
 

 

Introduction 
 
Uterine leiomyosarcomas (ULMSs) comprise 1% 
of the uterine malignancies and 45% of uterine 
sarcomas [1]. Patients usually present with ab-
normal uterine bleeding and often are para-
menopausal with a median age at diagnosis of 
50.9 years [2]. These tumors grow as solitary, 
bulky, flesh-like masses that invade the uterine 
wall or less often as polypoid lesions protruding 
into the endometrial cavity. The diagnosis fre-
quently is made by the pathologist, after primary 

hysterectomy is performed by the gynecologic 
surgeon for presumed leiomyomas, unless me-
tastatic disease is readily apparent. Cell cycle 
progression and specifically, a relatively high 
mitotic index  is one of the criteria along with 
variable coagulative necrosis and/or moderate 
to severe atypia that is used to identify cases of 
ULMS and smooth muscle tumors of uncertain 
malignant potential (STUMP) [3]. In general, 
ULMSs are very aggressive tumors with a high 
recurrence rate ranging from 53% to 71% for 
those tumors confined to the uterus and the 
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Abstract: The mammalian target of rapamycin (mTOR) is centrally involved in growth, survival and metabolism. In 
cancer, mTOR is frequently hyperactivated and is a clinically validated target for therapy and drug development. Bio-
logically, mTOR acts as the catalytic subunit of two functionally distinct complexes, called mTOR complex 1 (mTORC1) 
which is predominantly cytoplasmic in subcellular localization and mTOR complex 2 (mTORC2) which is both cytoplas-
mic and nuclear. mTORC1 is sensitive to the selective inhibitor rapamycin. By contrast, mTORC2 is relatively resistant 
to rapamycin. Moreover, its putative downstream effector, Akt phosphorylated on serine 473 represents a signal 
transduction pathway for tumor survival. Phospholipase D (PLD) and its product, phosphatidic acid (PA) have been 
implicated as an activator of mTOR signaling, including the direct phosphorylative activation of p70S6K at threonine 
389. The latter promotes cell cycle progression. In this study, we investigated the activation status and subcellular 
localization of mTOR and the relative expression of PLD1, as well as their downstream effectors in a spectrum of uter-
ine smooth muscle tumors using normal myometria as controls. The results show significant activation with overex-
pression of phosphorylated mTORC2 complex in uterine leiomyosarcoma (ULMS) and smooth muscle tumors of un-
certain malignant potential (STUMP) as evidenced by nuclear localization of p-mTOR (Ser 2448) in 
ULMS>STUMP>uterine leiomyoma and normal myometria (p<0.05) and with overexpression of PLD1(p<0.05). Cor-
relatively, there are overexpressions of nuclear p-Akt (Ser 473) and nuclear p-p70S6K (Thr 389) in ULMS and STUMP 
(p<0.05). The activation with overexpression of components of the mTORC2-PLD1 pathway in ULMS and to a lesser 
degree in STUMP provides insight into their tumorigenic mechanisms.  Thus the development of therapies designed 
to target mTORC2 and PLD1 activity may be beneficial in treating ULMS.  
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overall prognosis is grim with an overall 5-year 
survival ranging from 10-50% [4]. Surgery is the 
optimal treatment of ULMSs. The influence of 
adjuvant therapy on survival is uncertain and 
radiotherapy may only be useful in controlling 
local recurrences. Chemotherapy with doxorubi-
cin or docetaxel/gemcitabine is now used for 
advanced or recurrent disease but with rela-
tively low response rates (i.e., 27 to 36 %) [5, 6]. 
The molecular mechanisms underlying develop-
ment of ULMSs are poorly understood. Wang, et 
al [7] reported on activating mutations in 
KIT  oncogene in ULMSs. In a small portion of 
ULMSs, that are associated with the hereditary 
leiomyomatosis and renal cell cancer (HLRCC), 
germline mutations and biallelic inactivation in 
fumarate hydratase (FH) gene at 1q43 were 
proposed to play a role in the pathogenesis of 
sporadic, early onset ULMSs [8,9]. More re-
cently, studies have demonstrated that Akt-
mammalian target of rapamycin (mTOR) path-
way may play a critical role in the development 
of leiomyosarcomas [10] and combining gemcit-
abine and rapamycin may be beneficial in treat-
ing human leiomyosarcoma patients [11].  
 
To expand on this, the mTOR pathway plays a 
significant role in cell signaling pathways which 
promote tumorigenesis through coordinated 
phosphorylation of proteins that directly regu-
late protein synthesis, cell-cycle progression, 
cell growth and proliferation [12]. Studies have 
shown that activated mTOR leads to phosphory-
lative acitvation of p70S6kinase (p70S6K) at 
threonine 389, which contributes to increased 
G1 cell cycle progression and tumor cell prolif-
eration [13-17]. Furthermore, dysregulation of 
PI3-K/Akt/mTOR signaling has been implicated 
in the pathogenesis and progression of many 
human cancers, such as cancers of head and 
neck [13], uterine cervix [17], prostate [18], 
liver [19], stomach [20], kidney [21], brain [22], 
urinary bladder [23], and breast [24]. The litera-
ture also contains reports with evidence of 
mTOR pathway activation in gynecological ma-
lignancies such as endometrial adenocarcino-
mas [25-27]. However, the literature on activa-
tion of the mTOR pathway in sarcoma, in gen-
eral and in ULMS, in particular is limited [28-
35].  
 
