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Abstract: p2-microglobulin (B2-m) has become the focus of intense scrutiny since the discovery of its undesirable roles promoting
osteomimicry and cancer progression. $2-m is a well-known housekeeping protein that forms complexes with the heavy chain of major
histocompatibility complex class | molecules, which are heterodimeric cell surface proteins that present antigenic peptides to cytotoxic T
cells. On recognition of foreign peptide antigens on cell surfaces, T cells actively bind and lyse antigen-presenting cancer cells. In
addition to its roles in tumor immunity, f2-m has two different functions in cancer cells, either tumor promoting or tumor suppressing, in
cancer cell context-dependent manner. Our studies have demonstrated that p2-m is involved extensively in the functional regulation of
growth, survival, apoptosis, and even metastasis of cancer cells. We found that 2-m is a soluble growth factor and a pleiotropic signaling
molecule which interacts with its receptor, hemochromatosis protein, to modulate epithelial-to-mesenchymal transition (EMT) through
iron-responsive pathways. Specific antibodies against 2-m have remarkable tumoricidal activity in cancer, through 2-m action on iron
flux, alterations of intracellular reactive oxygen species, DNA damage and repair enzyme activities, -catenin activation and cadherin
switching, and tumor responsiveness to hypoxia. These novel functions of $2-m and 2-m signaling may be common to several solid
tumors including human lung, breast, renal, and prostate cancers. Our experimental results could lead to the development of a novel class
of antibody-based pharmaceutical agents for cancer growth control. In this review, we briefly summarize the recent data regarding $2-m
as a promising new cancer therapeutic target and discuss antagonizing this therapeutic target with antibody therapy for the treatment of

localized and disseminated cancers.
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INTRODUCTION

B2-microglobulin (B2-m), a well-known housekeeping gene, is
a nonglycosylated protein with a low molecular weight of 12-kDa.
This 99-amino acid residue protein is synthesized by all nucleated
cells. It has been identified as a major structural component of
amyloid fibrils deposited in dialysis-related amyloidosis, a common
and serious complication in patients receiving hemodialysis for
more than 10 years [1, 2]. B2-m forms a small invariable light chain
subunit of the major histocompatibility complex (MHC) class |
antigen, also known as human leukocyte antigen (HLA), on the cell
surface of nucleated cells. 2-m is an important structural protein in
the regulation of host immune recognition of self and non-self
antigens by CD8" T lymphocytes and for immunoglobulin transport
and iron metabolism [3-6]. Some animal studies have reported that
even when no MHC class | antigens could be detected on cells and
the animals were grossly deficient in CD4” CD8" T cells, which
normally mediate cytotoxic T cell function, the homozygotes
appeared normal [7, 8]. The best characterized function of p2-m
is its interaction with and stabilizing of the tertiary structure of
the MHC class | o-chain for presenting antigenic peptides from
intracellular proteins to cytotoxic T lymphocytes, although the
specific roles of 2-m in this process are not yet understood [9]. On
recognizing foreign peptide antigens on cell surfaces, T cells
actively bind and degrade the antigen-presenting cells with a large
multicatalytic proteolytic particle, the proteasome [10-12]. p2-m
is also a light chain of the neonatal Fc receptor, one of the HLA
class l-associated antigens that maintains the turnover time and
functions of albumin and IgG by preventing their digestion by
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lysosomal enzymes in the body [13]. In addition to the roles of
B2-m in immunity, several other p2-m functions with clinical
relevance have been elucidated, including the regulation of
survival, proliferation, metastasis, and even apoptosis of cancer
cells [14, 15]. The cell-associated form of the p2-m subunit does
not contribute directly to the binding interface, and therefore can be
exchanged with circulating f2-m, which is present at low levels in
serum, urine, and other body fluids under physiologic conditions
[16]. Elevated B2-m has been observed in patients with renal failure
and autoimmune and infectious diseases [17, 18]. Furthermore,
increased synthesis and release of B2-m occurs in several malignant
diseases including multiple myeloma, lymphoma, and solid tumors
as indicated by elevated serum or urine B2-m concentrations
[19-26]. Also, the level of B2-m is one of the most important
independent prognostic factors and survival predictors for some
cancers [22, 26-29].

