. We also demonstrate that AKT and S6 activation are
necessary for the pro-proliferative activity of RNASE4 in vitro and suggested that
the PI3K-AKT-mTOR signaling pathway is essential for its pro-proliferative
activity. Importantly, we show that the AXL receptor kinase is activated by
RNASE4 and possibly serves as the cell surface receptor for RNASE4 mediating
RNASE4-induced cell proliferation.

Chapter Contributions
Experiments in this chapter were performed by Nil Vanli with technical and/or
intellectual assistance from Drs. Shuping Li, Kevin A. Goncalves, and Hailing
Yang. All experiments were supervised by Dr. Guo-fu Hu. Figures 4.9.-4.12.
include significant contributions from Dr. Jinghao Sheng. Figure 4.6.C. was
submitted in the manuscript titled “PlexinB2 orchestrates growth and survival
functions of angiogenin in cancer and neurodegeneration,” which is under
revision (Yu et al.).
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Chapter 5: RNASE4 is a therapeutic target
in prostate cancer
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5.1.

Rationale
Inhibiting mAbs targeting various cancer biomarkers have proven to be

beneficial in the clinic and currently in widespread use in cancer treatment
(Martinelli et al., 2009). In addition to serving as a prognostic biomarker for
prostate cancer (Chapter 3), RNASE4 functionally drives prostate cancer
progression (Chapter 4). Therefore, in this chapter we examined the preclinical
efficacy of RNASE4 mAb in prostate cancer treatment by using prostate cancer
mouse xenograft models. We assessed the use of RNASE4 mAb in both the
prophylactic and therapeutic settings to assess the effect of RNASE4 inhibition on
the establishment of new tumors and on the growth of established tumors.

5.2.

