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Summary

RGMs (repulsive guidance molecules) are a group of recently identified GPI
(glycosylphosphatidylinositol)-linked cell-membrane-associated proteins, comprising
three family members, which have been implicated in BMPs (Bone morphogenetic
proteins) signalling. BMPs have been shown to play profound roles in bone
metastases from breast cancer and prostate cancer. This study aims to investigate the
implication of RGMs in prostate cancer and breast cancer and their role in
coordinating signal transduction by BMPs during disease progression of cancer.

The aberrant expression of RGMs was found in breast cancer which was
associated with prognosis of breast cancer patients. RGMA, B and C were detected in
prostate cancer cell lines and only RGMB was expressed in breast cancer cell lines
which allowed for the knockdown study of RGMs in PC-3 and RGMB in MDA-MB-
231 using ribozyme transgenes. The knockdown of RGMB in breast cancer cells
resulted in an increase of cellular proliferation, adhesion, motility and migration in
vitro, which contributed to a tumour’s growth and metastasis. Furthermore, an
inhibition of caspase-3 was seen in cells after knockdown of RGMB which indicated
RGMB as a regulator of cell survival. Up-regulation of FAK and Paxillin were also
seen in the cancer cells after loss of RGMB expression, together with an evident
induction of EMT (epithelial-mesenchymal transition) which may contribute to the
promoted cell-matrix adhesion and cell mobility. The knockdown of RGMs in
prostate cancer cells also lead to an increase of cell ability to grow, adhere and move,
in which differentiated response of ID-1, a BMPs target gene was seen.

As RGMs were reported to be involved in BMP signalling, knockdown of
RGMB was found to induce promotion on Smad-dependent pathways (especially
Smad-1/5/8 pathway) and inhibition on BMP Smad-independent pathways (MAPK
JNK pathway). It suggests that RGMs are important partners to fine-tune responses
of cells to BMPs stimuli, particularly during the progression and dissemination of
cancer cells, and are potential targets for developing a novel cancer therapy.

vi
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Chapter 1

General Introduction



1.1 Prostate Cancer and Breast Cancer

1.1.1 Epidemiology and risk factors

Prostate cancer and breast cancer have been the most common forms of
malignant disease in the Western world since 1975, now accounting for one third of
cancers in males and females.

Incidence

The recorded incidence of breast cancer has been sharply increased since the
1980s, reaching a peak in 1987 and remaining at a high level until now, as in some
countries the number of cases is gradually diminishing. (Fig. 1.1 source: cancer
statistics 2009). In North America, breast cancer is the most common malignancy
among women, accounting for 27 percent of all female cancers. Fifteen percent of all
cancer deaths are currently due to cancer of the breast, although since the mid-1980s
the mortality from lung cancer has equalled and subsequently exceeded that of breast
cancer as a cause of death in women. In the United States of America, 192,370 new
cases of breast cancer were diagnosed in 2009 and there were about 40,170 deaths
from the disease. The equivalent figures for prostate cancer are 192,280 and 27,360,
respectively. (Jemal et al., 2009) The incidence of prostate cancer appeared to peak
in 1992, approximately 5 years after introduction of prostate-specific antigen (PSA)
as a screening test. It fell precipitously until 1995 which is attributed to the “cull
effect” of identifying previously unknown cancers in the population by the use of
PSA. The slow rise since then has been at a gradient similar to that observed before

the PSA era.
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Figure 1.1 Annual Age-adjusted Cancer Incidence Rates among Males and Females

for Selected Cancers, United States, 1975-2005. Source: Cancer Statistics, 2009



The estimated lifetime risk of prostate cancer in the US is 15.39% for
Caucasians and 18.32% for African Americans, with a lifetime risk of death being
2.63% and 4.42%, respectively.

The Caucasians have 7.21% lifetime risk of breast cancer and 2.82% risk of
death, but for African Americans, the risks are 9.29% and 3.2% respectively. (Table

1.1)

Table 1.1 Association of breast and prostate cancer with human races

African AH Type of
Caucasians
Americans races Cancer
130.6 117.5 502.8 Breast cacner
Incidence* 156.7 248.5 710.3 Prostate cancer
24.4 335 20.9% Breast cancer
Mortality*
24.6 59.4 14.2% Prostate cancer
Lifetime risk 7.21% 9.29% 9.36% Breast cancer
of disease
15.399 329 .99
(2004-2006) 39% 18.32% 15.9% Prostate cancer
Lifetime risk 2.82% 3.2% 2.840/,, Breast cancer
ofdeath
2.63% 4.42% 2.8% Prostate cancer

(2004-2006)

* Per 100,000 population, age adjusted to the 2000 US standard population.

Source: Cancer stat 2009 and DevCan: Probability of Developing or Dying of Cancer Software,
Version 6.4.0. Statistical Research and Applications Branch, National Cancer Institute, 2009.
www.srab.cancer.gov/devcan
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Figure 1.2. Distribution and five-year Relative Survival Rates among patients
diagnosed with breast and prostate cancer by race and stage at diagnosis, US, 1996-

2004.

* The rate for localized stage represents localized and regional stages combined. Staging is according
to surveillance, epidemiology, and end results historic stage categories rather than according to the
American Joint Committee on Cancer staging system. Source: Ries LAG, Melbert D, and Krapcho M,

et al.



Compared with whites, African American men and women have poorer
survival once cancer is diagnosed. Five-year relative survival among patients
diagnosed with both breast cancer and prostate cancer is lower in African Americans
than in whites within every stratum of stage (localized, regional and distant).(Fig 1.2)

Gender plays a doubtless role in the aepidemiological analysis and is
particularly important in breast cancer and prostate cancer. Overall, the lifetime
probability of being diagnosed with an invasive cancer is higher for men (44%) than
for women (37%). Doubtlessly, female gender is a major risk factor for breast cancer,
although it is often forgotten, as breast cancer is 100 times more common in women
than in men.

In the UK in 2007 almost 277 men and 45,700 women were diagnosed with
breast cancer, that’s around 125 women a day (CancerStats, Cancer Reasearch UK
2009). Female breast cancer incidence rates have increased by around 50% over the
last twenty-five years and have increased by 5% in the last ten years. However,
Breast cancer survival rates have been consistently improving for the past forty years.
More women are surviving breast cancer than ever before. Now more than 8 out of
10 women with breast cancer will survive the disease beyond five years, compared to
around 5 out of 10 in the 1970s. In 2008 around 12,000 women and around 70 men
died from breast cancer. Death rates for breast cancer have fallen by almost a fifth in
the last ten years, but it is still the second most common cause of death from cancer
in women after lung in the UK.

In 2007 in the UK about 36,100 men were diagnosed with prostate cancer and

around 338,000 men were diagnosed in Europe in 2008 (CancerStats, Cancer



Reasearch UK 2009). More than three-quarters of men diagnosed with prostate
cancer now survive their disease beyond five years; compared to less than a third in
the 1970s. . Whereas prostate cancer is still the second most common cause of cancer
death in UK men, after lung cancer. In 2008 in the UK about 10,170 men died from

prostate cancer.

Risk factors
Risk factors for breast cancer

The incidence of breast cancer increases with age, as other epithelial cancers. It
is only occasionally seen in the late teens. The age-specific rate increases sharply up
to the age of 40 years. The increase thereafter slows down dramatically, although the
overall breast cancer rate keeps rising until old age. However, the cumulative risk of
developing breast cancer shows the majority of patients with breast cancer are over
the age of 50 years.

A family history of breast cancer can be associated with an increased risk of the
disease and susceptibility to breast cancer can be inherited. Up to 20 percent of
women diagnosed with breast cancer have at least one affected family member and
about 5 per cent of breast cancers appear attributable to inherited gene mutations that
are dominant and highly penetrative.

Some other factors such as dietary fat or cholesterol intake, alcohol
consumption, endocrine factors, nulliparity may also need to be factored in.

The cause of breast cancer remains unknown. However, epidemiological data

normally suggests risk factors that show an increased possibility of developing the



disease. Such factors for breast cancer are divided into three main groups: genetic,
endocrine, and environmental; each may be of major, intermediate, or minor
importance. Although many minor factors have become the source of continued
debate, some of these factors were thought to play a more important role in the
aetiology of breast cancer, as evidence accumulates. Recently, this has been
particularly proved by links with oral contraceptive and hormone replacement

therapie (Benshushan and Brzezinski, 2002; Buchholz et al., 2008)

Risk factors for prostate cancer

The particular causes of prostate cancer initiation and progression are not yet
known, but substantial evidence indicates that both genetics and environment play a
role in this disease. A number of potential risk factors have been identified by classic
epidemiology and molecular epidemiology associated with the development of

prostate cancer.

Sporadic cancers account for about 85% of all prostate cancers, and about 15%
are familial or hereditary. Hereditary prostate cancer accounts for 43% of early-onset
disease (55 years old or younger) but only 9% of all cancers occurring by the age of
85 years (Carter et al., 1992). At least eight candidate prostate cancer susceptibility
genes have been reported which accounts for only a small fraction of the observed
genetic predisposition to prostate cancer. HPCI is the best characterized among the
known susceptibility genes. (Cooney et al., 1997; Eeles et al., 1998; Smith et al.,

1996)



An accumulation of aepidemiological, histological and genetic evidence
suggest that chronic inflammation leading to cellular hype-proliferation to replace
damaged tissue contributes to the development of prostate cancer (Coussens and

Werb, 2002; De Marzo et al., 2004).

An analysis of the known prostate cancer susceptibility genes and other genetic
defects in prostate cancer suggests that inherited and acquired defects in cellular
defence mechanisms against inflammatory oxidants may initiate and perpetuate

prostatic carcinogenesis (Coussens and Werb, 2002; De Marzo et al., 2004).

Androgens have effects on the development, maturation and maintenance of the
prostate, particularly by regulating both proliferation and differentiation of the
luminal epithelium. Doubtlessly, a lifetime of variable exposure of the prostate to
androgens plays an important role in prostate carcinogenesis. Oestrogens have been
postulated to protect against prostate cancer by inhibiting growth of prostate
epithelial cell but alternatively they have also been shown to increase risk by eliciting
inflammation in concert with androgens (Naslund ef al., 1988) or by the production
of mutagenic metabolites (Yager, 2000). Insulin-like Growth Factor Axis, Leptin,
Vitamin D, Vitamin D Receptor, and Calcium might also be involved in

tumourigenesis and subsequent disease progression



1.1.2 Diagnosis and Tumour Markers

Diagnosis of breast cancer and prostate cancer

There are many different types of breast cancer according to their histological
types, at different stages, with different aggressiveness, and genetic makeups;
survival varies greatly depending on these factors. The two most common types are;
ductal carcinomas which present at ducts of mammary gland, lobular carcinomas
occurring at lobules.