B2-m has been reported by our laboratory and others to be a
growth-stimulating factor and cell signaling molecule in several
types of cancer cells [30-33]. We reported that 2-m played multiple
roles in cancer development and mediates tumorigenesis, angio-
genesis, and osteomimicry [30, 31, 34]. B2-m is also known to
promote the growth and survival of stromal cells, such as
mesenchymal stem cells (MSCs), osteoblasts, and osteoclasts
supporting cancer bone metastasis [31, 35-37]. The unique niche of
B2-m in cancer bone metastasis can be explained by its double
roles. First, B2-m directly acts on cancer cells to increase their
growth, survival and aggressiveness through the induction of
epithelial-to-mesenchymal transition (EMT). Second, p2-m also has
direct action on bone cells to establish a prometastatic niche and
enhance bone metastasis. These distinctive roles may make the p2-
m-mediated cell signaling network a highly desirable therapeutic
target. To uncover the P2-m-meditated intracellular signaling
network, we identified the hemochromatosis (HFE) protein as a 2-
m receptor [34]. HFE is a non-classical MHC class | molecule that
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complexes with p2-m. The f2-m/HFE complex protects against the
influx and accumulation of intracellular iron and negatively
regulates intracellular iron concentration in cancer cells, mediated
by B2-m/HFE complex interaction with transferrin receptor (TFR)
[38, 39]. We also found that lower levels of intracellular iron
concentration caused by the f2-m/HFE complex activate hypoxia
inducible factor-1 (HIF-1o) and induce overexpression of its
downstream target genes in cancer cells, driving EMT and
promoting cancer lethal bone and soft tissue metastases [34]. This
cell signaling network is highly conserved in human prostate,
kidney, lung, and breast cancer cells, with activation of p2-m/HFE
complex resulting in the induction of EMT, the lethal progression
of these cancers to host bone and soft tissues and ultimately the
demise of the host.

In this review, we focused specifically on important findings
concerning previously unrecognized roles of f2-m as a growth
factor and cell signaling molecule. We will discuss potential p2-m
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targeting as a novel therapeutic approach for the treatment of lethal
progression of human cancer bone and soft tissue metastases.

MHC CLASS | AND pg2-MICROGLOBULIN

MHC class | molecules are heterodimeric cell surface proteins
that present processed antigenic peptides from pathogen-infected or
transformed cells to CD8" T lymphocytes for host immune
surveillance [3, 4]. The antigenic peptide-presenting cells are
degraded by the proteasome but are still recognized by cytotoxic
T lymphocytes [10-12]. The MHC class | complex consists of a
45-kDa heavy chain, called the a chain, containing al, o2, and a3
domains, the 12-kDa light chain B2-m, and a transmembrane
domain with a short cytoplasmic domain (Fig. 1A). The aland a2
domains of the a chain are polymorphic and form a peptide-binding
groove. The a3 domain is an immunoglobulin (Ig)-like domain. p2-
m forms a protein-building subunit of the MHC class | molecule,
and its association with the MHC class | a chain is required for
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Fig. (1). (A) The structure of the MHC class | complex. The MHC class | complex consists of the heavy chain containing al, a2, and a3 domains, and the light
chain called f2-m. (B) The production and transport of B2-m. The cell-associated form of 2-m is not anchored on the cell surface membrane, and f2-m
exhibits dissociation and equilibrium exchange with circulating soluble f2-m.
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transport of the complex to the cell surface (Fig. 1A and B) [40].
After production of the antigenic peptide in the cytosol, it is
transported across the endoplasmic reticulum (ER) membrane in an
ATP-dependent manner. The MHC class | heavy chain and 2-m
are co-translationally translocated into the ER, where their assembly
may be facilitated by the sequential association of the heavy chain
with chaperone proteins. After the MHC class | molecule binds an
antigenic peptide, it is released to the cell surface where cytotoxic T
lymphocytes recognize its peptides as originating from foreign
proteins. The cell-associated form of p2-m is not anchored on the
cell membrane, and therefore B2-m exhibits dissociation and
equilibrium exchange with circulating soluble p2-m in the
extracellular fluid where it is present at low levels in urine, serum,
and other body fluids under physiologically relevant conditions, but
is elevated with renal tubular failure, autoimmune disease, chronic
infectious disease, and malignancies [16-26, 41].

Along with its roles in host immune surveillance, B2-m
functions as a regulator of cell survival, proliferation, invasion,
migration, angiogenesis, apoptosis, and even metastasis in cancer
cells [22, 26-31, 34, 42-45]. Recent reports from our laboratory and
others have assigned fascinating biological functions to f2-m as a
growth-stimulating factor and a cell signaling molecule, a new
androgen and androgen receptor (AR) target gene, and importantly
a new therapeutic target for both liquid and solid tumors [30-33,
46]. The unique functions of B2-m in cancer cells are briefly
recapitulated in Fig. (2) where cell surface, circulating, or
intracellular p2-m is regarded as a growth- angiogenesis-, EMT-,
and bone metastasis-promoting factor and a prognostic indicator in
solid tumor cells. Targeting the B2-m-HFE complex or B2-m-
mediated signaling pathways could ultimately trigger strong
tumoricidal effects on localized and metastatic cancer cells and is
therefore a promising and novel cancer treatment.