RNASE4 mAb inhibits prostate cancer cell proliferation and

RNASE4-induced angiogenesis
To evaluate the therapeutic value of targeting RNASE4 in prostate cancer
therapy, we examined the inhibitory effects of our RNASE4 mAb on RNASE4mediated cell functions. As shown in Figure 5.1.A, RNASE4-specific mAb
inhibited proliferation of DU145, PC-3, and LNCaP cells in a dose-dependent
manner. On day 5, treatment with 30, 60 and 90 µg/ml RNASE4 mAb resulted in
23 ± 2%, 40 ± 3%, and 50 ± 5% inhibition of DU145 cell proliferation,
respectively. Consistently, RNASE4 mAb treatment (30 µg/ml) for 3 days
significantly decreased the population of cells in G2/S/M phase by 50 ± 3%
(Figure 5.1.B).
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RNASE4 is known to be angiogenic (Li et al., 2013). We therefore
examined the effect of RNASE4 mAb on RNASE4-induced angiogenesis by in
vitro endothelial cell tube formation assay (Figure 5.1.C), and found that it had no
effect on bFGF-induced tube formation (Figure 5.2.), but inhibited RNASE4induced endothelial cell tube formation in a dose-dependent manner (Figure 5.3.).
Compared to untreated human umbilical vein endothelial cells (HUVEC),
RNASE4 treatment (1 µg/ml) resulted in an increase in total tube length and
number of loops formed by 98.6% (from 5653 ± 394.5 to 11226 ± 39.12 µm) and
2750% (from 1 ± 0 to 28.5 ± 0.5), respectively, which was completely abolished
with RNASE4 mAb at 30 µg/ml (Figure 5.1.C). Isotype control antibody did not
inhibit RNASE4-mediated angiogenesis when used at the same concentration as
RNASE4 mAb (Figure 5.1.). These results demonstrate the effectiveness and
specificity of RNASE4 mAb in inhibiting RNASE4-mediated cell functions
including cell proliferation and angiogenesis.
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Figure 5.1. RNASE4 mAb inhibits prostate cancer cell proliferation and
RNASE4-induced angiogenesis.
(A) RNASE4 mAb inhibited DU145, PC-3 and LNCaP cell proliferation dose
dependently in 2%FBS condition. Isotype control antibody was used as control.
Cell numbers were determined by a coulter counter at the indicated time points.
(B) Cell cycle distribution of DU145 cells was determined by FACS after 3 days
of culture in 2%FBS and the presence of RNASE4 mAb (30 µg/ml) or isotype
control antibody (30 µg/ml). (C) RNASE4 mAb (30 µg/ml) inhibited RNASE4induced tube formation in the presence of 1 µg/ml RNASE4. Isotype control
antibody (30 µg/ml) was added as control. Untreated blank well was used as
negative control and bFGF (5 ng/ml) was used as positive control for the assay.
Scale bar: 50 µm. Total tube length and number of loops were counted from 5
randomly selected areas from 2 replicates. bFGF: basic FGF. *P ≤ 0.05, **P ≤
0.01 and ***P ≤ 0.001, two-tailed Student’s t test. Results are representative of 3
independent experiments. All data are mean ± SEM.
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Figure 5.2. RNASE4 mAb does not inhibit bFGF-induced angiogenesis.
RNASE4 mAb (30 µg/ml) did not inhibit bFGF-induced tube formation in the
presence of 5 ng/ml bFGF. Isotype control antibody (30 µg/ml) was added as
control. Untreated blank well was used as negative control and bFGF (5 ng/ml)
alone was used as positive control for the assay. Scale bar: 200 µm. Total tube
length and number of loops were counted from 5 randomly selected areas from 2
replicates. ***P ≤ 0.001 and ns: not significant, by two-tailed Student’s t test. All
data are mean ± SEM.
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Figure 5.3. RNASE4 mAb inhibits RNASE4-mediated angiogenesis in a dosedependent manner.
RNASE4 mAb at the indicated doses inhibited RNASE4-induced tube formation
in the presence of 1 µg/ml RNASE4. Isotype control antibody at the indicated
doses was added as control. Untreated blank well was used as negative control
and bFGF (5 ng/ml) was used as positive control for the assay. Scale bar: 200 µm.
Total tube length and number of loops were counted from 5 randomly selected
areas from 2 replicates. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001, two-tailed
Student’s t test. All data are mean ± SEM.
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5.3.

RNASE4 mAb suppresses prostate tumor growth in vivo
The anti-tumor activity of RNASE4 mAb was first examined in a

prophylactic setting in the xenograft animal models (Figure 5.4). PC-3 cells were
inoculated into athymic mice and treatment was started the next day. Antibody
was administered by i.p. injection at 10 mg/kg every 3 days for 63 days. The
tumor volume was measured every 3 days and mice were sacrificed on day 63 to
measure tumor weights. Body weights of mice were recorded at the same time as
tumor volume. Body weight of the animals was not changed upon RNASE4 mAb
treatment, suggesting no or low toxicity by inhibiting RNASE4 (Figure 5.4C).
As shown in Figure 5.4. A and B, RNASE4 mAb treatment modality
resulted in 90 ± 3% and 80 ± 5% inhibition in tumor weight (p=0.05) and tumor
volume (p=0.0014), respectively, compared to control group treated with PBS
(n=6, per group). IHC analysis with Ki-67 and CD31 indicated that cancer cell
proliferation and tumor angiogenesis were significantly reduced from 96.7 ± 0.7
to 18 ± 2 and from 31.5 ± 1.5 to 8.7 ± 0.7, respectively, after RNASE4 mAb
treatment (Figure 5.4.D).
Analysis of apoptosis by Terminal deoxynucleotidyl transferase (TdT)
dUTP Nick-End Labeling (TUNEL) staining revealed an enhancement in the
percentage of TUNEL positive cells from 6 ± 1 % to 28.5 ± 1.5% after RNASE4
mAb treatment (Figure 5.4.D). A reduction in pAXL was also observed in
RNASE4 mAb-treated tumors. These results indicate that RNASE4 mAb inhibit
the establishement and growth of PC-3 xenograft tumors in athymic mice,
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accompanied by a reduction in tumor cell proliferation, tumor angiogenesis, and
an increase in apoptosis, as well as the involvement of AXL in these processes.
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Figure 5.4. RNASE4 mAb suppresses prostate tumor growth in vivo.
PC-3 cells (1x106) were injected s.c. into nude mice. One day post-inoculation,
the mice were injected (i.p.) with PBS or RNASE4 mAb (10 mg/kg, n=6 per
group) three times per week. (A) On day 64, mice were sacrificed, and their
tumors were collected and weighed. Tumor weight (left) and representative
images of tumor xenografts in nude mice is shown (right). (B) Tumor volume was
measured every 3 days for the duration of the experiment. (C) Average mice
weight was measured. (D) IHC staining of xenograft sections. Sectioned were
stained for RNASE4, Ki-67, CD31, pAXL and AXL. TUNEL staining was used
to determine apoptosis. Quantification of the Ki-67, CD31 and TUNEL staining is
shown below. Scale bars: 100 µm. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001, twotailed Student’s t test. All data are mean ± SEM. n.s.: not significant.
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5.4.

