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Abstract: Protein degradation by the ubiquitin-proteasome system is central to cell homeostasis and survival. Defects in
this process are associated with diseases such as cancer and neurodegenerative disorders. The 26S proteasome consists of a
20S proteasome core and two 19S regulatory subunits. The 20S proteasome core is composed of 28 subunits that are arranged
in four stacked rings, resulting in a barrel-shaped structure. The two end rings are each formed by seven O subunits, and the
two central rings are each formed by seven 1 subunits. Replacement of LMPY by LMP2/B1i increases the capacity of the
immunoproteasome to cleave model peptides after hydrophobic and basic residues. LMP2/B1i mediates the cell survival
pathway. Embryo implantation involves the invasion of placental extravillous trophoblast cells (EVTs) into the uterus.
Normal human placentas or placentas from hydatidiform mole patients were collected and the expression of LMP2/B1i in
different cell types including trophoblastic column (TC), cytotrophoblast cells (CTB) and syncytiotrophoblasts (STBs) was
examined under different pathological states by pathological analysis. LMP2/B1i expression in TC of partial hydatidiform
mole and complete hydatidiform mole placentas was higher than that in TC of normal human placentas. The overexpression
of LMP2/B1i in trophoblast cells of hydatidiform moles may contribute to its highly invasive phenotype. LMP2/B1i-deficient
mice reportedly exhibit uterine neoplasms, with a disease prevalence of 36% by 12 months of age. Further experiments with
human and mouse uterine tissues clarified the biological significance of LMP2/B1i in malignant myometrium
transformation and the cell cycle, which implicated LMP2/B1i as an anti-tumorigenic candidate. In this mini review, we
covered recent insights into the molecular and cellular pathways involved in LMP2/B1i-mediated biological functions, with
a particular focus on embryo implantation and uterine mesenchymal tumorigenesis.
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multicatalytic protease responsible for the majority of
nonlysosomal degradation in eukaryotic cells that
recognizes and degrades ubiquitinated proteins, including

1. Introduction

The proteasome is an ATP-dependent, multisubunit,
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misfolded, damaged, and other regulatory proteins [1,2].
The ubiquitin-proteasome pathway (UPP) is involved in
regulating the cell cycle, degrading some transcription
factors, modifying some membrane proteins, assembling
ribosomes, and antigen presentation of major
histocompatibility complex (MHC) class 1 [1,3,4].
Cytoplasmic proteins are mostly degraded by a protease
complex, which has many substrates consisting of
twenty-eight 20 to 30-kDa subunits, referred to as the 20S
proteasome, and it is located in the nucleus and cytoplasm
[5]. The proteasome structure is a cylindrical complex
containing a core of four stacked rings around a central pore,
with each ring being composed of seven individual proteins.
The inner two rings are made of seven /8 subunit that contain
three to seven protease active sites [6,7]. Each proteolytic 8
subunits expressed with an NH2-terminal threonine residue
is critical for multiple peptidase activities, including
chymotryptic-, tryptic-, and peptidylglutamyl-like activities
[8-10]. Two of the [ subunits with an NH2-terminal
threonine residue, low molecular mass polypeptide (LMP)
2/Bli and LMP7/B5i, which are induced by the
pro-inflammatory cytokine interferon (IFN)-y, are encoded
within the class II region of the MHC, directly adjacent to
the transporter associated with antigen presentation (TAP) 1
and TAP2 genes [11]. Several experiments have shown that
incorporation of LMP2/B1i and LMP7/B5i into the 20S
proteasome is responsible for antigen presentation, and
inhibiting proteasome activity affected the capacity of cells
to present antigenic peptides [12,13]. Furthermore, the 20S
proteasome reconstructed by LMP2/Bli and LMP7/B5i,
referred to as as immuno-proteasome, produced increased
chymotryptic and tryptic protease activities and modulated
cleavage-site preferences of the proteasome [14,15]. The
proteasome is localized both in the nucleus and in cytoplasm
of eukaryotic cells, while LMP2/Bli and LMP7/B5i
individually appear to be more intense in the endoplasmic
reticulum [16,17]. Thus, proteasomes in different cells
normally differ in subunit composition and functional
activities in a way that correlates with the cell’s capacity for
antigen presentation [1]. This review showed that LMP2/B1i
communication is important for maintaining embryo
implantation and transforming mesenchymal cell in the
female genital system.