Women who are diagnosed with early stage breast carcinomas almost always
appear to have no breast problems. Mammography is recommended for screening
women at higher risks. Screening mammograms usually take 2 views (x-ray pictures
taken from different angles) of each breast. For some patients, such as women with
breast implants, more pictures may be needed to include as much breast tissue as
possible. Women who are breast-feeding can still have mammograms, although these
are probably not quite as accurate because the breast tissue tends to be dense. For
diagnosing a breast cancer, "triple test" is routinely performed, including a breast
examination by a trained medical practitioner, mammography and fine needle
aspiration cytology.

The first noticeable symptom of breast cancer is typically a lump that feels
different from the rest of the breast tissue. However, by the time a breast lump is
noticeable, it has probably been growing for years. Lumps found in lymph nodes
located in the armpits can also indicate breast cancer. Pain is not the main symptom,

as other symptoms accompanying a lump may include changes in breast size or shape,
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skin dimpling, nipple inversion, or spontaneous single-nipple discharge. Some
patients would present with breast pain, swelling, warmth and redness throughout the
breast, as well as an orange-peel texture to the skin referred to as peau d'orange. This
is termed inflammatory breast cancer (IBC) which is caused by breast cancer cells
invading the dermal small lymph vessels resulting in symptoms similar to
inflammation. Paget's disease of the breast is used to describe another symptom
complex of breast cancer with symbolic eczematoid skin changes. Patients diagnosed
with Paget’s experience tingling, itching, increased sensitivity, burning, pain, and
probably a lump as well. Some metastatic breast cancers may cause severe
symptoms due to the impact that the metastatic lesions have on tissues and organs
being involved.

Similar to breast cancer, prostate cancer rarely causes symptoms in the early
phase because the majority of adenocarcinomas arise in the periphery of the gland
distant from the urethra. The presence of systemic symptoms (like bone pain, renal
failure, anaemia) caused by prostate cancer suggests an advanced disease with local
invasion or distant metastases. Growth of prostate cancer into the urethra or bladder
neck can result in obstructive (e.g., hesitancy, decreased force of stream,
intermittency) and irritative (e.g., frequency, nocturia, urgency, urge incontinence)
symptoms.

If local invasion of prostate cancer affects the trigone of the bladder, it will lead
to ureteral obstruction and can cause renal failure if the obstructions are bilateral.
Local progression of disease and obstruction of the ejaculatory ducts will result in

hemaetospermia and the presence of decreased ejaculate volume. Although rare in
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the PSA era, impotence can be a sign of prostate cancer that has spread outside the
prostatic capsule to involve the branches of the pelvic plexus (neurovascular bundle)
responsible for innervation of the corpora cavernosa.

Axial or appendicular skeleton affected by metastatic disease can cause bone
pain or microfractures or anaemia from replacement of the bone marrow. Cancerous
involvement of the pelvic lymph nodes and compression of the iliac veins or
lympbhatics can result in lower extremity oedema. The early detection by PSA testing
has reduced the proportion of patients with prostate cancer diagnosed by symptoms
suggestive of advanced disease. Although the patients with prostate cancer might
have voiding symptoms which suggest prostate disease, the majority (over 80%) of
men diagnosed today with prostate cancer are initially suspected of disease on the
basis of DRE (digital rectal examination) abnormalities or serum PSA (prostate-
specific antigen) elevations. The combination of DRE and serum PSA is the most
important first-line test for assessing the risk of prostate cancer being present in an
individual. Associated with DRE and PSA findings, Transrectal ultrasound (TRUS)-
guided, systematic needle biopsy is the most reliable method, at present, to ensure
accurate sampling of prostatic tissue in men considered at high risk of harboring
prostatic cancer.

PSA

PSA, which is located on chromosome 19, is a member of the human kallikrein
gene family of serine proteases. It is the most important biological marker to date for
the diagnosis, staging, and monitoring of prostate cancer (Polascik et al., 1999).

Serum PSA has been shown to associate directly with pathologic stage and tumour

12



volume (Noldus et al., 1998; Stamey and Kabalin, 1989; Stamey et al., 1989a;
Stamey et al., 1989b; Stamey et al., 1989c). However, because PSA is not specific to
prostate cancer cells and can be influenced by BPH and tumour grade and PSA levels
overlap between stages, it cannot be used alone to predict accurately the extent of
disease for an individual patient. Men with more advanced prostate cancer have
higher grade and higher volume tumours that produce less PSA per gram of tumour

(Partin et al., 1990).

Staging of breast cancer and prostate cancer

The goals of cancer staging are to allow the assessment of prognosis and
facilitate educated decision-making regarding available treatment options. The TNM
classification for breast cancer is based on the size of the tumour (T), whether or not
the tumour has spread to the lymph nodes (N) in the armpits, and whether the tumour
has metastasised (M) or spread to a more distant part of the body. Larger size, nodal
spread, and metastasis have a higher stage number and a worse prognosis.

The main stages are:
Stage 0 is a pre-malignant disease or marker. For example, DCIS (Ductal Carcinoma
in Situ) is one type of Stage 0 tumours seen in breast cancer.

Stages 1-3 are defined as 'early' cancer and potentially curable (Table 1.2).
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Table 1.2 Breast cancer stage 1-3

Stage 1A Tl NO MO
T0 N1mi MO
Stage B Tl Nlimi MO
TO NI MO
Stage 1A Tl N1 MO
T2 NO MO
Stage 1IB ¥§ E(]) mg
TO N2 MO
Tl N2 MO
Stage 111A T2 N2 MO
T3 N1 MO
T3 N2 MO
T4 , NO MO
Stage 111B T4 NI MO
T4 N2 MO
Stage 111C Any T N3 MO

TO No evidence of primary tumour; T1 Tumour < 20 mm in greatest dimension; T2 Tumour > 20 mm
but < 50 mm in greatest dimension; T3 Tumour > 50 mm in greatest dimension; T4 Tumour of any
size with direct extension to the chest wall and/or to the skin (ulceration or skin nodules)

NO No regional lymph node metastases; N1 Metastases to movable ipsilateral level I, 11 axillary lymph
node(s) (mi: Micrometastases (greater than 0.2 mm and/or more than 200 cells. but none greater than
2.0 mm)); N2 Metastases in ipsilateral level I, Il axillary lymph nodes that are clinically fixed or
matted; or in clinically detected* ipsilateral internal mammary nodes in the absence of clinically
evident axillary lymph node metastases; N3 Metastases in ipsilateral infraclavicular (level Il axillary)
lymph node(s) with or without level I, II axillary lymph node involvement; or in clinically detected*
ipsilateral internal mammary lymph node(s) with clinically evident level I, 11 axillary lymph node
metastases; or metastases in ipsilateral supraclavicular lymph node(s) with or without axillary or
internal mammary lymph node involvement

M0 No clinical or radiographic evidence of distant metastases
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Stage 4 is defined as 'advanced' and/or 'metastatic’ cancer and incurable (any T

or any N with distant detectable metastasis).

Clinical staging of prostate cancer usually employs a variety of parameters such
as DRE, PSA, needle biopsy findings, and radiologic imaging, to predict the true
extent of disease. There are two main classification systems for prostate cancer
clinical staging: the Whitmore-Jewett and the tumour, node, metastases (TNM)
classification systems. The Whitmore-Jewett system was created in 1956 and was
used until 1975 when the TNM system was adopted by the American Joint
Committee for Cancer Staging and End Results Reporting (AJCC) (Wallace et al.,
1975). The disease can be staged in accordance with extent of tumours, lymph node
involvement and distant metastasis. According to the UICC (Union for International
Cancer Control) 6" edition (2002) and UICC 7™ edition (2010), the tumour, lymph
node, metastasis can be combined into four stages of worsening severity. As Fig.1.3
shown, Stage I has been expanded from Tla to T1 and T2a this year and Stage 1l has

been revised from including T1 1a, 1b, 1¢ and T2 to including T2b~T2c.
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T1 Not palpable or visible STAGE GROUPING (ANATOMIC)
Tla <5% or less uical
T1b >5%
Tlc Detected by needle biopsy Stage 1 TI, T2a NO
Stage 1 T2fc>-2c NO

T2 Confined within prostate Stage M T3 NO
T2a < halfofone lobe Stage IVT4 NO
T2b > half of one lobe Any T NI
T2c Both lobes Any T Any N

T3 Through prostate capsule

T3a Extracapsular

T3b Seminal vesicle(s) Change from 6th
T4 Fixed or invades adjacent Grade was in 6th
structures

No change from 6th

Figure 1.3 Classification of Prostate cancer
UICC TNM Classification of Malignant Tumours,2010, (7th edition)
Source: (http://www.uicc.org/node/7735)

NO: there has been no spread to the regional lymph nodes; N1: there has been spread to the
regional lymph nodes

MO: there is no distant metastasis; M 1: there is distant metastasis
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The Whitmore-Jewett system is similar to the TNM system, with

approximately equivalent stages.

A: tumour is present, but not detectable clinically; found incidentally

Al: tissue resembles normal cells; found in a few chips from one lobe

A2: more extensive involvement

B: tumour can be felt on physical examination but has not spread outside the

prostatic capsule

BIN: tumour can be felt, it does not occupy a whole lobe, and is

surrounded by normal tissue

B1: tumour can be felt and it does not occupy a whole lobe

B2: tumour can be felt and it occupies a whole lobe or both lobes

C: tumour has extended through capsule

C1: tumour has extended through the capsule but does not involve

seminal vesicles

C2: tumour involves seminal vesicles

D: tumour has spread to other organs

The Gleason grading system is used to help evaluate the prognosis of men

with prostate cancer from a biopsy of prostate tissue or from the prostate removed
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after surgery. Cancers with a higher Gleason score are more aggressive and have a
worse prognosis. The Gleason score ranges from 2 to 10, with 10 having the worst
prognosis, based on the 5 Gleason patterns. The score is the sum of the first majority
tumour pattern and the second majority pattern. Increasingly, pathologists provide
details of the "tertiary" component. This is why there is a small component of a third
(generally more aggressive) pattern. So there could be a Gleason 3+4 with a tertiary
component of pattern 5.
The patterns are classified by the features:

« Pattern 1 - The cancerous prostate closely resembles normal prostate
tissue. The glands are small, well-formed, and closely packed.

