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Abstract. Patients with uterine leiomyosarcoma (LMS) typically present with vaginal
bleeding, pain, and a pelvic mass. Typical presentations with hypercalcemia or eosino‐
philia have been reported. Radiographic evaluation with combined positron emission
tomography/computed tomography may assist in the diagnosis and surveillance of
women with uterine LMS. Stage and tumor grade continue to appear to be valid prognos‐
tic indicators. A recently developed risk‐assessment index is highly predictive of disease‐
specific survival. Ovarian preservation does not appear to negatively impact outcome, and
the addition of adjuvant therapy after surgical treatment do not seem to improve survival.
It is noteworthy that LMP2‐deficient mice exhibit spontaneous development of uterine
LMS with a disease prevalence of ~37% by 12 months of age. Furthermore, a recent report
demonstrated the loss of ability to induce LMP2 expression, which is an interferon‐γ
(IFN‐γ) inducible factor, in human uterine LMS tissues. We analyzed human uterine LMS
for genetic mutation in the IFN‐γ signal cascade and found serious mutations in three
genes. Molecular experiments demonstrated cytokine differential expression, especially
IL‐8, which directly regulated tumor cell migration or invasion, by LMP2 expression. The
discovery of this mutational activation of a key cell‐signaling pathway and cytokine dif‐
ferential expressions may provide new targets for diagnostic approaches and therapeutic
intervention.
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INTRODUCTION

Smooth muscle tumors (SMTs) have been
traditionally divided into benign leiomyomas
(LMA) and malignant leiomyosarcomas (LMS)
based on cytological atypia, mitotic activity and
other criteria. Uterine LMS, which are some of
the most common neoplasms of the female geni‐
tal tract, are relatively rare SMTs, having an es‐
timated annual incidence of 0.64 per 100,000
women [1]. They account for approximately one‐
third of uterine sarcomas and 1.3% of all uterine
malignancies, and are considered to be aggres‐
sive malignancies with a five‐year survival rate
of only 50% for tumors confined to the uterus
[2,3]. Generally, patients with uterine LMS typi‐
cally present with vaginal bleeding, pain, and a
pelvic mass. It is noteworthy that, when adjust‐
ing for stage and mitotic count, LMS has a sig‐
nificantly worse prognosis than carcinosarcoma
[4]. As uterine LMS is resistant to chemotherapy
and radiotherapy, and thus surgical intervention
is virtually the only means of treatment for this
disease [5‐7], developing an efficient adjuvant
therapy is expected to improve the prognosis of
the disease. Matrix metalloproteinases (MMP),
which degrade components of the extracellular
matrix, appear to participate in tumor invasion
and metastasis. A trend towards prolonged dis‐
ease‐free survival is seen in patients with MMP‐2
negative tumors [8, 9]. Although typical presen‐
tations with hypercalcemia or eosinophilia have
been reported, this clinical abnormality is not an
initial risk factor for uterine LMS. To the best of
our knowledge, little is known regarding the
biology of uterine leiomyosarcomas; therefore,
the risk factors that promote the initial develop‐
ment of uterine LMS and regulate their growth
in vivo remain poorly understood.
Our reports demonstrate that proteasome
subunit LMP2‐deficient mice exhibit spontane‐
ous development of uterine LMS [10]. Defective
LMP2 expression is likely to be one of the risk
factors for the development of human uterine
LMS, as it is in LMP2‐deficient mice [11]. As
there is no effective therapy for unrespectable
human uterine LMS, our research findings may
lead to specific molecular therapies to treat this
disease.