p2-M AS A BIOMARKER FOR CANCERS

Catabolism of p2-m following its dissociation from the MHC
class | heavy chain occurs predominantly in the proximal tubules in
the kidney. Glomerular-filtered p2-m is reabsorbed by megalin, an
endocytic receptor, in proximal tubule cells, where it is metabolized
[47, 48]. Free B2-m protein is present at low levels in urine, serum,
and other body fluids under normal conditions. A rise in pf2-m
concentration indicates abnormal conditions associated with various
disorders [16-26]. Multiple lines of evidence show that p2-m is
involved in cancer and other human malignancies. Increased
synthesis and release of B2-m, as indicated by elevated serum,
plasma, or urine f2-m concentration, occurs in several malignant
diseases, including prostate cancer, lung cancer, breast cancer, renal
cell carcinoma (RCC), gastrointestinal and nasopharyngeal cancers,
hepatocellular carcinoma, ovarian cancer, multiple myeloma, and
lymphocytic malignancies such as non-Hodgkin’s lymphoma, in
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addition to autoimmune and chronic infectious diseases [19, 21-29,
49, 50]. Furthermore, a number of studies have demonstrated that
the level of serum B2-m is one of the most important independent
prognostic factors and survival predictors for some tumors
including RCC, multiple myeloma, and T-cell leukemia [22, 24,
28]. Overexpression of B2-m in tissue specimens assessed by
immunohistochemical staining is also associated with tumor
progression and poor prognosis in colorectal cancer and esophageal
cancer [51, 52]. Analysis of B2-m in the first voided urine indicates
that urine B2-m levels are elevated with a high frequency in patients
with prostate cancer compared to matched healthy subjects and
correlate inversely with patient survival [25]. Moreover, $2-m urine
levels are higher in advanced prostate cancer patients with bone and
visceral metastasis compared to those with local/regional disease
[25]. Gross et al. reported that serum p2-m levels are also elevated
in patients with metastatic, androgen-independent prostate cancer,
and p2-m is more specific for androgen stimulation than prostate-
specific antigen (PSA) in a cell culture model [53]. PSA, the most
widely used serum marker for prostate cancer diagnosis and
evaluation of treatment, is an androgen-regulated secreted protein,
but the validity of PSA for predicting tumor burden and survival
remains controversial, partly because PSA originates from both
normal, benign and malignant prostate epithelial cells. p2-m could
be a complementary biomarker that could refine the prognostic
value of PSA in human prostate cancer.

In all malignancies, the best investigated aspect of f2-m as a
predictive biomarker is for lymphoproliferative disorders, especially
multiple myeloma. The International Staging System (ISS) stratifies
multiple myeloma patients into three stages based on the
combination of serum p2-m with albumin because serum f2-m and
albumin are powerful predictors of survival [54-56]. Serum B2-m is
an extremely useful marker in patients with multiple myeloma not
only for initial stratification but for follow-up of patients with
standard therapy or autotransplantation. The prognostic value of
pretreatment serum B2-m levels has been reported for multiple
myeloma, suggesting an excellent correlation between serum $2-m
levels and tumor burden in multiple myeloma patients [28]. A high
serum B2-m level is an established predictor of poor survival in
patients undergoing chemotherapy and an independent predictor of
both overall and event-free survival after stem cell transplantation
in multiple myeloma patients [27, 57]. Studies have also shown that
a low serum B2-m concentration is a positive predictor of complete
response among patients treated with stem cell transplantation
therapy [57].

Additionally serum 2-m measurements also provide prognostic
information on tumor burden in solid tumors. While serum B2-m
levels predict positively the progression of metastatic, androgen-
independent prostate cancer, low B2-m mRNA expression is a
strong predictive indicator of lymph node metastasis and/or poor
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Fig. (2). Schematic diagram of 2-m functions in cancer cells. B2-m is a regulator of cancer cell survival and metastasis. f2-m is an excellent prognostic
indicator of both liquid and solid malignancies. B2-m as shown to have growth-stimulating, angiogenesis-stimulating, EMT-promoting, and bone metastasis-

stimulating activities in cancer cells.
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survival in colorectal cancer patients [58]. The reason for this is that
cancer cells often downregulate MHC class | antigens, and the loss
of these antigens allows tumors to escape recognition by the
immune system. For example, RCC cells can escape elimination by
cytotoxic T cells through: 1) reduction of MHC antigen expression,
and 2) prevention of MHC antigen processing by lymphocytes [59,
60]. Interestingly, unlike multiple myeloma and prostate cancer, the
decrease or loss of p2-m expression has been associated with the
development of drug resistance and loss of estrogen receptors in
breast carcinoma cell lines [61]. In summary, it is likely that p2-m
is a dual positive or negative prognostic and therapeutic response
indicator for solid malignancies in a cancer type-specific manner.
The potential significance of p2-m as a biomarker predicting cancer
progression and its expression under tight regulation by tumor-host
microenvironment warrant further investigation.