« Pattern 2 - The tissue still has well-formed glands, but they are larger
and have more tissue between them.

« Pattern 3 - The tissue still has recognizable glands, but the cells are
darker. At high magnification, some of these cells have left the glands and are
beginning to invade the surrounding tissue.

« Pattern 4 - The tissue has few recognizable glands. Many cells are
invading the surrounding tissue

» Pattern 5 - The tissue does not have recognizable glands. There are

often just sheets of cells throughout the surrounding tissue.

Pathological stage of prostate cancer is determined after prostate removal and
involves careful histological analysis of the prostate, seminal vesicles, and pelvic

lymph nodes if a lymphadenectomy has been performed. The pathological staging for
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breast cancer depends on the cancer cells’ original derivation and the differentiation
ability: well differentiated (low grade), moderately differentiated (intermediate grade),

and poorly differentiated (high grade).

With the exception of prostate-specific antigen (PSA), tumour markers do not
have sufficient sensitivity or specificity for screening. Cancer antigen 15-3 (CA 15-3)
is perhaps the most thoroughly investigated serum tumour markers in breast cancer.
Being a normal product of breast cells, CA 15-3 does not cause cancier rather it
reflects the increase of breast cancer cells. Ovarian, lung and prostate cancers may
also produce CA 15-3. CA 15-3 may be requested along with other tests, such as
oestrogen and progesterone receptors, Her2/neu, and BRCA-1 and BRCA-2 genetic
testing, when advanced breast cancer is first diagnosed to help determine cancer

characteristics and treatment options.

Breast cancer cells with oestrogen receptor (ER) and/or progesterone receptor
(PR) depend on oestrogen and/or progesterone to grow. Testing for ER and PR is
done to find out if a cancer is likely to be successfully treated with hormone therapy,
such as tamoxifen (Nolvadex). Human epidermal growth factor receptor 2 (HER?2) is
present in 20% to 25% of breast cancers. Anti-HER2 treatments block HER2 to stop
the growth of cancer cells induced by EGF. Testing for HER2 helps doctors to assess
if a cancer can be treated with anti-HER2 treatments, such as Trastuzumab
(Herceptin), and in some cases, may suggest whether additional treatment with
chemotherapy may be helpful. Cancer antigen (CA) 27.29 is used most frequently to

follow response to therapy in patients with metastatic breast cancer. (Chan er al.,
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1997; Gion et al., 1999).The CA 27.29 level is elevated in approximately one third of
women with early-stage breast cancer (stage I or II) and in two thirds of women with
late-stage disease (stage 11l or 1V). Because of superior sensitivity and specificity,
CA 27.29 has supplanted CA 15-3 as the preferred tumour marker in breast cancer.
The metastatic breast cancer patients will have elevated levels of associated tumour
markers because of the metastasis site. Carcinoembryonic antigen (CEA), an
oncofetal glycoprotein, is expressed in normal mucosal cells and overexpressed in
adenocarcinoma, especially colorectal cancer. Cancer antigen 15-3 (CA 15-3), cancer
antigen 27.29 (CA 27.29), and carcinoembryonic antigen (CEA) are found in 50% to
90% of patients with metastatic breast cancer. However, these tumour markers are
not sensitive in the early stage of cancer and are not specific to breast cancer. They

can only be used as indicators of metastasis, prognosis and treatment.

1.1.3 Metastasis

Metastasis is a key-defining feature of malignancy and most problematic to
cure. Up to 90% of deaths from cancer are due to metastasis (Hanahan and Weinberg,
2000). It is difficult to identify the aggressive tumour definitively during the early
stage so it is still controversial as to whether patients should undergo conservative
treatment at this stage. All the uncertainty and questions finally attribute to the
understanding of the mechanism of metastasis. Cancer derives from a collection of
multiple genetic aberrations and the same can be said regarding the development of

metastasis. A number of metastasis-related genes have been revealed. Therein some
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key genes have been shown to be responsible for the steps and biologic mechanisms

leading to metastasis.

1.1.3.1 Immune escape of cancer cells

Tumour cells wisely employ some mechanisms to escape from the attack of
immune cells, thus disrupt and suppress the host immune system. These mechanisms
include loss of tumour antigen, alteration of HLA class I antigen, defective death
receptor signalling, lack of co-stimulation, immunosuppressive cytokines and T cells.
Fas and FasL might be involved in this (Gutierrez et al., 1999). The FasL expression
by breast tumours may induce the apoptosis of activated infiltrating Fas-lymphocytes.
The expression of FasL is upregulated by oestrogen in breast cancer cells and the
upregulation can be blocked by tamoxifen, thus allowing the killing of cancer cells
by activated lymphocytes (Mor et al., 2000). Fas exists in transmembrane and soluble
forms. The circulating soluble form of Fas presents at higher levels in breast cancer
patients (Ueno et al., 1999), induces host lymphocyte apoptosis and impairs
expression of NKG2D and T-cell activation (Bewick et al., 2001). Therefore, the

soluble form of Fas is considered to have potential value in clinical prognosis.

1.1.3.2 Cell adhesion molecules:

Metastasis occurs through a series of sequential steps, all of which a metastatic
cell must successfully complete in order to establish growth at the secondary site.
During the tumour progression, the profile of the cell surface adhesion molecules

changes and the metastatic cells acquire the profile allowing them to detach from the
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primary site and attach at the secondary site. The main morphological change of the
tumour transition from benign to malignant and metastatic is that tumour cells change
from a highly differentiated, epithelial morphology to a migratory and invasive
mesenchymal phenotype, a biological process referred to as epithelial-mesenchymal
transition (EMT). During the process of epithelial-mesenchymal transition (EMT),
cells progressively redistribute or down-regulate their apical and basolateral
epithelial-specific tight and adherens junction proteins (such as E-cadherin and
cytokeratins) and re-express mesenchymal molecules (including vimentin and N-

cadherin).

Selectins, integrins, immunoglobulin-cell adhesion molecules and cadherins are
four major groups of adhesion molecules that are possibly correlated with metastasis.
Cadherins are located in adherens junctions and desmosomes. Of the three major
types of cadherins, type-I and desmosomal cadherein have been shown to inversely
correlate with the metastatic properties of cancer cells. Intercellular adhesion
mediated by cadherins depends on the interaction of the cadherins with the
cytoskeleton. Distruption of the cadherin-cadherin interactions and cadherin-
cytoskeleton linkages have a strong biological impact on the aggressiveness of cancer
cells. Apart from the functional influence of cadherins on the aggressiveness of
cancer cells, the transcription regulation of the cadherins also plays a key part in
cancer spreading. The specific transcriptional repressors (including Snail, Slug, SIP1,
Twist, and E12/E47), RTKs (EGFR, c-Met, IGF-1R, FGF receptors), non-RTK c-Src,

secreted proteases as MMPs (matrix metalloproteinases), even the oestrogen receptor
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status and growth factors (ErbB2 and TGF-) can lead to the loss of E-cadherin. Loss
of E-cadherin disrupts adhesion junctions between neighbouring cells and thereby
supports detachment of malignant cells from the epithelial cell layer. This has direct
effects on signalling pathways which promote tumour cell migration and proliferation.
The loss of E-cadherin is frequently associated with the gain of N-cadherin, which
has been shown to replace E-cadherin at cell-cell contacts during invasion, migration
and metastatic dissemination of cancer cells. The loss of E-cadherin and gain of N-

cadherin is an important and interesting biological pattern during the EMT process.

The immunoglobulin super family of cell adhesion molecules (ALCAM,
VCAM-1, ICAM, CEACAMI, NCAM, Mel-CAM, HepaCAM, PECAM) have 1-7
extracellular immunoglobulin-like domains. They are attached to the plasma
membrane by a single, hydrophobic transmembrane sequence and have a cytoplasmic
tail. They are shown to be involved in both homotypic and heterotypic adhesion
(Epstein, 2003).

The Selectins consist of three family members: E-selectin, L-selectin and P-
selectin, which are expressed by both platelets and vascular endothelium. They are a
group of cell surface lectins that mediate the adhesion between leukocytes, platelets
and endothelial cells. Selectin mediated adheSion to ensure the recruitment of
leukocytes roll to the area of injury and inflammation. Selectins have also been
implicated as one of the key mechanisms during the ‘docking’ process of the

circulating tumours cells, in which tumour cells use selectin mediated adhesion,
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which occurs fast, to quickly lodge over the endothelial layer, before the subsequent
‘docking’ process to take place.

Integrins are transmembrane glycoproteins expressed as heterodimeric cell-
surface receptors that consist of & and B subunits. Intergrins are pivotal in controlling

cell attachment, cell migration, cell cycle progression and apoptosis.

1.1.3.3 Invasion and motility:

The ability of invasion and motility is important for dissemination of cancer
cells and is required in the process of cancer metastasis. Metastasis consists of
distinct steps: (a) migration of tumour cells from the primary tumour. A key event
happened prior to or during the dissociation from primary tumour is epithelial-
mesenchymal transition (EMT) which confers cancer cells the crucial phenotype and
capacities for detaching and migrating away from the primary tumour; (b) invading to
neighboring tissue and penetrating through the basement membrane and entering
blood or lymphatic vessels, the latter of which is referred to as intravasation. After the
progressive growth of primary tumour cells and extensive vascularisation, some key
genes are involved in the initial local invasion of the host stroma, detachment and
embolization of small tumour cell in circulation and the survival tumour cells

arrested in the capillary beds of organs and extravasation by invasion again.