LMP2‐DEFICIENT MICE EXHIBIT THE
SPONTANEOUS DEVELOPMENT OF
UTERINE LMS
As a significant effect was achieved for sev‐
eral types of cancer including breast cancer using
antibody therapies directed against tumor‐
specific antigens, molecular targeting is regarded
as a promising strategy for the treatment of ma‐
lignant tumors [12]. Although gynecological
cancers, for instance breast cancer and endo‐
metrial carcinomas, are strongly promoted by
female hormones, the rate of estrogen receptor
and progesterone receptor expression is reported
to be significantly less in uterine LMS compared
with normal uterine smooth muscle (USM).
These low receptor expressions were found to
not correlate with the promotion of initial dis‐
ease development or with overall survival [13].
As apoptotic mechanisms have also been impli‐
cated in many human cancers, investigating the
dysregulation of the expression of apoptotic
and/or cell cycle regulators in uterine LMS is
required to identify molecular pathways that
could possibly be important in the development
of human uterine LMS. Though the significant
differential expression of apoptotic and cell cycle
regulatory factors including initiation factor in
human uterine LMS, such as bcl‐2, bax, p16, p21,
p27, c‐kit, MDM2 and p53, have all been re‐
ported and compared to normal USM, there
exists no scientific evidence to show that abnor‐
mal expression of these factors directly correlates
to the initiation and promotion of uterine LMS
[14‐21]. Unfortunately, the apoptotic and cell
cycle regulatory factor expression profiles of
uterine LMS are not yet useful for clinical prog‐
nostic purposes.
The targeted disruption of LMP2 results in
the impairment of tissue‐ and substrate‐
dependent proteasome activation [22]. We re‐
ported that LMP2‐/‐ mice were prone to the de‐
velopment of uterine neoplasms [10] (Fig. 1). The
percentage of mice with overt tumors increased
with age after six months, with a cumulative
prevalence of disease in female mice of 37% by
12 months of age and no apparent plateau at this
late observation time. LMS was observed in
LMP2‐/‐ female mice but not in C57BL/6 mice
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Figure 1 Development of uterine neoplasms in LMP2‐/‐ mice. Uterine neoplasms in LMP2‐/‐ mice. a and e,
abdominal cavities of female C57BL/6 (a) and LMP2‐/‐ (e) mice, showing a uterine tumor (outlined by yellow
arrowheads) in the latter. b and f, female genital organs of C57BL/6 (b) and LMP2‐/‐ (f) mice, showing a
uterine neoplasm in the latter. c, d, g, h, histologycal analysis showing the normal smooth muscle cells of
the uterus of C67BL/6 mice (c and d) and the abnormal cells of a leiomyosarcoma of the uterus of LMP2‐/‐
mice (g and h). c and g, 200x. d and h, 400x. Comparison between human uterine leiomyosarcoma and
LMP2‐/‐ mice uterine leiomyosarcoma. I and j, histologycal analysis showing the abnormal cells of a leio‐
myosarcoma of LMP2‐/‐mice (i) and the uterus of human (j). i and j, 800x.

with the same genetic background as LMP2‐/‐
mice (Fig. 1). Histological examinations of LMP2‐
/‐ uterine neoplasms revealed common character‐
istic abnormalities of uterine LMS (Fig. 1). The
tumors lacked lymphoid infiltrates, which is a
sign of immune recognition, and consisted of
uniform elongated USM cells arranged into
bundles. The nuclei of the tumor cells varied in
size and shape; furthermore, mitosis was fre‐
quent. In contrast, the USM cells of C57BL/6
mice were normal in appearance, and relatively
few Ki‐67‐positive cells, the proliferating cells of
solid tumors, were observed in the basal cell
layer of normal USM, whereas most of the basal

cells vividly expressed Ki‐67 in LMP2‐/‐ mice [10].
These histopathological examinations indicate
the abnormal proliferation of LMP2‐/‐ USM cells
in the basal cell layer of normal USM. In LMP2‐/‐
mice, proteasomal peptidase activity against
hydrophobic and basic substrates but not acidic
substrates was lower in the spleen and liver from
mutant mice compared with wild‐type mice, but
differences in the muscle and brain were not
significant. Furthermore, flow cytometric analy‐
sis showed no difference in the expression of
MHC class I molecules. Importantly, spontane‐
ous uterine LMS was specially detected, but no
other cancer progression was observed at high
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Figure 2 Defect in LMP2 expression in human uterine leiomyosarcoma tissue. Immunohistchemistry of
LMP2 expression in human normal uterine smooth muscle, human uterine leiomyoma tissues and uterine
leiomyosarcoma.