2. Biological Significance of LMP2/B1i
In Embryo Implantation

Implantation of the embryo into the uterine endometrial is
a highly regulated event critical for the establishment of
pregnancy. Successful embryo implantation depends upon
the synchronized development of both the invasiveness of
the embryo and receptivity of the endometrium [18]. This
process is accompanied by extensive degradation and
remodeling of the extracellular matrix (ECM). Numerous
studies in mice, primates, and humans have shown that
matrix metalloproteinases (MMPs), which are responsible
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for degrading the ECM, are key regulators of blastocyst
implantation [19-21]. Ubiquitin-related proteins were shown
to be present in human, baboon, rhesus monkey, cow, sheep,
and mouse pregnant uteri [22-26], and may be essential for
endometrial modification and placental development during
early pregnancy. However, no direct evidence has show
whether the UPP is involved in embryo implantation or has a
regulatory effect on mRNA expression and the activities of
MMP-2 and MMP-9.

LMP2/B1i and LMP7/B5i expression levels significantly
increased with the elongation of pregnancy. LMP2/B1i and
LMP7/B51i mRNAs were mainly expressed in the luminal
and glandular epithelia on Day 12 of pregnancy. On Days 18
and 26 of pregnancy, strong signals of LMP2/Bli and
LMP7/B351 mRNAs were detected in the placental villi,
trophoblastic column, and arterial endothelial cells close to
the implantation site, and moderate expressions were found
in the trophoblastic shell and glandular epithelium (Fig. 1).
LMP2/B1i and LMP7/B35i mRNAs were extensively
distributed in the stroma on Day 26 of pregnancy. The
expression patterns of LMP2/B1li and LMP7/B5i proteins
were similar to those of their transcripts, whereas weak
immunostaining of LMP2/B1i and LMP7/B5i proteins was
detected in stroma at all stages of pregnancy. LMP2/B1i and
LMP7/B51 may be involved in placental villi invasion,
degradation of ECM, immune tolerance, glandular secretion,
and angiogenesis.

The regulatory mechanism of LMP2/B1i on the
expression and activities of MMP-2 and MMP-9 was
examined using the human invasive extra villous trophoblast
cell line, HTR8/Svneo. The expression of mRNA encoding
the NF-kB1 subunits pS0 and p65 remained normal in
LMP2/B1i-inhibited cells, whereas the p50 protein levels
significantly decreased in cytosolic and nuclear extracts, and
p65 protein levels were markedly reduced in the nuclear
extract only [27]. LMP2/B1i contributes to IkBa
degradation and p50 generation, and the inhibition of
LMP2/B1i suppresses the expression and activities of
MMP-2 and MMP-9 by blocking the transfer of active
NF-kB1 p50/p65 heterodimers into the nucleus.

Embryo implantation involves the invasion of placental
extravillous trophoblast cells (EVTs) into the uterus.
Hyperactive EVT invasion occurs in hydatidiform moles
and choriocarcinomas. Normal human placentas or
placentas from hydatidiform mole patients were collected
and the expression of LMP2/B1i in different cell types
including trophoblastic column (TC), cytotrophoblast cells
(CTB) and syncytiotrophoblasts (STB) was examined under
different pathological states by immunohistochemical
analysis. The expression of LMP2/B1i in TC of partial
hydatidiform mole and complete hydatidiform mole
placentas, was higher than that in TC of normal human
placentas. The overexpression of the 20S proteasome
[B-subunit LMP2/B1i in trophoblast cells of hydatidiform
moles may contribute to its highly invasive phenotype (Fig.

).
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Figure 1. This picture shows implantation of the blastocyst, an early stage in embryo development, into the uterine epithelium. Cooperative interactions
between trophoblast cells and maternal cells then form the placenta. In mammals, trophoblast cells lie adjacent to the surface epithelium of the uterus,
but they do not invade it. Natural killer (NK) cells are also not present. Nutrients are transferred to the fetus from maternal blood vessels close to the
uterine epithelium and in glandular secretions. This arrangement is known as an epitheliochorial placenta. The endometrium does not transform into the
decidua, which is the name given to an endometrium that has differentiated under the influence of progesterone. In human placentation, trophoblast cells
invade blood vessels as in rhesus macaques, but they replace the vascular endothelium in the myometrium to a greater degree. Invasion extends beyond
the endometrium into the myometrium, whereas it is restricted to the endometrium in rhesus macaques. In addition, trophoblast cells invade the decidua,
replacing the medial smooth muscle with fibrinoid material. Accompanying these changes is the presence of numerous NK cells. Strong signals of
LMP2/Bli mRNAs were detected in the placental villi, trophoblastic column, and arterial endothelial cells close to the implantation site, and the
moderate expression was found in the trophoblastic shell and glandular epithelium. LMP2/Bli expression in trophoblast cells of hydatidiform moles may

contribute to its highly invasive phenotype.