RNASE4 mAb suppresses growth of established prostate tumors
Next, we evaluated the effectiveness of RNASE4 mAb against already

established tumors. PC-3 cells were inoculated into athymic mice and waited for
21 days until xenograft tumors reached 100 mm3. The tumor-bearing animals
were separated into three groups according to tumor sizes so that each group will
have animals with similar tumor sizes, and treated with PBS (n=12) or RNASE4
mAb at 10 mg/kg (n=6) and 30 mg/kg (n=6) by i.p. injection once every 3 days,
for 39 days. Tumor volume and body weight were measured until mice were
sacrificed on day 39. Figure 5.5. shows that RNASE4 mAb dose-dependently
inhibited growth of established tumors in athymic mice. Treatment with 30 mg/kg
once every 3 days resulted in a reduction of 72.7% in tumor volume (Figure
5.5.A), and 70.0% in tumor weight (Figure 5.5.B).
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Figure 5.5. RNASE4 mAb suppresses growth of established prostate tumors.
PC-3 cells (1x106) were injected s.c. into nude mice. After tumors reached
100mm3 in volume (day 21), the mice were injected (i.p.) with PBS (n=12) or
RNASE4 mAb (10 mg/kg or 30mg/kg, n=6 per group) three times per week. (A)
Tumor volume was measured every 3 days for the duration of the experiment.
Arrow points to start of PBS or RNASE4 mAb treatment. (B) On day 39, mice
were sacrificed, and their tumors were collected and weighed. Tumor weight (left)
and representative image of tumors of the xenografts in nude mice is shown
(right). *P ≤ 0.05 and **P ≤ 0.01, two-tailed Student’s t test. All data are mean ±
SEM.
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Again, IHC analyses show that RNASE4 mAb-treated tumors displayed
reduced staining of Ki67, CD31, total and phosphorylated AXL, and increased
TUNEL staining (Figure 5.6.). Compared to PBS control group, 10 and 30 mg/kg
RNASE4 mAb treatment of PC-3 xenograft tumors resulted in 66.7 ± 2% and
73.3 ± 3% decrease in Ki-67 positive cells, 75 ± 5% and 85 ± 1% decrease in
CD31 staining, and 82 ± 1% and 90 ± 2% increase in apoptosis, respectively. We
also observed a substantial decrease in total AXL and phosphorylated AXL
staining upon RNASE4 mAb treatment (Figure 5.6.). Taken together, these results
provide in vivo evidence that RNASE4 is a therapeutic target for the treatment of
prostate cancers.
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Figure 5.6. Histopathological characteristics of established prostate tumors
treated with RNASE4 mAb. PC-3 cells (1x106) were injected s.c. into nude
mice. After tumors reached 100mm3 in volume, the mice were injected (i.p.) with
PBS (n=12) or RNASE4 mAb (10 mg/kg or 30mg/kg, n=6 per group) three times
per week. Sections were stained for RNASE4, Ki-67, CD31, pAXL and AXL.
TUNEL staining was used to determine apoptosis. Quantification of the IHC
staining is shown on the right. Scale bars: 100 µm. *P ≤ 0.05, **P ≤ 0.01 and
***P ≤ 0.001, two-tailed Student’s t test. All data are mean ± SEM.
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5.5.