and low incidences in both male and female
LMP2‐/‐ mice; therefore, LMP2 expression, rather
than providing an escape from immune surveil‐
lance, seems to play an important role in the
spontaneous development of uterus LMS [10].
CORRELATION BETWEEN DEFECT IN LMP2
EXPRESSION AND HUMAN UTERINE LMS
Several reports, including experiments with
LMP2‐/‐ mice, suggest that INF‐γ‐induced resto‐
ration of antigen‐processing machinery im‐
proves anti‐tumor‐specific antigen CTL recogni‐
tion in some patients; thus, approaches to acti‐
vate this pathway may be of benefit to patients
with LMP2 deficiency. Furthermore, it must
therefore be demonstrated whether human uter‐
ine LMS shows a weak expression of LMP2. The
effects of IFN‐γ on LMP2 expression were exam‐
ined by immunoblotting with five cell lines [11].
LMP2 expression were not markedly induced by
IFN‐γ treatment in the human uterine LMS cell
lines “SKN” and “RKN”, although HeLa and
HeLa.S3, cervix epithelial adenocarcinoma cell
lines, and normal human uterus smooth muscle

cells (Hu.USMC), underwent strong induction of
LMP2 following IFN‐γ treatment [11]. Further‐
more, our experiments, which were individually
performed at several medical facilities, revealed
a serious loss in the ability to induce LMP2 ex‐
pression in human uterine LMS tissues in com‐
parison with normal USM tissues located in
same tissue sections [11]; normal total: 21 cases,
LMA total 24 cases, LMS total: 29 cases (Fig. 2) as
well as the SKN human uterine LMS cell line
treated with IFNγ, similar to other primary uter‐
ine LMS cells established from LMS patients in
medical facilities [11]. In addition, immunohisto‐
chemistry shows marked LMP2 expression in
cervix epithelial adenocarcinoma tissues as well
as HeLa and HeLa.S3 cell lines treated with IFN‐
γ (Fig. 2).
The defect was localized to JAK1 activation,
which acts upstream in the IFN‐γ signal path‐
way since IFN‐γ‐treatment could not strongly
induce JAK1 kinase activity in SKN and RKN
cells. Sequence analysis identified a serious
G781E mutation in the ATP binding region,
which is required for JAK1 kinase activation, and
additional experiments demonstrated that the

MEDICAL HYPOTHESES AND RESEARCH, VOL. 4, NO. 1, JANUARY 2008

Mechanisms of Uterine Leiomyosarcomas

15

REVIEW

Figure 3
The interferon‐γ signaling pathway and mutations in its components found in human uterine leiomyosar‐
coma. After binding of interferon‐γ (IFN‐γ) to the type II IFN receptor, Janus activated kinase 1 (JAK1) and JAK2 are acti‐
vated and phosphorylate STAT1 (signal transducer and activator of transcription 1) on the tyrosine residue at position 701
(Tyr701). The tyrosine‐phosphorylated form of STAT1 forms homodimers that translocate to the nucleus and bind GAS
(IFN‐γ‐activated site) elements, which are present in the promoters of IFN‐γ‐regulated genes. The IFN‐γ‐activated JAKs
also regulate, through as‐yet‐unknown intermediates, activation of the catalytic subunit (p110) of phosphatidylinositol 3‐
kinase (PI3K). The activation of PI3K ultimately results in downstream activation of protein kinase C‐δ (PKC‐δ), which in
turm regulates phosphorylation of STAT1 on the serine residue at position 727 (Ser727). The phosphorylation of Ser727 is
not essential for the translocation of STAT1 to the nucleus or for the binding of STAT1 to DNA, but it is required for full
transcriptional activation. IFNGR1, IFN‐γ receptor subunit 1; IFNGR2, IFN‐γ receptor subunit 2. Investigation of human
uterine LMS tissues (total of 14 cases of LMS tissue sections and normal tissue sections located in same tissue) for somatic
mutations in the IFN‐γ signal cascade, JAK1, JAK2, STAT1 and Lmp2 promoter region. Overall, nearly 42.9% (6/14) of
uterine LMS tissues had serious mutations in kinase active domain of JAK1. Furthermore, 35.7% (5/14) of uterine LMS
tissues had serious mutations in important sites of the Lmp2 promoter region. Nearly 36% (5/14) of uterine LMS tissues
had mutations in the intermolecular region. of STAT1. A drastic loss in ability to induce LMP2 expression in human uter‐
ine LMS tissues compared with normal leiomyoma (LMA) tissues located in the same sections in a total of 21 normal cases,
24 LMA cases, 29 LMS cases, as well as in SKN cell lines treated with IFN‐γ. As such, defective LMP2 expression is likely
to be one of the risk factors in the development of human uterine LMS, as it is in the LMP2‐deficient mice.