FUNCTIONS OF p2-M IN CANCER CELLS

Regulation of Cancer Cell Growth by p2-m

Because serum, urine, and tissue levels of 2-m are elevated in
many cancers, it is critical to understand how p2-m regulates cancer
cell proliferation [30, 31, 33, 62]. p2-m from prostate or bone
stromal cell conditioned media has growth-stimulatory activity on
prostate cancer cells and shows antagonistic activity toward
transforming growth factor-1 (TGF-B1)-induced growth inhibitory
actions in human PC-3 prostatic carcinoma cells and rat PS-1
stromal cells [62]. Our laboratory has described a host of
unexpected roles for 2-m in cancer promotion using a wide range
of experimental approaches [30, 31, 33]. We have reported that f2-m
acts like a prototypical oncogenic factor capable of stimulating the
growth and progression of various cancers [30, 31, 33]. Overexpression
of p2-m promotes tumor growth and enhances migration and
invasion of prostate cancer, breast cancer, lung cancer, and renal
cancer cells by the induction of EMT. We found that genetically
stably-expressed B2-m in human prostate, breast, lung and renal
cancer cells confers growth, survival, angiogenesis and bone
metastatic potential leading to poorer prognosis for these solid
tumor malignancies in experimental mouse models [34].

Roles of p2-m in Signaling Pathways in Cancer Cells

B2-m is known to present MHC class | molecules on cell
surface by stabilizing these complexes. 2-m is also a crucial cell
growth and survival signaling molecule in cancer cells. In the first
report in our series, p2-m was identified by protein purification and
mass spectrometry in the conditioned media of both prostate cancer
and prostate and bone stromal cells as a protein capable of
stimulating osteomimicry via the expression of bone-restricted
proteins by prostate cancer cells in vitro. p2-m enhanced
osteocalcin (OC) and bone sialoprotein (BSP) gene expression by
activating cyclic AMP (cAMP)-dependent protein kinase A (PKA)
activity, which phosphorylates cAMP-responsive element-binding
protein (CREB). This activation induced tumor growth in mouse
bone via increased phosphorylated CREB (pCREB) and the
expression of CREB-target genes including OC, BSP, cyclin A,
cyclin D1, and the potent angiogenic factor, vascular endothelial
growth factor (VEGF) [30]. Similar results were observed in a renal
carcinoma cell model by forced expression of B2-m in a human
renal carcinoma SN12C cell line. 2-m overexpressed SN12C cells
underwent EMT with enhanced ability to invade and migrate,
eventually supporting the lethal progression of cancer to bone and
soft tissues in mice. B2-m expressing cancer cells exhibited
increased bone turnover and generated mixed osteolytic and
osteoblastic responses, though displaying a predominantly
osteolytic phenotype with significant bone destruction in renal
carcinoma cells (31, 34). These reports also indicated that 2-m
activated both p2-m/PKA/CREB signaling and its convergent cell
survival signaling network, phosphatidylinositol 3-kinase (P13K)/Akt
and extracellular signal-regulated kinase (ERK). Furthermore,
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we found that recombinant $2-m protein could phosphorylate the
Bcl-xL/Bcl-2-associated death-promoting protein, Bad, at Ser136
and Ser112 via activated PI3K/Akt and ERK signaling pathways in
renal carcinoma SN12C cells [33]. Using a robust human prostate
cancer EMT progression model, Zhau et al. [63] from our group
also showed that p2-m stably transfected ARCaPg prostate cancer
cells had consistently activated STAT3, Snail, LIV-1, and
overexpressed LIV-1 and receptor activator of nuclear factor
kappa B ligand (RANKL) protein, with all of the transfected cells
expressing markers indicative of EMT and morphologic transition
to fibroblast-like cells. B2-m-overexpressing cancer cells including
prostate cancer, breast cancer, lung cancer, and renal carcinoma,
underwent a cadherin switch in which cells expressed decreased E-
cadherin but enhanced N-cadherin and vimentin in harvested tumor
tissue specimens and in intratibial tumor tissue sections [34]. These
results support the concept that EMT occurs subsequent to 2-m
expression and that this phenotype is stable in vivo. We first
assumed that p2-m could activate cAMP-dependent PKA activity
by binding to and activating the seven-transmembrane G protein-
coupled receptor (GPCR) or a yet to be identified f2-m receptor.
B2-m has been reported to interact with both classical and non-
classical members of MHC class | [40, 64]. Josson et al. reported
that HFE protein, a non-classical MHC class | member, interacts
with B2-m to modulate iron homeostasis and govern EMT in cancer
cells. The p2-m/HFE complex plays a key role in regulating iron
homeostasis, mediated by its interaction with the TF-TFR complex,
or TFR complex. p2-m protected against the influx and accumulation
of intracellular iron, and lower levels of intracellular iron activated
HIF-1o and its target genes including EMT markers and VEGF. In
this report, knocking down either the HFE protein or f2-m resulted
in MET, a reversal of EMT, in prostate cancer cells with supportive
morphological, biochemical, and behavioral characteristics. Thus,
B2-m/HFE interactions are important for f2-m-mediated EMT and
cell survival [34]. p2-m also regulates the expression of hormone/
growth factor receptors, such as, AR, epidermal growth factor
receptor, insulin receptor, and insulin-like growth factor receptor,
on cell surfaces, suggesting that p2-m-mediated signaling may be
transmitted through these receptors [46, 65-69].