Conclusion
In this chapter, we presented preclinical evidence to show that RNASE4

may serve as a therapeutic target for drug development in the treatment of
prostate cancer. We demonstrated RNASE4 mAb inhibited xenogaft growth of
human prostate cancer cells in athymic mice accompanied by a significant
reduction in tumor cell proliferation, tumor angiogenesis, and a significant
increase in tumor apoptosis. Importantly, RNASE4 mAb was effective in
inhibiting tumor growth in both prophylactic and therapeutic settings.
Significantly, in response to RNASE4 inhibitors in prostate cancer xenograft
mouse models we observed a reduction in AXL phosphorylation in tumor tissues
further supporting the in vitro findings (Chapter 4) that AXL may serve as the
functional receptor for RNASE4. Overall, these results suggest that RNASE4
mAb developed by our laboratory may have a profound impact in prostate cancer
treatment.
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Chapter 6: Discussion and Future Directions
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6.1.

RNASE4 as a diagnostic and predictive biomarker for prostate cancer
Prognostic and predictive biomarkers for prostate cancer are an important

unmet medical need to decide on suitable treatment options and track disease
progression. Widely used prostate cancer biomarker, PSA has been controversial
for diagnosis due to its limitations; poor specificity and lack of differentiation of
prostate cancer and benign prostate hyperplasia, as well as of aggressive and
indolent tumors (Sartor, 2004). Here, we present RNASE4 for the first time as an
accurate blood and tissue biomarker for prostate cancer that can predict disease
aggressiveness.
Our study shows that serum RNASE4 is elevated in prostate cancer
patients compared to healthy controls (p<0.0001). ROC curve analysis
demonstrated that RNASE4 has potential as a novel serum biomarker and it
surpassed the diagnostic value of ANG, another ribonuclease from the same
family, shown to be co-regulated with RNASE4 (38), and previously reported to
improve diagnostic performance in prostate cancer screening (50). Additionally,
RNASE4 was shown to have potential in distinguishing cancer from benign
growth. While there is a significantly elevated RNASE4 level in prostate cancer
samples compared to BPH samples (p=0.0006), no significant differences were
observed in RNASE4 levels between healthy controls and BPH samples
(p=0.3861), indicating the superior specificity of RNASE4 in prostate cancer
diagnosis. Since PSA and PSA derivatives, such as PSA velocity, PSA density
and free PSA fraction have all proven to be disappointing in distinguishing
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between BPH and prostate cancer (Adhyam & Gupta, 2012; Sartor, 2004),
RNASE4 represents a valuable alternative to these tests.
Our results also demonstrate a correlation between RNASE4 and tumor
grade, stage, metastasis and poor prognosis. Thus, plasma RNASE4 level can
provide valuable information on cancer aggressiveness and predict biopsy
outcome, and may stratify patients for biopsy. Prostate biopsy is an invasive and
painful procedure that can lead to complications, therefore minimizing number of
biopsies performed by alternative non-invasive testing methods is valuable. For
instance, RNASE4 can potentially serve as a complementary test in pre-biopsy or
pre-operative staging to make an educated decision about the need for needlebiopsy or type of treatment.
The median RNASE4 amount were significantly higher in men with
higher Gleason score, biopsy grade, clinical stage, surgical T-stage and with
distant and lymph node metastasis. These results suggest that RNASE4 could be a
useful biomarker for predicting the outcome of both localized and lethal,
metastatic prostate cancer cases. Subjects with organ confined prostate cancer and
Gleason score or biopsy grade of 7 have poor prognosis compared to those with
extraprostatic extension and Gleason score or biopsy grade of 6 (Miller et al.,
2003).
To recognize a low grade from a more aggressive cancer is essential in
prostate cancer therapy, yet the most accurate test continues to be an invasive
biopsy procedure. Although the association between RNASE4 and prostate cancer
aggressiveness needs further validation, the inclusion of RNASE4 score into
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patient management strategies may allow clinicians to more accurately determine
course of treatment or whether a treatment is necessary. Indeed, univariate and
multivariate regression analysis confirmed the significance of RNASE4 as a
predictive biomarker of cancer outcome when used alone and with PSA. Overall,
our results clearly indicate the value of RNASE4 as a prognostic biomarker in a
clinical setting.