3. Biological Role of LMP2/B1i in
Uterine Mesenchymal Tumorigenesis

Proteasomal degradation is essential for many cellular
processes, including the cell cycle, regulation of gene
expression, and immunological function. The abnormal
expression of proteasome subunits has been correlated with
tumor initiation and progression [27-29]. The individual
expression of LMP2/B1i, LMP7/B5i, and LMPI10
(MECL-1)/B2i subunits is believed to contribute to the
initiation and development of disorders. A recent study
revealed a unique role for LMP7/B5i in controlling
pathogenic immune responses and provided a therapeutic
rationale for targeting LMP7/B5i in autoimmune disorders,
especially rheumatoid arthritis [30]. Selective inhibition of
LMP7/B5i blocked the production of interleukin-23 (IL-23)
by activated monocytes and interferon-y and IL-2 by T cells.
In mouse models of rheumatoid arthritis, a LMP7/B5i

inhibitory treatment reversed the signs of disease and
resulted in reductions in cellular infiltration, cytokine
production, and autoantibody levels. Recent reports have
demonstrated that LMP2/Bli is obligatory for tumor
surveillance and the tissue-specific role of LMP2/B1i in
protection from spontaneous uterus neoplasms [31,32]. The
presentation of antigenic peptides by MHC class I molecules
is important for tumor rejection by CTLs. Such antigenic
peptides are generated as a result of the degradation of
intracellular proteins by the proteasome pathway, a process
that is influenced by the LMP2/Bli subunit of the
proteasome complex. Therefore, LMP2/B1i-deficient mice
exhibit a defect in proteasome function. LMP2/B1i-deficient
mice have now been shown to develop uterine neoplasms,
with a disease prevalence of 36% by 12 months of age. This
finding indicates that proteasome function is essential for
MHC class I-mediated tumor rejection by CTLs.
Homozygous mice deficient in LMP2/B1i exhibit tissue- and
substrate-dependent  abnormalities in the biological
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functions of the proteasome [31, 32]. Ut-LMS reportedly
occurred in female LMP2/B1i-deficient mice at the age of 6
months or older and the incidence at 14 months of age was
about 40% [32, 33]. Disease prevalence in mice is similar to
that of human Ut-LMS, which occurs after menopause.
Histological studies of LMP2/Bli-deficient uterine tumors
revealed the characteristic abnormalities of human Ut-LMS
[32]. These tumors lacked lymphoid infiltrates, a sign of
immune recognition, and consisted of uniformly elongated
smooth muscle cells arranged into bundles. The nuclei of
tumor cells varied in size and shape; furthermore, mitosis
was frequently observed. The tumors lacked lymphoid
infiltrates, a sign of immune recognition, and consisted of
uniformly elongated myometrium cells arranged into
bundles. The nuclei of tumor cells varied in size and shape.
Furthermore, mitosis was frequently observed. In contrast,
the myometrium cells of C57BL/6 mice were normal in
appearance [32]. Whereas relatively few ki-67-positive cells,
which are proliferating cells, were observed in the basal cell
layer of the normal myometrium, most of the basal cells in
LMP2/B1li-deficient mice strongly expressed ki-67 [32].
This immunological staining indicates the abnormal
proliferation of LMP2/Bli-lacking cells in the basal layer.
LMP2/Bli-deficient mice that have developed Ut-LMS
exhibit marked weight loss, and then die by 14 months of
age. They may also have skeletal muscle metastasis from the
Ut-LMS [34]. Therefore, LMP2/Bli-deficient mice with
Ut-LMS may die as a result of tumor growth and metastasis.
In general, it is not easy to distinguish uterine LMA from
Ut-LMS in humans; however, in mice, because of the
characteristic pathological findings in mice, including
significant weight loss and possible skeletal muscle
metastasis, a tumor that develops in the uterus of an

Leiomyorma
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Leiomyosarcoma LMP2 negative
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LMP2/B1i-null mouse can be considered malignant, i.e., a
Ut-LMS [32,33]. Research experiments with LMP7/B5i
knock out mice have demonstrated that a LMP7/B5i
deficiency also affects the cleavage site preference of the
20S proteasome, and the reduced MHC class I antigen
presetation of LMP7/B5i knock out mice is most likely due
to an impairment in peptide generation [35]. Although the
20S proteasome from LMP7/B5i knock out mice showed
altered proteolytic activities and cleavage site preferences,
no report has shown that LMP7/B5i knock out mice exhibit
uterine neoplasms [35].