It is well-known that aberrant androgen signaling mediated by
AR, a ligand-activated transcription factor and survival factor, plays
a key role in regulating prostate cancer growth and survival [70].
Gross et al. reported that f2-m is a downstream androgen target
gene under the control of AR in a human prostate cancer cell line
[53]. Interestingly, Huang et al. showed a reciprocal relationship
between B2-m and AR in which B2-m regulates downstream AR
and PSA expression directly in AR-positive prostate cancer cells
[69]. This further provided a molecular link between the B2-m
intracellular signaling axis mediated by ERK and sterol regulatory
element-binding  protein-1  (SREBP-1), involving lipogenic
signaling, which collectively regulates AR expression and function.
These results in aggregate suggest that multiple f2-m downstream
signaling pathways, including AR signaling, SREBP-1/lipogenesis
and lipid raft-mediated signaling, and reactive oxygen species
(ROS) and its regulated cell signaling network, all converge with
the B2-m-mediated downstream cell signaling network [69, 71]. A
proposed B2-m-mediated multiple molecular signaling network
promoting human cancer cell survival, EMT, angiogenesis, and
osteomimicry is depicted in Fig. (3).

ROLES OF p2-M IN DEVELOPING CANCER BONE
METASTASIS

Roles of p2-m in Interaction between Cancer Cells and Bone
Microenvironment

Bone is the second most common site of cancer metastasis.
Advanced-stage cancer patients develop bone metastases with or
without hormonal therapy, radiation therapy, chemotherapy, and
immunotherapy, and there is no effective treatment currently
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Fig. (3). Proposed molecular mechanism whereby B2-m affects cancer growth and progression. The p2-m/HFE complex negatively regulates iron uptake
through TFR complex and activates the PI3K/Akt, Raf/ERK, JAK/STAT3, cAMP/PKA/CREB, and HIF-1a signaling pathways, with increased cell
growth/survival, angiogenesis, EMT and osteomimicry. $2-m activates both p2-m/PKA/CREB signaling and its convergent cell survival signaling network,
PI3K/Akt and ERK, through VEGF-VEGFR signaling resulting in phosphorylation of Bad at Ser136 and Ser112. 32-m/PKA/CREB signaling also activates
CREB-target gene expression including OC, OPN, BSP, cyclin A, and cyclin D leading to osteomimicry. B2-m/JAK/STAT3 signaling promotes the induction
of EMT with increase of RANKL, N-cadherin, LIV-1 and vimentin expression and decrease of E-cadherin expression through Snail activation. Activated f2-m
signaling also increases SREBP-1 transcription factor activity resulting in enhanced AR expression, lipogenesis, and ROS in prostate cancer cells.

available. To develop new approaches targeting advanced cancer
bone metastasis, we need to understand the reciprocal interactions
between cancer and bone cells at the molecular level. Bone is
constantly being remodeled, which involves the synthesis of bone
matrices by osteoblasts coordinated with increased bone resorption
by osteoclasts [72-74]. Bone homeostasis generally depends on the
dynamic equilibrium between osteoblasts and osteoclasts and the
numerous cytokines and chemokines that mediate the “crosstalk”
between cancer and bone cells [72-74]. Once in the bone, cancer
cells alter the balance between bone formation and bone resorption,
often by increasing osteoclast activity, leading to increased bone
resorption and crippling bone damage [72-74]. In the case of
prostate cancer, however, increased formation of new but weak
“woven” bone or osteoblastic reaction was noted. These predominant
mechanisms of cancer bone metastasis rely on cytokines and
growth factors produced by metastatic cancer cells. One of the
unique features of bone metastatic cancer cells is their property
of osteomimicry, or ability to mimic the gene expression and
behaviors of bone cells by synthesizing bone-like proteins. Some of
the factors expressed by cancer cells that are involved in
osteomimicry include OC, osteopontin (OPN), osteonectin/SPARC,
RANKL, BSP, tumor necrosis factors (TNF)-a and —B, parathyroid
hormone related protein (PTHrP), interleukin (IL)-11, and CTGF
[75, 76]. Circulating soluble p2-m has been identified by our
laboratory as a crucial autocrine and paracrine growth-stimulating
factor that allows cancer cells to metastasize, or gain access to bone
and colonize the skeleton. This action of 2-m is mainly due to its
ability to stimulate the expression of RANKL or LIV-1, which was

confirmed by the overexpression or knockdown of these genes in
human prostate cancer cell lines, with either increased or decreased
prostate cancer bone metastasis, respectively [77, 78]. We have
reported that p2-m activates PKA signaling, mediated by CREB
with increased expression of CREB target genes, including OC and
BSP, in prostate cancer [30]. This activation could also enhance
angiogenesis with increased VEGF expression and facilitate the
recruitment of osteoclasts to the site of metastatic cancer colonization
in bone. Previous studies have supported the association of
increased EMT with the ability of cancer cells to migrate, invade,
and metastasize to the skeleton. p2-m also regulates cancer
bone metastasis and confers cancer lethality through EMT by
downregulation of E-cadherin and upregulation of N-cadherin,
vimentin, and RANKL in solid tumors [34, 63].