1.1.3.4 Urokinases-type plasminogen activator:

Several gene families of extracellular proteinases have a role in the control of

the invasion ability of breast cancer cells through the degradation of the extracellular
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matrix. The serine proteinases such as urokinases-type plasminogen activator (uPA)
are essential for tumour cell invasion, metastasis and proliferation. The uPA protein
converts plasminogen to plasmin by specific cleavage of an Arg-Val bond in
plasminogen. Plasmin in turn cleaves this protein at a Lys-Ile bond to form a two-
chain derivative in which a single disulfide bond connects the amino-terminal A-
chain to the catalytically active, carboxy-terminal B-chain. This two-chain derivative
is also called HMW-uPA (high molecular weight uPA). HMW-uPA can be further
processed into LMW-uPA (low molecular weight uPA) by cleavage of chain A into a
short chain A (A1) and an amino-terminal fragment. LMW-uPA is proteolytically
active but does not bind to the uPA receptor. Alternatively spliced transcript variants
encoding different isoforms have been found for this gene. MDA-MB-231 cells are
highly invasive and express high levels of uPA. The silence of uPA in MDA-MB-
231 cells suppressed their invasion and proliferation (Arens et al., 2005). A similar
observation was made with prostate cancer cells (Pulukuri and Rao, 2007). The uPA
expression correlates with the progression of prostate cancer, and the level of uPA
was proposed as a useful biochemical predictor of recurrence in patients undergoing
radical prostatectomy (Kumano et al., 2009). Bikunin, a Kunitz-type protease
inhibitor, markedly suppresses the cell motility possibly through a coordinated down-
regulation of uPA which is likely to contribute to the cell invasion processes
(Kobayashi, 2001) while the p38 MAPK pathway participates in endothelial cell
migration by regulating uPA expression.(Yu et al., 2004)

The zinc-dependent matrix metalloproteinases (MMPs) is another important

protease family whose primary function is degradation of proteins in the extracellular
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matrix. There are overwhelming amount of experimental data to suggest that MMPs
(19 family members) are involved in primary and metastatic tumour initiation,
invasion and metastasis (Chambers and Matrisian, 1997; Duffy and McCarthy, 1998).
Activation of MMP-9 directly mediated by uPA promotes cell invasion (Zhao et al.,
2008). High levels of at least two MMPs (MMP-2 and stromelysin-3) have been
found to correlate with poor prognosis in patients with breast cancer (Duffy et al.,
2000).

The leukocyte elastases and the cysteine proteinases such as cathepsin D and L

are reported to be involved in this step of cancer metastasis.

1.1.3.5 Hepatocyte growth factor/scatter factor (HGF/SF)

Hepatocyte growth factor/scatter factor (HGF/SF) is a paracrine cellular growth,
motility and morphogenic factor. Hepatocyte growth factor is mostly secreted by
stromal cells in the body and acts as a multi-functional cytokine on cells of mainly
epithelial origin. Its ability to stimulate mitogenesis, cell motility, and matrix
invasion makes it a key player in angiogenesis, tumourigenesis and tissue
regeneration. Hepatocyte growth factor regulates cell growth, cell motility and
morphogenesis by activating a tyrosine kinase signalling cascade after binding to the
proto-oncogenic c-Met receptor. PAK proteins, a family of serine/threonine p21-
activating kinases, link RhoGTPases to cytoskeleton reorganization and nuclear
signaling. Knockdown of PAK1 inhibits HGF-stimulated migration and loss of cell-
cell junctions in DU145 prostate carcinoma cells. This can be seen in PC-3 prostate

carcinoma cells with knockdown of both PAK1 or PAK2, which lack cell-cell
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junctions (Bright et al., 2009). In breast cancer, HGF stimulates tumour growth and
angiogenesis in vivo (Lamszus et al., 1996) and invasiveness in vitro (Matteucci et al.,
2005; Meiners et al., 1998). HGF was found to disrupt tight junctions in breast cancer
cells (Martin et al., 2004) and enhance its adhesion to endothelial cells through up-
regulation of CD44, a well characterised homing receptor for cancer cells (Mine e? al.,
2003). HGF activator inhibitors (HAI-1 and HAI-2) (Parr and Jiang, 2006) and c-
MET silencing (Jiang et al., 2001) reduce migration and invasivenes/s of breast
cancer cells induced by HGF. NK-4 is a specific antagonist to HGF and suppresses in
vivo tumour growth and angiogenesis (Martin et al., 2003b), cell motility and
invasion in vitro (Hiscox et al., 2000). This antagonist also affects changes in the
transendothelial (TER) and paracellular permeability of human vascular endothelial
cells induced by HGF (Martin et al., 2002).

HGF also can be used as predictor of recurrence and survival. Breast cancer
patients with more advanced TNM staging (Sheen-Chen et al., 2005) and 82.9% with

recurrence (Taniguchi ef al., 1995) were shown to have higher serum soluble HGF.

1.1.3.6 Tumour metastasis suppressor genes

There are at least 13 genes characterized as metastasis suppressors to date,
including: Nm23, KAI-1, KISS-1, TXNIP (VDUP1), CRSP3, MKK4, Src-suppressed
C kinase substrate (SSeCKS), RhoGDI2, E-cadherin, Drg-1, Tissue inhibitor of
metalloproteases (TIMPs), RKIP, and BRMS1. Tumour suppressor genes function by
loss-of-function mutations. The mutation or deletion of these genes might disrupt

signal transduction pathways to induce cancer.
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Traditionally, it is regarded that tumour cells acquire the metastatic genotype
and phenotype late during tumour development. Recently, it has been shown that
tumour cells acquire the genetic changes relevant to their metastatic capacity early in
tumourigenesis by analysing the disseminating breast cancer cells during primary and

early stages (Demou and Hendrix, 2008; Kong et al., 2001; Smith et al., 1993).

1.1.4 Management Therapy for prostate cancer

Treatment for prostate cancer may involve active surveillance (monitoring for
tumour progress or symptoms), surgery (i.e. radical prostatectomy), radiation therapy
including brachytherapy (prostate brachytherapy) and external beam radiation
therapy, High-intensity focused ultrasound (HIFU), chemotherapy, oral
chemotherapeutic drugs (Docetaxel), cryosurgery, hormonal therapy, or some
combination.

Traditionally, conservative management (active monitoring) has been reserved
for older patients with a life expectancy of less than 10 years and a low-grade
(Gleason score 2 to 5) prostate cancer. Deferred therapy for patiénts with prostate
cancer is usually based on close observation with semiannual PSA tests and DRE
and annual biopsies (Carter et al., 2002; Choo ef al., 2002; el-Geneidy et al., 2004;
Klotz et al., 2004; Patel et al., 2004; Zietman et al., 2001). However, active
monitoring is now being studied in younger patients with low-volume, low- or
intermediate-grade tumours to avoid or to delay treatment that might not be

immediately necessary.
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A report of a randomized clinical trial from Scandinavia showed that patients
with clinically localized prostate cancer managed with watchful waiting have
significantly higher rates of local cancer progression, metastases, and death from
prostate cancer and a shorter cancer-specific overall survival than those treated

initially with radical prostatectomy (Bill-Axelson et al., 2005).

Hormone therapy and chemotherapy are never curative, and not all cancer cells
can be eradicated consistently by radiation or other physical forms of energy, even if
the tumour is contained within the prostate gland. Preoperative clinical and
pathological parameters are often recruited to predict the pathologic stage and as
additional information for operation. The operation can be performed By a number of
methods including through perineal, retropubic, laparoscopic, and even robotic
approach (Figure 1.4). The post-operation serum PSA level test has be used to
monitor the tumour recurrence. The most common late complications of radical
prostatectomy are erectile dysfunction, urinary incontinence, inguinal hernia, and
urethral stricture but always associated with the .patient's age. The patients with high
risk (clinical stage: T2b and upwards; PSA level: >10; Gleason score: >7) whose life
expectancy is at least 10 years are recommended to have the operation in conjunction
with radiation therapy. Radiation therapy is another important treatment approach but
with the main adverse side effects of injury to the microvasculature of the bladder,

rectum, striated sphincter muscle, and urethra.
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Figure 1.4 Schematic view ofthe prostate, bladder and lymph nodes.

It’s the view the surgeon has after the abdominal incision has been made. Inside the shaded
area are the lymph nodes removed during a staging lymphadenectomy. Source from Dr.
Patrick Walsh's Guide to Surviving Prostate Cancer by Patrick C. Walsh, M.D., and Janet
Farrar Worthington http://www.Dhoenix5.org/books/Walsh2/WalshRRPO1.html
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Treatment for breast cancer

For the local breast tumour, the traditional surgical treatment involves total
removal of the breast (mastectomy). The most commonly performed operation was
the Halsted radical mastectomy (including the removal of the breast, underlying chest
muscle (pectoralis major and pectoralis minor), and lymph nodes of the axilla)
(Figure 1.5). Breast conservation treatment can be considered according to patient
choice, tumour size, the position of the cancer in the breast, and the nature of the
breast cancérs themselves. Most authorities recommend total mastectomy if the
tumour is more than 3 or 4 cm in diameter, multicentricity, mulifocality, centrally
located or poorly differentiated. The overall incidence of local recurrence after breast
conservation is higher than total mastectomy.(Newman et al., 1999) Salvage
mastectomy can be used to treat the local recurrence after breast conservation therapy.
Systemic treatment with tamoxifen or chemotherapy may alleviate symptoms but

responses are often quite short lived when recurrence is widespread (Biglia et al.,

2003).
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Figure 1.5 Breast cancer surgeries

Radical mastectomy of breast cancer (left). Methods of different kinds of breast cancer surge
ries (right). Source from healthsquare.com.
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Local recurrence after total mastectomy is difficult to treat. Radiotherapy may
be attempted if this has not already been used; adjuvant drug treatment with either
chemotherapy or endocrine therapy may help reduce the risk of further recurrence.
The management of the axillary nodes is a controversial topic to date. There are three
main types of axillary surgery: sentinel node biopsy, axillary node sampling and
axillary node clearance. Recent instruction of sentinel node biopsy has, to a great
degree, transformed the procedure and has substantially reduced the scale and
unnecessary axillary dissections. If cancer cells are found in the lymph nodes
following sentinel node biopsy or axillary sampling, the patient should normally
proceed to an axillary clearance with the possible side effect of pain, limit of arm
movement and lymphoedema. For people who have large breast tumours where
mastectomy would be necessary, chemotherapy or hormone therapy is sometimes
prescribed before surgery to shrink the tumour to improve the surgery successful rate,
which called neoadjuvant therapies. Women who have a mastectomy may also have
breast reconstruction, either at the same time (immediate reconstruction) or at some
time in the future (delayed reconstruction). Adjuvant treatment given after surgery
includes one or more of radiotherapy, chemotherapy, hormone therapy, and targeted

(biological) therapy and depends on the risk of the cancer recurring or spreading.

Generally speaking, the management once metastasis has occurred must be
delicate. Radio- and chemotherapy could be an option. Endocrine therapy has been
an important pillar in the treatment of breast cancer metastasis recently. The use of
biphosphonates and radiotherapy could be the emphasis in the management of

prostate cancer bone metastasis.
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1.2 Bone metastasis in prostate cancer and breast cancer

Bone is the most common site of metastasis for certain tumour types. Breast
cancer and prostate cancer are the two tumour types that most commonly metastasise
to bone (Mundy, 2002).