Furthermore, immunohistochemistry (IHC) revealed a
serious loss in the ability to induce LMP2/B1i expression in
human Ut-LMS tissue relative to that in LMA or a normal
myometrium located in the same section [36,37] (Fig. 2)
NOTED  Of the 54 cases we examined with human Ut-LMS,
46 were negative for LMP2/B1i expression, 4 were focally
positive, and 2 were partially positive [37]. Two Ut-LMS
cases stained for LMP2/B1i. LMP2/B1i levels were also
evaluated in skeletal muscle and rectum metastases from
individual Ut-LMS patients [37,38]. A pathological
examination of surgical samples revealed the presence of a
mass measuring 3 cm in its largest diameter in the lumbar
quadrate muscle without a fibrous capsule. All lymph nodes
were negative for human Ut-LMS metastases, and
immunohistological studies showed positivity for ki-67 and
negativity for LMP2/B1i [37]. Histological findings were
consistent with metastatic Ut-LMS for the skeletal muscle
and rectum lesions [37]. In western blotting and RT-PCR
experiments, LMP2/B1i was expressed in the normal
myometrium and LMA, but not in human Ut-LMS, both of
which are strongly supportive of the IHC findings
[36,37,39].

Leiomyoma LMP2 positive

Figure 2. The differential expression levels of LMP2/[li in uterine mesenchymal tumors, leiomyoma and leiomyosarcoma. Immunohistochemistry (IHC)
revealed a serious loss in the ability to induce LMP2/Bli expression in human uterine leiomyosarcoma tissue relative to that in leiomyoma or normal

myometrium.
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4. Final Consideration

In conclusion, the 20S proteasome b ring subunit
LMP2/B1i was highly overexpressed in trophoblast cells of
hydatidiform moles, and LMP2/B1i expression in aggressive
EVT cells directly regulated cell invasion. Human Ut-LMS
is refractory to chemotherapy and has a poor prognosis.
Defective LMP2/B1i expression may be one of the risk
factors for the development of human Ut-LMS similar to
LMP2/B1li-deficient mouse. LMP2/B1i may function as an
anti-tumorgenic factor in human Ut-LMS. The molecular,
biological, and cytological information obtained from
LMP2/B1li-deficient mice will markedly contribute to the
development of preventive methods, a potential
diagnostic-biomarker, and new therapeutic approaches
against human mesenchymal tumors, especially human
Ut-LMS. The biological communication of LMP2/B1i with
other factors is important to maintain embryo implantation
and the transformation of mesenchymal cells in the female
genital system.

(NOTE 1) The typical gross appearance is a large
(>10cm), poorly circumscribed mass with a soft, fleshy
consistency and a variegated cut surface that is grey-yellow
to pink, with foci of hemorrhage and necrosis [40,41]. The
histologic classification of uterine sarcomas is based upon
homology to normal cell types and includes human Ut-LMS
(analogous to myometrium), stromal sarcoma (analogous to
endometrial stroma), and other heterologous cell types (i.c.,
osteosarcoma and liposarcoma). Microscopically, most
human Ut-LMS are overtly malignant, with hypercellularity,
coagulative tumor cell necrosis, abundant mitoses [>10 to 20
mitotic figures (mf) per 10 high power fields (hpf)], atypical
mitoses, cytologic atypia, and infiltrative borders. The
mitotic rate is the most important determinant of malignancy,
but is modified by the presence of necrosis and cytologic
atypia. A diagnosis of human Ut-LMS may be made in the
presence of tumor necrosis and any mitosis., A diagnosis can
be made in the absence of tumor necrosis with moderate to
severe cytologic atypia and a mitotic index greater than
10mf/10hpf. Without tumour necrosis and significant atypia,
a high mitotic index is compatible with a benign clinical
course; however, data is limited [40, 41].
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