Cancer bone metastasis requires strong interaction between
cancer cells and bone microenvironments. It has been well
documented that $2-m regulates bone cell metabolism and plays a
role in the development of bony destruction in dialysis-related
amyloidosis [79]. In an experimental model, subcutaneous injection
of B2-m induced bone resorption and purified human 2-m induced
calcium efflux mediated in part by IL-1f, but not by prostaglandins
[35]. B2-m also induces cyclooxygenase-2 (COX-2) expression in
human synovial cells and stimulates the synthesis and secretion of
IL-6 and RANKL, both potent bone-resorbing cytokines promoting
osteoclastogenesis [36]. In addition to bone metabolism, p2-m
can directly or indirectly initiate the inflammatory process in
synovial cells, which may be involved in cancer development and
progression. We have reported that p2-m enhances cancer cell
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mediated osteolysis by increasing osteoclast activity in mouse
bones implanted with p2-m overexpressing cancer cell clones,
including prostate cancer, breast cancer, lung cancer, and renal
cancer, which confirmed that f2-m can stimulate osteoclastogenesis
[34]. RANKL (associated with cancer cells or osteoblasts) and its
TNF-family receptor RANK (associated with osteoclasts) are
essential regulators of bone remodeling and bone metastasis in
cancer [80]. Thus, increased bone turnover through increased
RANKL and RANK interaction results in activation of osteoclasto-
genesis. We have reported that p2-m-transfected cancer clones
consistently show activated STAT3, Snail, LIV-1, and RANKL
with all of the transfected cells expressing indicative EMT markers
[63].

Regulation of MSCs Growth by p2-m

Over the last decade, a great deal of attention has been directed
toward the role of bone marrow-derived MSCs in cancer
progression [81]. Bone marrow-derived MSCs with migratory,
invasive, and self-renewal potential have been proposed to give rise
to a variety of mesenchymal cells such as osteoblasts, chondrocytes,
adipocytes, fibroblasts, and muscle cells [82, 83]. The biology and
roles of MSCs in carcinogenesis and cancer progression are more
complicated than those of their hematopoietic counterparts. Upon
recruitment into a tumor, MSCs could exist in a special location,
fuse with adult stem cells, and participate in cancer cell growth and
colonization at metastatic bone sites [81, 84]. It is reasonable to
suppose that an intimate reciprocal interplay exists between bone
marrow-derived MSCs and cancer cells in bone because bone
metastatic cancer cells have close contact with bone marrow
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stromal cells. MSCs, which have great proliferative and multi-
potentiality, produce growth factors and cytokines in a niche
supporting the expansion of cancer cells in an osteolysis-promoting
microenvironment. Shi et al. reported that MSCs interact with
prostate cancer cells to promote cancer cell growth, migration, and
invasion through the induction of osteomimicry and EMT [85]. In
contrast, the proliferation of MSCs is influenced by growth-
stimulating factors secreted by cancer cells in a microenvironment
in which MSCs become tumor-associated fibroblasts. Possibly p2-
m regulates the growth and migration of MSCs [86]. f2-m secreted
by cancer cells induces the growth of MSCs, whereas anti-p2-m
antibody or siRNA for $2-m blocks the expansion of MSCs. $2-m
was found to increase the proliferation of MSCs through increased
pCREB and upregulation of IL-6 and VEGF [87, 88]. VEGF, an
important factor involved in the development of tumor blood
supply, can also substitute for pro-osteoclastogenic cytokine
macrophage colony-stimulating factor and upregulate RANK
expression in osteoclast precursors, thus promoting osteoclasto-
genesis. We have reported that 2-m-overexpressing cancer cells in
bone tumors develop osteolytic lesions with a large number of
osteoclasts, although osteoblastic foci could be co-present [34].
That is, p2-m may play a role in mediating the “vicious cycle”
interaction between MSCs and cancer cells with accelerating
osteoclastogenesis. The possible roles of 32-m in the regulation of
osteoblasts, osteoclasts, and MSCs are summarized in Fig. (4).

p2-M AS A NEGATIVE GROWTH REGULATOR

The ability of 2-m to act either as a positive or negative cell
growth regulator is cell context-dependent. We have assessed the