Most circulating tumour cells pass through the bone marrow, as a consequence
of its vascularity. This may be the reason why cancers have such high avidity for
bone. The bone environment also provides a particularly fertile ground for the growth
and aggressive behaviour of the tumour cells that reach it. There are different patterns
of bone effects in patients with cancer, ranging from mostly destructive or osteolytic
(breast cancer, myeloma), to mostly bone-forming or osteoblastic (prostate cancer).
In breast cancer, osteolysis is caused by osteoclast stimulation — not by the direct
effects of cancer cells on bone (Boyde et al., 1985), while the predominant osteolysis
effect is coupled with local bone formation response (Stewart et al., 1982). In
prostate cancer, there is a profound local stimulation of osteoblasts adjacent to the
metastatic tumour cells. However, some patients also have osteolytic lesions which
are similar to those with metastatic breast cancer. These two processes (bone
resorption and bone formation) seem to be linked and both activated in bone

metastases.

Parathyroid-hormone-related peptide (PTH-rP) is one of the main and specific
mediators of osteolysis in metastastic breast cancer and the mediator of bone
destruction in most other osteolytic cancers (Bryden et al., 2002; Miki et al., 2000).
When breast cancer cells are present in the bone microenvironment, PTHrP is
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overproduced (Guise and Mundy, 1996; Guise et al., 1996), an increase in production
far greater than that seen in other metastatic sites (Powell et al., 1991; Southby et al.,
1990). Production of the PTHrP by tumour cells activates osteoblasts to produce
RANKL (receptor activator of nuclear factor-xB ligand) and downregulate
osteoprotegrin (OPG). This activates osteoclast precursor cells, leading to osteolysis.
Resorbed bone releases bone-derived growth factors, including TGF-f and IGF1
(insulin-like growth factorl) and raises extracellular calcium (Ca’") concentrations.
The growth factors bind to receptors on the tumour cell surface and activate
phosphorylation and signalling through pathways that involve Smad and MAPK
(mitogen activated protein kinase). Extracellular Ca®* binds and activates a Ca®*
pump. These growth factors promote breast cancer cell proliferation and further
release of PTHrP, to cause more bone resorption, thus forms a cycle of regulations
(Guise et al., 1996; Rasmussen and Cullen, 1998; Yin ef al., 1999; Yu and Rohan,

2000).

The mechanisms by which osteoblastic lesion is regulated are far from clear.
There are several mechanisms of osteoblastic bone metastasis caused by prostate
cancer. TGF-B2, which is expressed at high levels by prostate cancer cell line PC-3,
promotes the proliferation of osteoblasts in vitro, as well as bone formation in vivo
(Marquardt et al., 1987). Overexpression of uPA (serine protease urokinase ) by rat
prostate cancer cells has been shown to induce bone metastasis in vivo (Achbarou et
al., 1994), and an amino-terminal fragment of uPA has been shown to have

mitogenic activity for osteoblasts (Rabbani et al., 1992). uPA is also activated by
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PSA (prostate-specific antigen), a serine protease which can activate other growth
factors, such as IGF1 (insulin-like growth factor 1) and TGF-B and cleave PTHrP

into inactive fragments.

1.3 Bone morphogenetic proteins and their signalling pathway in
cancer

1.3.1 BMPs

The Transforming Growth Factor-f (TGF-B) superfamily is one of the biggest
and important families of proteins, which participates in the development and
homeostasis of diverse tissues and organs through regulating cellular differentiation,
proliferation, apoptosis and motility. Up to date, more than 30 structurally related
growth factors have been identified in the TGF-f superfamily including TGF-fs,
Activins, Inhibins, Bone Morphogenic Proteins (BMPs), Growth and Differentiation
Factors (GDFs), and Mullerian Inhibiting Substance (MIS) (Heldin et al., 1997).
BMPs may also be alternatively named as GDFs.

The TGF-p family members play crucial roles in bone metastases. The bone
formation involves a cascade of events, which triggers cellular events including
osteoblast proliferation and differentiation as well as osteoclast apoptosis. Osteoblast
proliferation is induced by mitogenic factors, such as transforming growth factor-p
(TGF-B), insulin-like growth factors (IGFs), fibroblast growth factors (FGFs) and
platelet- derived growth factor (PDGF). TGF-B might be released as a consequence
of resorption to induce osteoclast apoptosis and impair continued resorption. The

osteoblast differentiation involves expression of the structural proteins of the bone
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matrix. BMPs are predominantly responsible for osteoblast differentiation and bone
matrix production and mineralization

BMPs are highly related molecules which compose a subgroup of the
transforming growth factor-p (TGF-B) super family. So far, more than 20 molecules
have been discovered to be BMP family members, of which the first was identified
by Urist et al. in 1965.

Bone Morphogenic Proteins (BMPs) are osteogenic factors abundant in bone
matrix and have been indicated to be crucial to bone metastasis of cancer. BMP2,
BMP4 and BMP7 are expressed in a spatially and temporally dynamic pattern, prior
to the formation of cartilage elements (Francis-West et al., 1995; Francis et al., 1994)
and expressed in the perichondrium within the developing limb cartilage elements
(Jones et al., 1991; Lyons et al., 1990; Macias et al., 1997, Tabas et al., 1993). BMP6
is expressed in prehypertrophic and hypertrophic chondrocytes (Zou et al., 1997).
BMPS8B is found in mice but not in humans. Another BMP family member,
GDF5(Growth/differentiation factor 5) is isolated as cartilage-derived morphogenetic
protein-1 (CDMP-1) (Chang et al., 1994; Storm et al., 1994) and expressed in the
developing joints and perichondrium (Chang et al., 1994; Storm et al., 1994), while
GDF9 was found only abundantly in oocytes in ovaries (Dong et al., 1996).

The BMP family proteins comprise an amino-terminal pro-region and a
carboxy-terminal ligand of 110-140 amino acids in length. BMPs are first
synthesised as large precursor proteins, processed into mature proteins, and secreted
as homo- or heterodimers (Ozkaynak et al., 1990; Wozney et al., 1990; Wozney et al.,

1988). Once they have been processed and activated, BMP proteins are biologically
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active both as homodimer, and as heterodimer molecules connected by disulfide
bonds. The active domain of BMPs contains a conserved motif of seven cysteines
and six of them form a cysteine knot, which is involved in dimerisation (Massague et
al., 1994). However, the heterodimers of BMP4/7, BMP2/6, BMP2/7 and
BMP7/GDF7 are more effective than their homodimers (Aono et al., 1995; Butler
and Dodd, 2003; Israel et al., 1996; Suzuki et al., 1997).

After activation, BMPs regulate transcription of their target genes mainly by
signalling through specific serine-threonine receptors and intracellular Smad proteins
(Itoh et al., 2000). Six of the seven Type-l receptors (ALK1, ALK2/ACTR-I,
ALK3/BMPR-IA, ALK4/ACTR-IB, ALKS/TBR-I, ALK6/BMPR-IB, ALK7 ) and
three of the five Type-II receptors (TBR-II, ACTRIIA, ACTRIIB, BMPRII, AMHRII)
have been implicated in BMP signalling, of which BMPR-IA, BMPR-IB (Type-I)

and BMPR-II (Type-II) are specific for BMPs (Shi and Massague, 2003).

BMP and bone metastasis

Osteoblast differentiation induced by BMPs is mediated mainly via the Smad-
signalling pathway, whereas chondrogenic differentiation may be transmitted by
Smad-dependent and independent pathways (Fujii et al., 1999). Active forms of bone
morphogenetic protein (BMP) type I receptors and those of activin receptor-like
kinase (ALK)-1 and ALK-2 (ALK-1 group), R-Smads (Smad1, 5) induced alkaline
phosphatase activity in C2C12 cells. BMP6 dramatically enhanced alkaline
phosphatase activity induced by Smadl or Smad5 which can be repressed by Smadé6

and Smad7. More interestingly, ALK-2 and ALK-3 (or ALK-6) were found to
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synergistically induce higher transcriptional activity and osteoblast differentiation of
C2C12 cells than any receptor alone (Aoki et al., 2001).

The investigation of BMPs into their role in bone formation and bone
metastasis are becoming increasingly interesting. It is embodied in that, apart from
bone development and bone metastasis, BMPs also participate in various
physiological and pathophysiological processes, such as embryonic development,
organogenesis, and adult tissue homeostasis. BMP2 and BMP4 have potent bone and
cartilage-inducing activity in vivo (Winnier et al., 1995; Zhang and Bradley, 1996).
Osteogenic protein-1 (OP-1; also named BMP7), OP-2 (BMP8), OP-3 (BMP8B),
BMP5 and BMP6 (also named Vgr-1) form another subfamily. OP-1 (BMP7)
potentially has bone- and cartilage inducing activity in vivo and the null mice appear
to be associated with defects in eye, kidney and skeletal morphogenesis (Dudley et
al., 1995; Luo et al., 1995). BMP8B null mice were shown to have defects in
spermatogenesis (Zhao et al., 1996). GDFS5 acts in a relatively specific fashion for
chondrogenesis when assayed using rat limb bud cells (Hotten et al., 1996). This,
together with GDF6 and GDF7 were shown to induce tendon and ligament formation
when implanted at ectopic sites in vivo (Wolfman et al., 1997). The members in the
GDF5 subgroup act specifically in the morphogenesis of the limb skeleton. GDF8
(also termed myostatin) and GDF9 are structurally distantly related to the other
BMPs. GDF8 (myostatin) negatively regulates the growth of skeletal muscle cells in
vivo (McPherron et al., 1997). GDF9 is important to ovarian folliculogenesis (Dong

et al., 1996).

39



1.3.2 BMP signalling in cancer

There are two signalling pathways via which BMPs act to activate intracellular
signalling molecules: the Smad dependent or Smad independent pathways.

The two different types of serine-threonine kinase transmembrane BMP
receptors, Type I and type Il are recruited by both pathways upon activation by
BMPs. If the dimeric ligand of BMPs bound to the two receptors simultaneously, the
Type-I11 receptors would transphosphorylate the GS domain of the Type-I receptors
(Moustakas and Heldin, 2002). The type 1 receptor then transduces the signal by
phosphorylating intracellular targets, including members of the Smad family
(Hoodless et al., 1996; Liu et al., 1996). This is known as the Smad dependent
pathway.