6.2.

Critical role of RNASE4 in prostate cancer progression
Besides the prognostic and diagnostic value of RNASE4 in prostate

cancer, this study also demonstrated a functional role of RNASE4 in promoting
prostate cancer progression. In addition to promoting tumor angiogenesis, our
data present strong evidence that RNASE4 promotes cancer cell proliferation.
This is the first time that RNASE4 is found to have a direct role toward cancer
cells. Therefore, RNASE4 is a new addition to a group of angiogenic proteins,
including ANG (Kishimoto et al., 2005), VEGF, bFGF, and EGF (Aigner et al.,
2001; Murphy, 2001; Yaish et al., 1988), that simultaneously stimulate cancer cell
progression and induce tumor angiogenesis, thus playing a dual role in promoting
cancer progression.
Exogenous addition of RNASE4 promoted cell proliferation by 1.5-fold
and resulted in a 43% increase in cell cycling (G2/S/M stage). Knockdown of
RNASE4 using 2 different shRNA constructs targeting RNASE4 resulted in a
decrease in cell proliferation by 53% and 43% compared to control shRNA. The
anchorage independent growth of RNASE4 knockdown prostate cancer cells were
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analyzed by a colony formation assay in soft agar, in which RNASE4 knockdown
decreased both colony number and size significantly. Complete recovery was
obtained when exogenous RNASE4 was added.
Furthermore, in animal studies xenograft growth of PC-3 tumors resulted
in a significant decrease in tumor volume, tumor cell proliferation and
angiogenesis as indicated by the Ki-67 and CD31 staining. In addition, xenograft
growth of PC-3 tumors significantly decreased with the treatment of RNASE4
mAb both in prophylactic and therapeutic settings. Immunohistochemical
analyses showed that Ki-67 and CD31 staining also significantly decreased in
tumors treated with the RNASE4 mAb. In addition, there was a significant
increase in apoptosis shown by TUNEL staining after antibody treatment. These
results indicate the anticancer activity of RNASE4 antagonists was brought about
by dual-inhibition of RNASE4-induced angiogenesis and cancer cell proliferation
and also suggest that RNASE4 plays a role in cancer cell survival and antiapoptosis.

6.3.

RNASE4/AXL axis contributes to prostate cancer progression
Mechanistically, we found that RNASE4 activates the PI3K-AKT-mTOR