loss of IFN‐γ responsiveness in SKN cells was
attributable to the inadequate kinase activity of
JAK1 due to a G781E mutation [11].
MUTATIONS IN IFN‐Γ SIGNALLING
PATHWAY IN HUMAN LMS TISSUE
IFN‐γ treatment markedly increased the ex‐
pression of LMP2, a subunit of the immuno‐
proteasome, which alters the proteolytic specific‐
ity of proteasomes. After binding of IFN‐γ to the

type II IFN receptor, which is constructed by two
components, IFN‐γ receptor subunit 1 (IFNGR1)
and IFN‐γ receptor subunit 2 (IFNGR2), Janus‐
activated kinase 1 (JAK1) and JAK2 are activated
and phosphorylate the signal transducer and
activator of transcription 1 (STAT1) on the tyro‐
sine residue at position 701 (Tyr701) [23, 24].
Tyrosine‐phosphorylated STAT1 forms homo‐
dimers that translocate to the nucleus and bind
GAS (IFN‐γ‐activated site) elements, which are
present in the promoters of IFN‐γ‐regulated
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genes [23, 24]. IFN‐γ‐activated JAKs also regu‐
late, through as‐yetunknown intermediates,
activation of the catalytic subunit (p110) of
phosphatidylinositol 3‐kinase (PI3K). The activa‐
tion of PI3K ultimately results in downstream
activation of protein kinase C‐δ (PKC‐δ), which
in turn regulates the phosphorylation of STAT1
on the serine residue at position 727 (Ser727).
The phosphorylation of Ser727 is not essential
for the translocation of STAT1 to the nucleus or
for the binding of STAT1 to DNA, but it is re‐
quired for full transcriptional activation [23, 24].
Genetic alterations in tyrosine kinases have
previously been firmly implicated in tumori‐
genesis, but only a few serine/threonine kinases
are known to be mutated in human cancers [25‐
31]; Hayashi et al. MHR 2:45 PM 07.2.21 there‐
fore, we analysed human uterine LMS tissues (14
LMS tissue sections and normal tissue sections
located in the same tissue) for somatic (tumor‐
specific) mutations in IFN‐γ signal cascade, JAK1,
JAK2, STAT1 and Lmp2 promoter region. Over‐
all, nearly 42.9% (6/14) of uterine LMS tissues
had serious mutations in the ATP binding region
or kinase‐specific active site of JAK1; further‐
more, 35.7% (5/14) of uterine LMS tissues had
serious mutations in important sites of the Lmp2
promoter region, which is required for transcrip‐
tional activation (Fig. 3). Nearly 35.7% (5/14) of
uterine LMS tissues had mutations in the STAT1
intermolecular region, which is not yet reported
to be important for biological function as tran‐
scriptional activation. Although the genetic ap‐
proach already addressed that marked JAK2
activation causes myelo‐and lymphoproliferative
disease, polycythemia vera or myelogenous leu‐
kemia [32‐38], no serious mutation in the ATP‐
binding region and kinase‐specific active site of
JAK2 was detected in uterine LMS (Fig. 3). In a
recent report, high‐resolution genome‐wide ar‐
ray comparative genomic hybrodization (CGH)
analysis of LMS cases gave gene‐level informa‐
tion about the amplified and deleted region that
may play a role in the development and progres‐
sion of human uterine LMS. Among the most
intriguing genes, whose copy number sequence
was revealed to be altered by CGH, were JAK1
(1p31~p32) and LMP2 (6p21.3) [39, 40]. The dis‐
covery of these mutational defects of a key cell‐