Intracellular signals are transduced by Smad proteins. After phosphorylation,
the R-Smads (Smadl, 5 and 8) are released from the receptor and recruit the Co-
Smad (Smad4) to form heteromeric complexes, and translocate into the nucleus
where they may activate transcription of various genes (Figure 1.6). BMP4 and
growth/differentiation factor 5 (GDFS5) induce osteoblast differentiation through the
activation of three receptor-regulated Smads (i.e. Smadl, Smad5 and Smad8). In
contrast, BMP6 and BMP7 induce alkaline phosphatase activity through Smadl and
Smads5, but not through Smad8 (Aoki et al., 2001). Another report also determined
BMP7 binds predominantly to Smadl, Smad5, and Smad8, but not Smad2 and
Smad3 and stably interacts with BMPR-IB (BMP type IB receptors) which is
phosphorylated by BMPR-II (Type II receptor for BMPs) in the rat osteoprogenitor-

like cell line, ROB- C26 (Tamaki et al., 1998). Consistent with these findings, BMP4
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has been shown to induce phosphorylation and nuclear translocation of Smadl,
Smad5 and Smad8, but BMP-6 activated only Smadl and Smad5. BMP4 and GDF5
are known to bind to activin receptor-like kinase 3 (ALK-3) and/or ALK-6 (also
termed BMP type IA and type IB receptors, respectively), whereas BMP6 and BMP7
preferentially bind to ALK-2 (Aoki et al., 2001). Smad6é and Smad7 are inhibitory
Smads, and inhibit TGF-P family signalling by preventing the activation of R-Smads

and Co-Smads (Itoh et al., 2001).

If BMP ligands bound to ALK3 or ALK® first, and then recruited BMPRII into
a hetero-oligomeric complex (BMP-induced signalling complexes, BISC), this would
lead to the activation of the Smad independent pathway (Nohe et al., 2004). During
intracellular signal transduction, the X-linked inhibitor of apoptosis protein (XIAP)
functions as an adaptor protein bridging between the Type I receptor and TGF-
activated binding protein (TAB1/2/3), which is an activator of the MAPKKK TGF-
activated tyrosine kinase 1 (TAKI1) (Shibuya er al., 1996; Yamaguchi, 1995;
Yamaguchi et al., 1999). The activation of TAK1 can lead to activation of p38, a
mitogen-activated protein kinase (MAPK) (Kimura e# al., 2000; Moriguchi et al.,
1996a; Nohe et al., 2002). TAK1 can also activate Jun N-terminal kinases (JNKs),
NF-kappaB (NF-kB) and Nemo-like kinase (NLK) (Ishitani et al., 1999; Lee et al.,

2002; Shirakabe et al., 1997).
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Figure 1.6. BMP signalling pathway through Smads and non-Smads

When BMP ligands bind to BMPR-I and BMPR-II simultaneously, the Smad 1/5/8 pathway
was activated. Upon phosphorylation by type I receptors, ligand-specific Smads formed
complex with Smad 4 and translocated into nucleus to activate the transcription of target
genes. On the other hand, when BMPs bind to BMPR-I first and then recruit BMPR-II,
intracellular signal transduction will be relayed by Smad-independent pathways.
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1.3.2.1 BMP receptors and their implication in cancer

Two different type I receptors specific for BMPs, namely BMP type IA
(BMPR-IA or ALK-3) and BMP type IB receptors (BMPR-IB or ALK-6) and the
Type I receptor for BMP (BMPRII) genes, are located at 10923, 4q22-24, and 2q33-
34, respectively. A processed BMPR-IA pseudogene was mapped to 6423 (Astrom et
al., 1999). Both types of BMP receptors are transmembrane serine/threonine kinases,
composed of an amino terminal extracellular ligand binding domain, a single
transmembrane domain, and a large serine/threonine kinase domain at their carboxyl-
terminal. The extracellular domains of both types of receptors have three finger toxin
folds as seen in several snake venom neurotoxins. The intracellular cytoplasmic
region consists of an enzymatic serine/ threonine Kkinase domain critical in
transducing signals of BMPs.

The long form variant of BMPRII is composed of 1038 amino acid residues,
which has a long C-terminal tail and occurs by alternative splicing_ of mRNA (Beppu
et al., 1997). The short form is rarely seen in most cell types and its function is
identical with the long form when assayed in Xenopus embryos (Ishikawa et al.,
1995). The two type I BMP receptors share 85% amino acids sequence identity and
have very similar protein structures. Upon binding to ligands, BMPR-II hay interact
with multiple type I receptors, including BMPR-IA/Brkl, BMPR-IB, and ActR-I,
which is also an activin type 1 receptor. The co-operation of BMPRII and ActR-I
required by BMPs signalling reveals the crosstalk with the activin receptor system
(Liu er al., 1995). Up to date, functional differences between the intracellular
domains of the two type I BMP receptors are not fully characterised.
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Aberrant expression and functions of BMP receptors have been implicated in
the tumourigenesis and disease progression of malignant tumours. BMPR-IB and
BMPRII have been indicated in the prostate cancer, in which they mediate inhibitory
effect on both in vitro and in vivo growth of prostate cancer cells (Miyazaki et al.,
2004; Ye et al., 2008). For example, over-expression of BMPR-IB (ALK-6) in PC-3
cells resulted in an inhibition of both in vitro proliferation and in vivo tumour growth
(Miyazaki et al., 2004). Similarly, loss of BMP signalling molecules (including
BMPR-IA, BMPR-IB, BMPRII, Smad4, and phosphorylated Smad1,5,8) have been
shown to be correlated tightly with progression of human colon adenomas to
colorectal cancer and occurs relatively early during cancer progression (Kodach et al.,
2008). In addition, decreased expression of BMPR-IB correlates with poor prognosis
in breast cancer patients and leads to increased cell proliferation of breast cancer cells
in vitro (Bokobza et al., 2009). BMPR-IB was also demonstrated to be a major
hallmark of the progression and dedifferentiation of oestrogen receptor-positive
breast cancer (Helms et al., 2005). The impact of BMPR-IB on tumour progression,
proliferation, and cytogenetic instability was mainly mediated via phosphorylation of
Smad1. The pro-proliferative effect was indicated by XIAP and IAP-2 expression in
BMPR-IB-positive carcinomas. The aberrant expression of BMP receptors in cancer
may be due to regulation by hormones, growth factors and methylation status of the
particular genes. In oestrogen-treated MCF-7 cells, estradiol decreased the expression
levels of BMPR-IA, BMPR-IB, ACVR2A, and ACVR2B but did not affect ACVR1

and BMPRII (Takahashi et al., 2008).
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1.3.2.2 Smad

Smad proteins can be divided into three distinct classes: the receptor-activated
Smads (R-Smads), the common-mediator Smads (Co-Smads) and the inhibitory
Smads (I-Smads). R- and Co-Smads have two highly conserved domains, Mad-
homology domains 1 and 2 (MH1 and MH2) at N- and C-terminal parts of the
proteins, respectively. The MH1 domain of R- and Co-Smad can bind to specific
DNA sequences (Dennler ef al., 2002; Dennler et al., 1999; Jonk et al., 1998; Shi et
al., 1998; Yagi et al., 2002; Yingling et al., 1997, Zawel et al., 1998). The MH2
domains are used in homo- and hetero-meric complex formation (Lagna et al., 1996,
Wu et al., 1997). R-Smads are the only Smads that have an SSXS (Ser-Ser-X-Ser)
motif in their C-terminal region which can be phosphorylated by type I
serine/threonine receptors during signal transduction (Macias-Silva et al., 1998;
Zhang et al., 1996). Among the R-Smads, Smads2/3 are described as TGF-B/activin
activated Smads, whereas Smad1/5/8 are activated by BMPs (Miyazawa et al., 2002).
However, some recent studies have shown that Smad2/3 can also be mediated by
BMPs (Buijs et al,, 2007b; Izumi et al, 2006). Co-Smad (Smad4) forms a

heteromeric complex with R-Smads and translocates to the nucleus with them.

I-Smads interfere with the phosphorylation of R-Smads by Type-I receptors
through interacting with activated Type-I receptors. Smad6 has been reported to
occur in two forms, a short form mainly consisting of the MH2 domain and a long
form containing an N-terminal sequence with weak similarity to the MH1 domains of

R- and Co-Smads. The shorter form is a stronger inhibitor of BMP signalling than the
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long form of Smad6. Smad7 is responsible for inhibiting TGF-f/activin and BMP
signalling, whereas Smad6 is specific for BMP signalling (Ishida er al., 2000;
Nagarajan et al., 1999).

Smad4 and Smad7 were observed in the majority of colorectal cancer
specimens. Autocrine activation of Smad signalling may affect tumour environment
via suppression of tumour-infiltrating immune cells and probably contributes to
tumour cell aggressiveness (Gulubova et al., 2010). The changes in inhibitory Smads
also contribute to disease progression as demonstrated in non-small cell lung cancer
(Jeon and Jen, 2010). A hyperactive R-Smad2 signalling pathway is critical for EMT
and consequent disease progression of breast cancer. Disrupting Smad signalling in
mesenchymal breast cancer cells resulted in DNA demethylation and re-expression of
the genes, which was accompanied by an acquisition of epithelial morphology and a

suppression of invasive properties (Papageorgis et al., 2010).