signaling pathway that is known to be activated by extracellular stimuli and by
growth factors, including VEGF and bFGF (Moolenaar, 1990). It regulates
several cellular processes, such as cell proliferation, growth and survival through
phosphorylation of multiple downstream targets (Evangelisti & Martelli, 2016).
Aberrant activation of this pathway is well studied in several cancers (Gordon &
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Banerji, 2013; Houede & Pourquier, 2015; Kostler & Zielinski, 2014; MartinezMartí & Felip, 2012; Matsuoka & Yashiro, 2014; Yun et al., 2013), including
prostate cancer (Hsieh & Edlind, 2014). To examine the mechanism by which
RNASE4 stimulates cell proliferation, we assessed the phosphorylation of AKT
and S6.
This study demonstrates that RNASE4 activates Akt and S6 in prostate
cancer through phosphorylation of Ser 473 and Ser 235/236, respectively. In fact,
Akt and S6 activation is necessary for the pro-proliferative activity of RNASE4 in
vitro. In the presence of PI3K inhibitors, LY294002 and Wortmannin, Akt
inhibitor, MK-2206 and mTOR inhibitor, Rapamycin, RNASE4 could no longer
stimulate cell proliferation. These results suggest that the PI3K-AKT-mTOR
signaling pathway is essential for its pro-proliferative activity.
Because most growth factor receptors are tyrosine kinase receptors
(Evangelisti & Martelli, 2016) and RNASE4 activates the PI3K pathway, which is
the main signal transduction pathway activated by a receptor tyrosine kinase, we
screened all the human receptor tyrosine kinases that are phosphorylated by
RNASE4 in prostate cancer cells. Surprisingly, different tyrosine kinases were
activated in different prostate cancer cell lines by RNASE4.
In DU145 cells, AXL, EGFR and IGF-IR were activated after treatment
with RNASE4 for 5 mins. In PC-3 cells, both EGFR and AXL were activated. In
LNCaP, EGFR and EphA6 was activated. EGFR seemed to be a common factor
in all 3 prostate cancer cell lines and AXL was only activated in metastatic cancer
cell lines, DU145 and PC-3. This was consistent with literature reports that
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LNCaP cells do not express AXL (Paccez et al., 2012). AXL is reported to be
overexpressed in multiple cancers (Paccez et al., 2013), including prostate cancer
(Bansal et al., 2015).
Several studies have shown that AXL overexpression may result in
resistance to both targeted therapies and conventional chemotherapy in cancer
(Paccez et al., 2013; Wu et al., 2014). Indeed, AXL is shown to be up-regulated in
metformin resistant prostate cancer cells (Bansal et al., 2015). AXL
overexpression in cancer also correlated with poor prognosis and increased
metastasis (Wu et al., 2014), and AXL-mediated activation of PI3K-AKT-S6
pathway has been linked to increased cell proliferation and survival (Goruppi et
al., 1997). Further studies showed that PI3K/AKT pathway is involved in AXLinduced proliferation in prostate cancer cells (Mishra et al., 2012; Paccez et al.,
2012). Importantly, blockage of AXL expression inhibits prostate cancer cell
proliferation and reduces tumor growth in xenograft mouse model (Paccez et al.,
2012).
The RNASE4-AXL pathway was of interest to us due to recent findings
on the role of AXL in prostate cancer progression (Bansal et al., 2015; Mishra et
al., 2012; Paccez et al., 2012). We confirmed the activation of AXL by RNASE4
in DU145 cells by immunoblot. Next, we demonstrated that RNASE4-mediated
activation of AXL is specific to RNASE4 and is not activated by other
ribonuclease A family members, such as ANG and RNASEA.
The role of AXL in cancer cell proliferation is well studied (Axelrod &
Pienta, 2014) and our data showed AXL receptor is activated by RNASE4. To test
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the hypothesis that RNASE4 mediates its pro-proliferative function by activating
AXL receptor, we utilized a highly specific small molecule inhibitor of AXL,
R428. In the presence of R428, RNASE4-induced phosphorylation of AKT and
S6 kinases and subsequent cell proliferation activity was abolished. Based on
these findings, AXL is required for RNASE4 to exert its function in inducing cell
proliferation. Using Biacore, we have also shown that RNASE4 physically
interacts with AXL to induce its autophosphorylation, however further studies are
needed to demonstrate this interaction in vivo. Importantly, we analyzed AXL
phosphorylation and total AXL protein expression by IHC in xenograft
experiments that have reduced amount of RNASE4 by knockdown or antibody
treatment and found a significant decrease in AXL phosphorylation and a modest
decrease in total AXL protein levels. These data confirmed the in vitro findings in
an in vivo setting. These results demonstrate a novel pathway of prostate cancer
progression, and identify RNASE4 as a molecular target for prostate cancer drug
development.