signalling pathway may be an important devel‐
opment in the pathogenesis of human uterine
LMS. Our research experiments first showed that
JAK1 mutation correlated to the development of
human uterine LMS.
It is probable that the list of new elements
involved in IFNs‐mediated signaling will con‐
tinue to grow during the next few years, whereas
the contributions of known pathways might
need to be reevaluated. At present, it seems that
the activation of more than one signaling path‐
way is required for the generation of different
biological properties of IFNs, and no signaling
cascade alone is sufficient for the generation of
any given biological end‐point. For example, the
biological functions of the STAT‐, NF‐κB‐and
p38‐signalling pathways are required for the
antiviral effects or anti‐tumor effects of IFNs, but
the activation of these pathways alone is not
sufficient to elicit an antiviral or anti‐tumor re‐
sponse [41, 42]. Such a requirement for multiple
signaling pathways also seems to be the case for
IFNs‐dependent anti‐proliferative responses,
and it might reflect the synergistic effects of
various signals at the levels of gene transcription
and mRNA translation; therefore, more addi‐
tional genetic analysis is required to completely
elucidate the mutational activation of a key cell‐
signaling pathway in human uterine LMS.
POTENTIAL ROLE OF ANTI‐ONCOGENIC
FUNCTION BY LMP2
The growth of cell lines with JAK1 kinase ac‐
tivity has been demonstrated to be strongly in‐
hibited by IFN‐γ treatment, whereas the growth
of JAK1‐deficient cell lines is unaffected [43].
Similarly, the cell cycle distribution pattern of
freshly explanted tumor cells derived from Jak1‐
deficient tumors shows no response to IFN‐γ
treatment [43]. In our study, the growth of origi‐
nal SKN cells, which had defective JAK1 activity,
was unaffected by IFN‐γ treatment (population
doubling time (P.D.T.) = 15.2 hrs) [11]. In con‐
trast, the growth of JAK1‐transfected SKN cells,
which had strong exogenous JAK1 activity, was
prevented by IFN‐γ treatment (P.D.T. = 18.1 hrs).
Interestingly, when LMP2‐transfected SKN cells,
which have marked LMP2 expression, were ana‐
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lyzed, exogenous LMP2 expression resulted in
cell growth arrest (P.D.T. = 17.9 hrs) [11]. Con‐
versely, the growth of LMP2‐transfected SKN
cells was unaffected by IFN‐γ treatment (P.D.T. =
18.0 hrs). In SKN‐Lmp2 transfectants, there is a
correlation between the levels of exogenous
LMP2 expression and the degrees of suppression
of the transformed phenotype including migra‐
tion/invasion. The biological function of LMP2
with revertant‐inducing activity on SKN cells
has been demonstrated.
Microarray analysis provides insight into the
gene expression changes associated with malig‐
nant transformation. To investigate whether
stable LMP2 expression causes cell growth arrest
and loss of migration in SKN cells, we compared
the gene expressions (using Affymetrix human
GeneChip HG U133 Plus2.0) of SKN cells and
LMP2‐transfected SKN cells. We analyzed the
expression profile of SKN cells transfected with
plasmid without insert (pCEP9) compared with
LMP2 coding DNA (pCEP9‐LMP2). Microarray
analysis results show that LMP2 expression in‐
fluences the expression pattern of cytokines and
chemokines, especially the down‐regulation of
interleukin‐8 (IL‐8). IL‐8, which is one of a family
of 13 human CXC chemokines, induces the mi‐
gration/invasion of tumor cells from the primary
site breakdown of the basal membrane, and then
tumor cells enter the surrounding tissues. Taken
together, it is likely that LMP2 deficiency results
in marked IL‐8 expression and then induces cell
migration/invasion. In breast cancer, the altera‐
tions in IL‐8 expression become progressively
worse with increasing stage and grade of the
tumor [44, 45]. We therefore investigated IL‐8 as
a determinant of the virulence and metastatic
potential of human uterine LMS. Levels of total
IL‐8 expression in uterine LMS correlated
strongly with survival and malignancy in pa‐
tients with uterine LMS, suggesting its potential
use as a prognostic marker in uterine LMS as
well as breast cancer.
The down‐regulation of MHC expression,
including the lmp2 gene, is one of the biological