Smad target genes include Id1-3, type-I collagen, Jun B and Mix.2. Id-1
(Inhibitor of differentiation-1) is an important regulator covering a variety of
functions. Id-1 negatively regulates cell differentiation and promotes proliferation,
survival and invasion of both cancer cells and vascular endothelial cells, particularly

during angiogenesis and metastasis in various cancers (Ling et al., 2006).
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1.3.2.3 Impact of BMPs on cancer

BMP proteins have diverse effects on cancer cells. The diversity of the
biological influence can be seen by: 1. the difference in the signalling pathways that
they utilised namely Smad dependent vs Smad independent pathways, 2. different
BMPs have contrast effect on the same cells, and 3. the same BMP may have an
opposite effect on different cancer cells. Autocrine bone morphogenetic protein-9
signals through activin receptor-like kinase-2/Smadl/Smad4 to promote ovarian
cancer cell proliferation (Herrera et al., 2009). However, BMP9 inhibits the growth
of prostate cancer cells due to induced apoptosis, which is related to an up-regulation
of prostate apoptosis response-4 through BMPRII and Smadl (Ye et al., 2008).
BMP7 induces ageing and death of breast cancer cells, by a mechanism involving
inhibition of telomerase activity and telomere maintenance via BMPRII receptor- and
Smad3-mediated repression of the hTERT gene (Cassar et al., 2009). Meanwhile,
BMP7 inhibits the proliferation of androgen-insensitive PC-3 and DU-145 prostate
cancer cells in a medium containing 1% fetal bovine serum through CDK1, observed
as decreased incorporation of [(3)H] thymidine and decreased cell number (Miyazaki
et al., 2004). BMP6 regulates the proliferation and gene expression profile of
macrophages, in which BMPRII, ALK-2 and ALK-3 function as its receptors (Hong
et al., 2009). BMP2 acts as a tumour suppressor promoting apoptosis in mature
coloﬁic epithelial cells and BMPR-IA, BMPRII and Smadl, Smad4 might be

involved in this (Hardwick et al., 2004).
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In the Smad-independent pathway, TAK1 is a Map kinase kinase activated by
BMP4 and BMP2 stimulation, through which BMP4 or BMP2 subsequently activates
the p38 pathway (Kimura et al., 2000; Moriguchi et al., 1996b; Shibuya et al., 1998).
BMP2 and BMP4 are known to play a role in the regulation of apoptosis (Fujita et al.,
1999; Macias et al., 1997; Omi et al., 2000; Piscione et al., 2001). BMP2, in the
presence of IL6, mediates apoptosis in MH60 cells through the TAK1 p38 pathway.
The apoptosis induced by BMP2 can be prevented completely by the expression of a
kinase negactive form of TAKI. The activation of TAK1 can be blocked by Smad6
and Smad7. BMP6 and BMP7 inhibit oestrogen-induced proliferation of breast
cancer cells by suppressing p38 mitogen-activated protein kinase activation through
the Smad-independent pathway (Takahashi et al., 2008). However, TAK1 pathway is
known to be able to induce or suppress apoptosis. TAK1-MKK4-JNK pathway has
been reported to induce apoptosis in 293T cells (Yang et al., 2004). JNK plays an
essential role through its ability to interact and modulate the activities of diverse pro-
and antiapoptotic proteins (induce BAX, inhibit Bcl2 and so on) (Dhanasekaran and
Reddy, 2008).

Taken together, BMPs and their signalling pathways have been implicated in
development and progression of cancer, particularly in the bone metastasis. BMP
signalling has been extensively involved in the regulation of proliferation, apoptosis,
motility and invasion of both cancer cells and vascular endothelial cells, conferring
favourable phenotypic features and environment during the disease progression and

dissemination.
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1.4 Repulsive guidance molecules (RGMs)

Apart from BMP receptors which are transmembrane kinase receptors, on the
surface of cells, there exist other molecules which have influence on the action of
BMPs. RGMs are the first identified BMP co-receptors on cell surface which are
assumed to enhance the BMP signal pathway and will be the emphasis of the present
study. This is in addition to BMP-binding proteins, Noggin and Chordin that

extracellularly regulate BMP functions by acting as their antagonists.

1.4.1 RGM

In 2001, Wiemann et al. isolated a cDNA corresponding to human RGM
(GenBank AL136826). RGMA was first cloned from mRNA of chick embryonic
optic tectum (Monnier et al., 2002). RGMA, RGMB and RGMC were subsequently
identified in mouse in 2004 (Niederkofler et al., 2004; Oldekamp et al., 2004;
Schmidtmer and Engelkamp, 2004). RGMA was initially found to mediate repulsive
axonal éuidance and neural tube closure, while RGMB (Dragon) contributes to
neuronal cell adhesion through homophilic interactions. The RGMC gene may play
role in the inherited condiction juvenile hemochromatosis a disorder of iron overload

in which RGMC gene is muated.
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1.4.1.1 RGMA

RGMA has been found highly conserved in vertebrates including humans
(accession number: AK074910), mice (BC059072), chickens (AY128507), frog

(BC061329), zebrafish (BC091800), and salmon (BT045779) etc.

RGMA Gene characteristic:

The human RGMA gene was located at Chromosome 15q26.1. In human,
mouse and chicken, RGMA is positioned in the opposite transcriptional orientation
from the other nearby genes. Mctp2 (multiple C2 domains, transmembrane 2) is
found near the 5° end to RGMA, and Chd2 (chromodomain helicase DNA-binding
protein 2), St8sia2 (ST8a-N-acetyl-neuraminide o-2,8-sialytransferase), and Slco3al
(solute carrier organic anion transporter family member 3A 1) are located near the 3’
end. The RGM genes are located on the same chromosome that encodes transducers
of regulated cAMP response element-binding protein, bloom syndrome protein, i3urin
precursor, Isocitrate dehydrogenase, Mesoderm Posterior protein, Neurite outgrowth
associated protein, Mesenchymal stem cell protein, Synaptic vesicle glycoprotein,

Tubulin polyglutamylase.

Human RGMA gene is ~46 kb and composed of four exons, which is similar to
mouse (~44 kb). After transcription, human RGMA is assembled as an mRNA of 3.2
kb (Figure. 1.6). The 5’ end exon is non-coding, which mostly comprises the 5> un-
translated region (UTR) of RGMA mRNA. The remaining 5° UTR is included in part
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of the second exon. The second exon encodes 26 condons of the RGMA protein,
while 72 amino acids (aa) encoded by the 3™ exon and 328 aa by the 4" exon,
respectively. The 4™ exon contains another ~1800 nucleotides and a single
polyadenylation signal of 3’ end. The 3 introns in human RGMA are of similar
lengths as in mouse, but are not as conserved as the exons (up to 99%). Slight
differences in the 5' UTR bring about six gene variants. These gene variants

consequently derived 3 protein isoforms with different lengths and N-terminals.
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Figure 1.7 Comparison of human RGMs genomic loci and gene structures.

The relative position of the RGM genes (red line) is indicated on each chromosome (left). Neighbouring genes in the chromosome are presented

with their transcriptional direction (arrow). Lix]-like (grey) is a putative pseudo-gene (LixI 1). Right is the anatomy of human RGMs gene. Exons

are indicated by boxes, with coding regions in blue and non-coding regions in yellow. The polyadenylation site is represented by a vertical arrow.
Modified from Severyn et al., 2009.
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RGMA Gene expression

RGMA transcripts were shown to be expressed at higher levels in the central
nervous system and lower levels in other tissues, including heart, liver, lung, skin,
kidney and testis (Babitt et al., 2005; Metzger et al., 2005; Monnier et al., 2002;
Niederkofler et al., 2004; Samad et al., 2004; Schmidtmer and Engelkamp, 2004).
RGMA is also expressed in the developing mouse cochlea, lung, limb primordia
(Oldekamp et al., 2004) and gut (Metzger et al., 2005). To date, the mechanism of
RGMA gene expression regulation remains unknown. The expression pattern of
RGMA transcripts in the central nervous extends to hippocampus, midbrain, the
ventricular zone of the cortex, part of the brainstem and the spinal cord during the
embryo development. In the embryonic tectum of chicken, its mRNA distributes in a
gradient with increasing concentration from the anterior to posterior pole (Monnier et

al., 2002).

RGMA Protein structure and expression

The chick RGMA protein was first identified by Monnier, Sierra et al. in 2002.
Chick RGM contains a signal peptide, an RGD site, a von Willebrand factor (vWF)
domain, a hydrophobic region, and a GPI (glycosylphosphatidylinositol) anchor
(Fig.1.8). RGMA was revealed to be a two-chain protein bound to the cell membrane

through a GPI-anchor.

The human and mouse RGMA proteins were subsequently identified

(Niederkofler et al., 2004), and are 450aa and 454aa in size, respectively. At present,
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it is estimated that human RGMA (accession number: B2RTW1) has two isoforms,
one with the length of 450aa and the other 485aa. The human and mouse RGMA
protein also share very high homology with chick RGMA protein. Although the first
amino acid of mature protein has not been characterised experimentally, the RGMA
precursor was estimated to contain a ~ 30 residue signal peptide at the N-terminus
and a conserved GPI attachment signal peptide at the C-terminus, around 45 amino
acids. Two more interesting elements, namely an RGD motif and a partial vWD
domain have been found in the remaining protein sequence. RGD motif (arginie-
glycine-aspartic acid) is a tripeptide characterized as an integrin-binding site
(Ruoslahti and Obrink, 1996) . Von Willebrand factor is a glycoprotein composed of
five distinct structural domains (VWA, B, C, D and CK). This was reported to help
mediate platelet adhesion at damaged blood vessels through interactions with blood
clotting Factor VIII. (Jorieux et al., 2000; Sadler, 1998). The type D domain (partial
vWD region) has been conserved in all RGMs, which contains a site of
intramolecular proteolytic cleavage. The mature RGMA is a disulfide-bonded two-
chain protein composed of an N-terminal fragment of ~123 residues and a C-
terminal segment of ~238, which is linked to the outside of the plasma membrane
through its GPI anchor. It appears that mature RGMA protein is generated by
intramolecular cleavage during the biosynthesis, although the mechanism has not
been confirmed by experiments (Hata et al., 2006; Matsunaga and Chedotal, 2004;

Monnier et al., 2002; Stahl et al., 1990).
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Figure 1.8 Main domain model of RGM protein.

RGMs are composed ofa N-terminal signal peptide, an RGD site (except for RGMB), von Willebrand factor (vWF) domain, a hydrophobic region,
and a C-terminal GPI (glycosylphosphatidylinositol) anchor. The arrow marks the proteolytic cleavage site. The arrow (purple) indicates the PPC
cleaving site (RGMC only). RGMA, RGMB and RGMC proteins are 434, 437 and 426 aas respectively.
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RGMA exhibits a wide range of tissue expression, in different species, both
during development and in the adult, suggesting that the potential functions of
RGMA are not confined to axonal guidance. During mouse development, RGMA is
widely expressed in the central nervous system, mostly non-overlapping with RGMB.
These separate expression patterns of RGMs in the central nervous system persist
after birth in several brain areas (Schmidtmer and Engelkamp, 2004). RGMA
expression is increased around the lesion sites in rats with spinal cord injury (Hata et
al., 2006; Schwab er al., 2005a) and in humans with focal cerebral ischaemia or
traumatic brain injury (Schwab et al., 2005b). Intrathecal administration of anti-
RGMA antibody is able to promote the regeneration of corticospinal tract axons after
thoracic spinal cord injury in rats (Schwab et al., 2005a). This suggests that RGMs

are involved in the injury repair at the central nerve system.