6.4.

RNASE4 as a therapeutic target in prostate cancer
To explore the potential implications for prostate cancer therapy, the

inhibitory effects of RNASE4 mAb against prostate cancer was demonstrated in
vitro and in xenograft animal models. Consistent with a role of AXL in RNASE4induced prostate cancer growth, we found that treatment with RNASE4 mAbs
inhibited prostate cancer cell proliferation and RNASE4-mediated angiogenesis in
a dose-dependent manner. Interestingly, RNASE4 is not required for bFGF-
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mediated angiogenesis. We have shown that RNASE4 mAb suppressed xenograft
growth of PC-3 tumors at 10 mg/kg and 30 mg/kg i.p. injected once every 3 days,
accompanied by a marked decrease in cancer cell proliferation, tumor
angiogenesis and increase in cancer cell apoptosis. Treatment with RNASE4 mAb
significantly reduced the growth of established PC-3 tumors in nude mice that
have grown to 100 mm3 in size, demonstrating the therapeutic benefit of targeting
RNASE4 in prostate cancer.
Overall, these data suggest the potential use of RNASE4 mAb to inhibit
prostate cancer progression to improve therapeutic outcome. Because RNASE4
activates various receptor tyrosine kinases in different prostate cancer cell lines,
targeting RNASE4 in prostate cancer is attractive due to the possibility of hitting
multiple targets at once. AXL inhibitors are currently being developed for the
treatment of a number of human cancers, including prostate cancer (Wu et al.,
2014). Concurrent administration of RNASE4 and AXL inhibitors may have an
additive therapeutic effect in prostate cancer. Additionally, since in silico findings
show an aberrant expression of RNASE4 in multiple cancers, the therapeutic
benefit of RNASE4 inhibitors can also be explored in other human cancers in the
future.

6.5.

Conclusions
Overall, work presented here is the first to demonstrate the function and

mechanism of RNASE4 in cancer. As a single molecule serving both as a
diagnosis, prognosis and therapeutic target for drug development, RNASE4 may
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offer tremendous benefits in the clinic for prostate cancer patients. Further,
RNASE4 may be superior to currently available prostate cancer biomarkers as it
can distinguish cancer from benign growth and is associated with cancer
aggressiveness. This finding also suggests a significant role of RNASE4 in
prostate cancer progression and metastasis, showing considerable promise in
targeting RNASE4 in the treatment of lethal metastatic prostate cancer and
studying its role in mediating castration resistance.
Significantly, high RNASE4 levels were associated with increased odds of
developing aggressive prostate cancer in men undergoing biopsy. Moreover, the
fact that AXL receptor is known to be involved in prostate cancer drug resistance
and the finding that RNASE4 activates AXL receptor and downstream signaling
cascades, present an opportunity for future exploration of the role of RNASE4 in
prostate cancer drug resistance. Therefore, the use of RNASE4 as a predictive
biomarker of advanced disease, recurrence and drug resistance should be further
evaluated in future studies. This study also demonstrates the biochemical binding
of RNASE4 to AXL, identifying RNASE4 as a possible ligand for AXL, however
additional studies are warranted for the characterization of this binding in vivo.
Finally, RNASE4 mAb developed and used in ELISA, IHC, and tumor therapy in
this study should be further examined for its impact in prostate cancer diagnosis
and treatment. How the function of RNASE4 translates into other cancer types is
also of great importance for future work in exploration of efficacious therapies
targeting RNASE4 in other human cancers.
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