e

Cancer cell proliferation, invasion, and migration

Autocrine ﬂ
O

0ocC, BSP

IL-6, IL-8

COX-2, MCP-1
Collagen

p-CREB
IL-6
VEGF

Paracrine

RANKL

Osteoblasts \Mesenchymal stem cells (MSCs) Osteoclasts

Cancer cell growth in bone

Fig. (4). The p2-m-mediated association between cancer cells and bone stromal cells in developing cancer bone metastasis. f2-m functions as an autocrine
and/or paracrine growth-stimulating factor, inducing several cytokines in cancer cells, allowing MSCs to develop enhanced osteoclastogenesis or
osteoblastogenesis. First, B2-m produced by cancer cells stimulates their proliferation, invasion, and migration through autocrine and/or paracrine mechanisms.
Second, cytokines including those produced by p2-m stimulated cancer cells and regulated the “vicious cycle” interaction between cancer cells and cells in
cancer microenvironments, such as MSCs, osteoblasts, and osteoclasts during bone metastasis.
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growth stimulatory role of p2-m in various solid tumor
malignancies; however, f2-m also appears to play a role as a
negative growth regulator in hematological malignancies, principally
myeloid and lymphoid leukemia cell lines. The mechanisms
underlying p2-m-induced apoptosis appear complicated. Mori et al.
have reported that recombinant human B2-m acts on both T-
leukemic cells and myeloid leukemic cells to induce apoptosis,
which activates caspase-1 and -3 [89]. p2-m-induced apoptosis is
not mediated by either the FasL/Fas or the TNF-o/TNFR systems
and is also independent of IL-8-induced apoptosis. Anti-p2-m
monoclonal antibody completely blocked both the suppression of
cell proliferation and the induction of apoptosis by p2-m in K562
and CCRF-CEM cells. Min et al. reported that f2-m suppressed the
growth of both primary myeloma cells isolated from patients and
myeloma cell lines (ARK-RS, ARP-1, RPMI-8226, U266, ARH-77,
and IM-9) by induction of apoptosis and cell cycle arrest [43].
B2-m-induced apoptosis was dependent on activation of a caspase
cascade, was inhibited by IL-6, and was not mediated by death
receptors. Furthermore, p2-m-induced cell growth arrest was
accompanied by downregulation of cyclin A and cyclin D2.
Exogenous B2-m induced apoptosis in CCRF-HSB-2 human
lymphoblastic leukemia cells through an unknown caspase-
dependent mechanism that was independent of mitochondrial
permeability transition pore formation. B2-m also significantly
enhanced the production of ROS, and the antioxidant N-
acetylcysteine (NAC) inhibited B2-m-induced apoptosis, providing
evidence that f2-m-induced apoptosis in CCRF-HSB-2 cells was
ROS-dependent [45]. Moreover, exogenous $2-m induces apoptosis
through a caspase-dependent mitochondrial pathway in HL-60
leukemia and vincristine-resistant HL-60/\VCR cells and through a
Bcl-2-associated X protein (Bax)-independent, non-mitochondrial,
caspase-dependent pathway in doxorubicin-resistant HL-60/ADR
cells [90]. Interestingly, p2-m increased the sensitivity of MCF-7
cells to doxorubicin, and a decrease or loss of 2-m expression by
antisense RNA was involved in the acquisition of doxorubicin
resistance [61]. As mentioned above, the activities of f2-m as an
apoptosis inducing factor or as a determinant of chemosensitivity
are extremely variable. Further studies are required to determine the
precise molecular mechanisms by which B2-m regulates the
elimination of tumor cells.

p2-M AS A PROMISING TARGET IN CANCER THERAPY

Given the elevated B2-m expression in many tumor types
and its functional importance as a signal transducing molecule
in the survival of cancer cells, it is not surprising that f2-m and
B2-m-mediated signaling are considered to be attractive targets for
therapeutic intervention in human malignancies. Several targeting
strategies have been explored thus far. Of these, sequence-specific
siRNA and antibodies have garnered the most attention. Huang et al.
in our group first reported that B2-m siRNA inhibited the growth of
C4-2B cells, an androgen-independent human prostate cancer cell
line of LNCaP lineage [30]. They also validated the effect of p2-m
siRNA on human prostate tumor growth, both in subcutaneous bone
powder xenografts and in mouse skeleton. f2-m siRNA injection
eliminated tumors inoculated in bone as well as preexisting tumors
grown as bone powder xenografts, via induction of apoptosis.
Similar results were found using siRNA in a RCC system,
demonstrating that p2-m SiRNA reduced cell proliferation by
induction of apoptosis through activation of the initiator caspases
[31]. In addition to the growth inhibitory effect of f2-m siRNA,
inhibition of B2-m expression negatively affected invasion and
migration of renal carcinoma cells. Interestingly, inhibition of p2-m
by B2-m siRNA can reverse EMT with stable morphologic MET,
which is accompanied by increased E-cadherin and decreased
vimentin expression in prostate cancer cells. In these cancer cells,
knocking down HFE by HFE shRNA lentiviral constructs results
in decreased expression of vimentin and increased expression of
E-cadherin with downregulation of B2-m, thus reducing the

Anti-Cancer Agents in Medicinal Chemistry, 2014, Vol. 14, No. 3 349

B2-m/HFE complexes [34]. It is also noteworthy that polyclonal
and monoclonal antibodies specific for cell surface p2-m inhibited
growth and induced apoptosis in prostate cancer and renal carcinoma
cells [33, 46]. Analysis of signaling pathways downstream from
antibody ligation of B2-m indicated that anti-B2-m antibodies
inhibit the phosphorylation of Akt and ERK and activate c-jun N-
terminal kinase (JNK), resulting in the induction of Bcl-2
phosphorylation and decreased phosphorylation of Bad. In addition,
we reported that p2-m downstream signaling regulates AR and PSA
expression, and reprograms fat metabolism through SREBP-1,
while interrupting p2-m-mediated signaling with anti-B2-m
antibodies inhibits prostate cancer cell growth and progression and
induces apoptosis via the downregulation of AR and lipogenesis
signaling [46, 69].