that mechanisms tumor cells use to evade host
immune surveillance [46,47]. Recently, the inci‐
dence of IFN‐γ unresponsiveness in human tu‐
mors was examined in several cancers, and re‐
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vealed that approximately 33% of each group
exhibited a reduction in IFN‐γ sensitivity [48].
Nevertheless, LMP2 expression, rather than pro‐
viding an escape from immune surveillance,
seems to play an important role in the negative
regulation of uterine LMS cell growth. Defective
LMP2 expression is likely to be a risk factor for
the development of human uterine LMS, as it is
in LMP2‐deficient mice.
CONCLUSION
Uterine LMS is a disease with extremely
poor prognosis, highly aggressive, and resistant
to chemotherapy. At present, surgical interven‐
tion is virtually the only means of treatment for
uterine LMS [49, 50]. Although adjuvant pelvic
irradiation appears to decrease the rate of local
recurrence, adjuvant therapy does not appear to
significantly improve survival. Furthermore,
gynecological cancer, for instance breast cancer
and endometrial carcinomas, are strongly pro‐
moted by female hormones, but the rate of estro‐
gen receptor and progesterone receptor expres‐
sion is reported to be significantly less in human
uterine LMS compared with normal USM cells.
These low receptor expressions were found to
not correlate with the promotion of initial dis‐
ease development or with the overall survival of
patients with uterine LMS; however, molecular
targeting therapies against tumors have recently
shown remarkable achievements [51]. To im‐
prove the prognosis of human uterine LMS, re‐
cent research experiments were performed to
search for the key role of pro‐oncogenic factors
or anti‐oncogenic factors that play an important
function in their pathogenesis and that could
serve as molecular target for tumor treatment.
For this purpose, several research facilities con‐
ducted a cDNA microarray procedure between
human uterine LMS and normal USM and
showed that several known pro‐oncogenic fac‐
tors and other factors, such as brain‐specific
polypeptide PEP‐19 and a transmembrane tyro‐
sine kinase receptor, c‐kit, may be associated
with the pathogenesis of human uterine LMS
[52‐54]. However, in terms of the tumorgenesis
of human uterine LMS, merely comparing the
expression of potential pro‐oncogenic factors
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between normal and malignant tissues is not
sufficient because the results obtained may be
the consequence of malignant transformation
and, therefore, not necessarily the cause. In addi‐
tion, dysregulation of apoptotic mechanisms has
also been implicated in many human cancers.
Although the significant differential expression
of apoptotic and cell cycle regulatory factors in
human uterine LMS have all been reported and
compared to normal USM cells, there exists no
scientific evidence to show that abnormal ex‐
pression of these factors directly correlates to the
initiation and promotion of human uterine LMS.
LMP2‐deficient mice exhibit the develop‐
ment of uterine LMS with a disease prevalence
of 37% by 12 months of age [10]. Furthermore,
our experiments, which were individually per‐
formed at several medical facilities, revealed a
serous loss in the ability to induce LMP2 expres‐
sion in human uterine LMS tissues in compari‐
son with normal USM tissues. The discovery of
serious mutational defects of the IFN‐γ‐signaling
pathway, which is the key cell‐signaling path‐
way for LMP2 expression, may be an important
development in the pathogenesis of human uter‐
ine LMS. It is noteworthy that stable LMP2 ex‐
pression contributes to normal cell cycle regula‐
tion and migration due to the down‐regulation
of IL‐8 expression, which directly mediates tu‐
mor migration/invasion and metastasis. Recent
advances in our understanding of the biology of
uterine LMS have concentrated on serious muta‐
tions in the IFN‐γ‐signaling pathway and defects
in LMP2 expression. Loss of LMP2 expression
may directly contribute to tumor invasion and
metastasis. The continued improvement in our
knowledge of the molecular biology of uterine
LMS may ultimately lead to novel therapies and
improved outcome.
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