The role of RGMA and association with Neogenin

Recombinant RGM at nanomolar concentrations induced collapse of temporal
but not of nasal growth cones and guided temporal retinal axons in vitro,
demonstrating its repulsive and axon-specific guiding activity (Monnier ef al., 2002).
RGMA also has shown a role in mediating axonal guidance in Xenopus embryo
forebrain supraoptic tract (Wilson and Key, 2006) and in the developing mouse
hippocampus (Brinks et al., 2004), although interestingly RGMA does not appear to
play a role in retinal axonal patterning in developing mice (Niederkofler et al., 2004).
Genetic knock out of RGMA in mice did not alter retinal axonal patterning, but

caused defects in neural tube closure (Niederkofler et al., 2004).
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RGMA functiones to suppress cell proliferation and induce neuronal apoptosis
signalling through its receptor, Neogenin, in early vertebrate development (Shin and
Wilson 2008) and CRC cells (Li, Yuen et al. 2009). However, Matsunaga et al. 2004
and Matsunaga et al. 2006 showed RGMA acts as a cell survival factor which
inhibits the pro-apoptotic activity of Neogenin (Matsunaga et al., 2004).

RGMA also functions as a myelin-derived neurite outgrowth inhibitor in vitro
and in vivo, and inhibits axon regeneration and functional recovery in the injured
central nerve system (CNS) (Hata et al., 2006). The study by Hata was the first report
to demonstrate that RGMA as an axon growth inhibitor in adult mammals. The
authors used a function-blocking antibody to inhibit the RGMA signal. Rats that
undergo spinal cord hemisection show better locomotor recovery and axon growth of
the CST (corticospinal tract) after treatment with the function-blocking antibody than

after treatment with the control antibody.

1.4.1.2 RGMB

RGMB, also known as Dragon, is a myelin-derived inhibitor of axon growth in
the CNS.

RGMB Gene sequence and expression

RGMB is a single-copy gene identified in eight mammalian species. Similar to
RGMA, RGMB was located in a conserved chromosomal locus (5q15), and was one
of the five linked genes which were found according to the same orientation in

human, mouse and chicken genomes. Upstream of RGMB are Riok2 (right open
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reading frame kinase 2), Lix1 (Limb expression 1) and Lnpep (leucyl/cystinyl
aminopeptidase). Downstream is Chdl, but with a tail to tail transcriptional
orientation to RGMB.

The RGMB gene is ~25 kb in length, and contains 5 exons (Figure 1.7). The
two 5’ non-coding exons include ~406 nucleotides of a ~524 nucleotides 5 UTR of
RGMB mRNA. The 5’ end of exon 1 has not been mapped. There are 45 codons
being located in the third exon, 170 codons in the forth, and 222 codons in the fifth
plus a 3’ end UTR of 308 nucleotides.

The gene encoding RGMB/DRAGON was identified by using a genomic
DNA-binding strategy to identify genes regulated by DRGI11, a homeobox
transcription factor expressed in embryonic dorsal root ganglion (DRG) and dorsal
horn neurons (Samad et al., 2004). The gene was named RGMB (DRG-‘ON’ or
Dragon), reflecting that it was turned “on” in the “DRG”. It was regulated by and co-
localized with DRG11 in dorsal root ganglia and spinal cord. As well as these two
regions, RGMB mRNA was also found to be expressed in the retina, optic nerve, and
in brain regions including the developing mouse midbrain, hindbrain and forebrain
shown by the results of in situ hybridization experiments. (Niederkofler et al., 2004;

Oldekamp ef al., 2004; Samad et al., 2004; Schnichels et al., 2007)

RGMB Protein and its association with neogenin

The human RGMB protein is predicted to comprise 437 amino acids. The
primary RGMB translation product contains an N-terminal signal peptide of ~50
residues (this has not been verified experimentally) and a C-terminal

glycosylphosphatidylinositol (GPI) attachment signal of ~35 amino acids (supplied
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by OMIM). The vWD element was included in the identifiable motifs in RGMB.
(Samad et al., 2005; Samad et al., 2004) RGMB contains a putative internal
proteolytic cleavage site similar ‘to that in RGMA, but only a single-chain RGMB
form being attached to the outer face of the cell membrane. The mature RGMB

contains 14 cysteines but the structure is unclear.

RGMB is expressed by oligodendrocytes and neurons in the adult rat CNS, and
the expression of RGMB is up-regulated especially around the site of spinal cord
injury (Liu et al., 2009). It has also been found in myelin isolated from an adult rat
brain (Liu et al., 2009). RGMB is co-expressed with neogenin in CGNs (cerebellar
granule neurons) and entorhinal cortex neurons (Liu ef al., 2009) and upregulated in
the retinas of glaucoma-affected mice, together with RGMA and neogenin

(Schnichels ez al., 2007).

Moreover, DRG axons do not express endogenous neogenin and are
unresponsive to RGMA. DRG axons become responsive to RGMA after neogenin
expression (Rajagopalan et al., 2004). Neogenin-RGMB interaction might be
involved in neuronal migration in the dentate gyrus (Conrad et al.). The evidence
showed that Neogenin and RGMB were expressed in non-overlapping compartments
of the developing dentate gyrus.

The binding with neogenin may be a common property of all the RGMs, as
both RGMA and RGMC have shown the direct binding to neogenin. Some of the
known and predicted functions of RGMB are manifected in the context of RGMB-
neogenin association. In vitro and in vivo migration of dentate neuroepithelial cells

was abolished by RGMB, and cell adhesion was reduced when cells expressing
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neogenin came into contact with cells expressing RGMB. RGMB was shown to
suppress BMP signalling in C2C12 myoblasts and over-expression of neogenin did
not alter the inhibitory capacity of RGMB (Kanomata et al., 2009a).

However, the function of RGMB may be independent upon the association with
neogenin. RGMB is a myelin-derived inhibitor of axon growth in the CNS and
inhibits neurite outgrowth in vitro (Liu et al., 2009). RGMB might be involved in
cell—<ell adhesion due to homophilic interactions (Samad et al., 2004). Elevated
expression in the retinas of glaucoma-affected mice and around the lesion site of
spinal cord injury in rats suggest that RGMB may have a role in the response to
injury of the nervous system.

Although no other biological functions of RGMB have been reported except for
its possible role as a BMP co-receptor, as other RGMs, the molecules related to
RGMs could be predicted by the gene location, gene fusion, co-occurrence, co-
expression, homology and so on based on RGM sequences. Fig. 1.9 shows the
potential interactions of RGMs with other molecules searched by STRING, including
the information already proved by experiments. Besides sharing high identity with
RGMA and C, RGMB might bind to BMPR-IA, BMPR-IB, BMPRII, BMP2, BMP4,
and interact with Smad-1, Smad-9, Noggin with more than 90% score. Additionally,
neogenin might also interact with RGMA and RGMC as a putative receptor, and

RGMC may also interact with Hepcidin and transferring receptor protein.
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Figure 1.9 Predicted interactions of RGM and other proteins.

Human RGMB was searched and modified from STRING 8.3 as representation. RGMB
might bind to BMPRIA, BMPRIB, BMPRII, BMP2, BMP4, and interact with Smadl, Smad9,
Noggin with more than 90% score. RGMA, B and C share more than 90% identity. RGMA
and RGMC might additionally have interaction with neogenin and RGMC have interaction
with hepcidin and transferrin receptor protein, compared to RGMB. Left displayed all the
potential interactions of RGMB. Right shows the modes of actions. (Sources from:
http://string-db.org/)
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1.4.1.3 RGMC

RGMC has synonyms as Hemojuvelin (HJV), Hemochromatosis type 2 protein

(HFE2).

RGMC Gene characteristic

The RGMC gene was identified in humans as a gene within a locus linked to
juvenile haemochromatosis in 2003. The RGMC gene and was designated as HFE2
and its protein product was named as hemojuvelin (Papanikolaou et al., 2004). The
name HFE2 was given because HFE is the name of the gene that is most commonly
mutated in adult forms of hereditary hemochromatosis. It was later proposed that the
hemojuvelin gene should be given a new designation of HJV because the designation
of this gene as HFE2 being contrary to established convention as it was not a member
of the HFE family. Later, the same gene has been characterized as a homologue of
RGMA and Dragon/RGMB, and finally named RGMC.

Human RGMC gene was located chromosome 1q21.2. RGMC is one of 10
linked genes in a syntenic locus that includes, Txnip (thioredoxin interacting protein)
(1q11), Polr3gl (DNA-directed RNA polymerase III subunit RPC7-like) (1q21.1),
Ankrd34 (ankyrin repeat domain 34) (1q21.1), Lix1l (related to Lix1, which maps
near RGMB) (1q21.1), and Chdll (related to Chd1 and Chd2, which are located near
RGMB and RGMA respectively).

Moreover, the transcriptional orientation of RGMC and Chdll is tail to head,

which is different from that of RGMA-Chd2 and RGMB-Chd1 (tail to tail). The
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RGMC chromosome environment is similar in mouse and human but differs from
zebrafish. There is no Chd homologue present at the zebrafish RGMC locus.

Human and mouse RGMC genes are around 4.3 kb and 4.0 kb respectively and
composed of four exons separated by three introns. The exon at the 5’ end contains
most of the 5> UTR of RGMC mRNA, which is approximately 160 nucleotides. The
second exon contains the remaining 90 nucleotides of 5° UTR and the first 31 codons
of the RGMC protein. The following 173 codons are found in the third exon and the
remaining 222 condons in the forth exon plus a 3’ UTR of around1150 nucleotides
with a single polyadenylation signal. The four RGMC exons are well-conserved
between human and mouse. The nucleotide sequence identities in the exons range
from 73% to 83%, but the three introns are less conserved, although of similar length
(Fowler, 2008).

However, as RGMA differs from RGMB, RGMC has 4 variants due to the
differences in the 5' UTR and 5’ coding region, resulting in 3 protein isoforms

(isoform a, b and c).

RGMC gene expression

RGMC is detected in the heart and liver (Kuninger et al., 2004; Niederkofler et
al., 2004; Oldekamp et al., 2004) and is also highly expressed during skeletal muscle
differentiation (Kuninger et al., 2004; Niederkofler et al., 2004; Oldekamp et al.,
2004). During embryonic development of mouse, RGMC is detected at E11.5 in the
precursors of skeletal muscle, which is similar to Zebrafish, and at E13.5 in the heart

and liver (Kuninger et al., 2004; Niederkofler et al., 2005; Samad et al., 2004;

63



Sprague et al., 2006). As with RGMA and RGMB, the knowledge of RGMC gene
regulation remains largely unkhown. RGMC has been shown to be down-regulated
by LPS (lipopolysaccharide) through tumour necrosis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>