Near-simultaneously, Yang et al. demonstrated that monoclonal
antibodies against p2-m induced apoptosis of hematologic
malignant cells including p2-m-expressing multiple myeloma,
Burkitt lymphoma, mantle cell lymphoma, and T-cell and myelogenous
leukemia cell lines as well as primary tumor cells isolated from
patients with myeloma, both in vitro and in xenograft mouse
models [32]. The monoclonal antibodies induced apoptosis via the
relocation of MHC class | molecules to lipid rafts and the activation
of Lyn and the signal-transducing enzyme phospholipase C-y2,
leading to activated JNK and Akt and ERK inhibition, compromised
mitochondrial integrity, cytochrome c release, and activation of the
caspase-9 cascade. The lipid raft appears to mediate signal
transduction by excluding cytokine-activated receptors and their
downstream mediators. In fact, anti-p2-m monoclonal antibodies
excluded IL-6 and insulin-like growth factor-1 (IGF-1) receptors
and their substrates from the lipid rafts by recruiting MHC class |
molecules into the rafts. Thus, the p2-m monoclonal antibodies
induced apoptosis by abrogating the survival signaling mediated by
IL-6- or IGF-1-mediated Janus kinase/STAT3 (JAK/STAT3), Akt,
and ERK signaling pathways in multiple myeloma cells [91].
Similar biochemical mechanisms are affected in solid as well as
liquid tumors, suggesting that the activation of a general and
conserved cell signaling network mediated by B2-m could be the
underlying mechanism of anti-p2-m antibody-induced cytotoxicity
in these tumor models.

Encouraging studies have suggested that MHC molecules are
targets for cancer therapy. Indeed human HLA-DR-specific
monoclonal antibodies can efficiently induce apoptosis in malignant
lymphoid cells, but the expression of HLA-DR on normal
hematopoietic cells is a potential safety concern [92]. Likewise, p2-
m monoclonal antibodies may influence normal hematopoietic cells
because these cells also express p2-m on their cell surfaces. So far,
the exact mechanisms by which $2-m antibodies display different
effects on cancer cells versus normal cells remain unclear.
However, anti-B2-m monoclonal antibodies appear to be favorably
selective for tumor cells, in part because of the presence of higher
levels of TF-TFR complex facilitating active iron transport in tumor
but not normal cells when treated with anti-B2-m monoclonal
antibodies (Josson et al. unpublished results). In contrast, the
growth of normal cells, including T and B lymphocytes and CD-34-
positive bone marrow stem cells, is insensitive to blockade by anti-
B2-m monoclonal antibodies [32]. One technical note should not
be ignored: commercial preparations of anti-B2-m monoclonal
antibodies often contain a low concentration of sodium azide
(0.1%) to avoid the growth of microorganisms. We found some
prostate cancer cell lines, such as LNCaP and C4-2 and C4-2B are
sensitive to the growth inhibitory effects of sodium azide in the
anti-p2-m monoclonal antibody preparations while other prostate
cancer cell lines, such as ARCaPg and ARCaP,, are not. It is
crucial to evaluate the effectiveness of anti-p2-m monoclonal
antibodies in the absence of sodium azide for mechanistic studies
using cultured cell lines and studies of its therapeutic effects in
animal models of local cancer growth and their distant metastases.
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CONCLUSIONS

In summary, due to elevated expression in many tumor types,
potent oncogenic activity, and contribution to pro-survival signaling
pathways, B2-m and the f2-m-mediated cell signaling network have
shown promise as a novel target for drug development and cancer
control. While the biology of 2-m and its antagonism by anti-p2-m
antibodies appears highly cell context-dependent, we characterized
the effects of anti-B2-m antibodies in a series of human solid
tumors in a preclinical setting and observed that antibodies
targeting B2-m exhibited tumoricidal activity through interference
with the B2-m-HFE complex regulating iron flux, and the redox
state of cancer cells. Because of the differential function of the TF-
TFR complex in cancer versus normal cells, anti-2-m antibodies
had a favorable growth-inhibitory effect on cancer cells without
damaging normal cells and tissues, suggesting they are attractive
and safe therapeutic agents for clinical translation. Continued
research will generate additional insights into the functions of 2-m
in cancer progression, including its involvement in cell signaling
networks and apoptotic cell death, and thereby open additional
avenues for therapeutic development and new intervention
strategies in cancer.
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