At the cellular level, mTOR is found in two struc-
turally and functionally distinct multiprotein 
complexes, mTOR complex 1 (mTORC1) and 
mTORcomplex 2 (mTORC2). Each has different 

components--most significantly raptor for 
mTORC1 and rictor for mTORC2 [36]. Rapamy-
cin is an mTOR inhibitor that prevents mTOR 
dependent downstream signal transduction. 
mTORC1 is rapamycin-sensitive while mTORC2 
is relatively rapamycin-insensitive [36]. Addition-
ally, Chen, et al. [12] demonstrated that 
mTORC2 is required for cell cycle progression 
through Akt dependent mechanisms. Impor-
tantly, Akt phosphorylated on serine 473 is re-
garded as a putative downstream effector of 
mTORC2 signaling [37]. Hence, it would be im-
portant to identify mTORC2 activation tumors as 
a target for molecular, signal transduction 
therapies. Finally, phospholipase D (PLD) and in 
particular, its metabolite, phosphatidic acid (PA) 
has recently been shown to be another mTOR 
facilitator and adjunct. Specifically, PA is re-
quired for the association of mTOR with raptor 
to form mTORC1 and that of mTOR with rictor to 
form mTORC2 [38]. Additionally, PA can directly 
phosphorylate p70S6K at threonine 389, inde-
pendently of mTORC1 [39]. Suppressing PA pro-
duction substantially increased the sensitivity of 
mTORC2 to rapamycin [38]. 
 
Because mTORC1 is predominantly cytoplasmic 
and mTORC2 is both nuclear and cytoplasmic 
[36], we proposed to use morphoproteomic 
analysis [40,41] to assess the relative subcellu-
lar distribution and expression levels of compo-
nents of the mTOR-PLD signaling pathway and 
their downstream effectors in ULMS vis-a-vis 
uterine smooth muscle tumors of uncertain ma-
lignant potential (STUMP) and uterine leio-
myoma and normal myometria. The intent was 
to provide insight into their respective biologies 
and expose new therapeutic opportunities for 
ULMS.  
 
Materials and methods 
 
Patient specimens 
 
Following institutional review board (IRB) ap-
proval, paraffin-embedded tissue from 47 cases 
of smooth muscle tumors of the uterus were 
retrieved from the database of two institutions, 
Memorial Hermann Hospital at Texas Medical 
Center and Lyndon B Johnson General Hospital, 
Houston, TX.  
 
A tissue microarray was constructed using archi-
val formalin-fixed, paraffin-embedded blocks 
from these 47 cases with an additional nine 
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normal myometria serving as controls. This was 
accomplished using a tissue arrayer (Beecher 
Instruments, Sun Prairie, WI) that provides a 1-
mm tissue core from each case. Hematoxylin-
eosin (H&E) staining of the microarray sections 
confirmed histologically representative areas of 
the tumors or normal myometria and provided 
the following composition: 11 cases of uterine 
leiomyosarcoma (ULMS); 17 cases of uterine 
smooth muscle tumor of uncertain malignant 
potential (STUMP);19 cases of non-gestational 
uterine leiomyomas and 9 normal myometria. 
Representative digital images from each of the 
subsets are depicted in Figure 1.  
 
Immunohistochemistry 
 
Tissue microarray (TMA) sections were cut at 4 
um and were deparaffinized and rehydrated in a 

graded series of alcohols. Heat-induced epitope 
retrieval was performed.  
 
Immunohistochemistry was carried out using 
phosphospecific probes to include antibodies 
directed against three phosphorylated (p) anti-
gens representing putative sites of activation: p-
mTOR (Ser 2448); p-Akt (Ser 473) and p-
p70S6K (Thr 389) [Cell Signaling Technology, 
Beverly, MA). In addition, an immunohistochemi-
cal probe was used to detect phospholipase D1 
(PLD1) [Santa Cruz, Biotechnology, Inc, Santa 
Cruz, CA]. The sections were then treated with 
3% H2O2 and rinsed with tris-buffered saline 
(TBS)/Tween-20. A few drops of diluted normal 
blocking serum were placed on the tissue and 
incubated at room temperature. The serum was 
then washed off and the sections were incu-
bated with the primary antibodies (those incu-

Figure 1.   Hematoxylin-eosin (H & E) depictions of uterine leiomyosarcoma (ULMS), smooth muscle tumor of uncer-
tain malignant potential (STUMP), uterine leiomyoma and normal myometrium. Original magnification X 200. 
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bated with one of the phosphospecific probes 
were incubated overnight at 4 degrees C per the 
vendors recommended procedure). The remain-
der of the staining procedure was carried out on 
a DAKO Autostainer programmed to incubate 
each slide with diluted biotinylated secondary 
antibody for 30 minutes. The slides were then 
rinsed and incubated with DAB (3, 3’-diamino-
benzidine chromogen solution, DAKO Envision+ 
System Kit) for 10 minutes. The slides were 
rinsed again and counterstained with Gill II he-
matoxylin, treated with xylene and cover 
slipped. Positive and negative controls run con-
currently were noted to react appropriately. Rep-
resentative digital images of the overnight nega-
tive control at 4 degrees C from each of the sub-
sets are depicted in Figure 2.  

Immunohistochemical staining assessment and 
scoring 
 
Semi-quantitative/qualitative assessment: The 
expression of p-mTOR (Ser 2448), p-Akt (Ser 
473), p-p70S6K (Thr 389), and phospholipase 
D1 (PLD1) protein analytes were assessed us-
ing bright-field microscopy with regard to the 
following parameters: 1. Cellular compartmen-
talization of the chromogenic signal indicated as 
predominantly cytoplasmic or nuclear; 2. Per-
centage of positive cells from 1 to 100% was 
determined in the individual cases, and the 
positivity was further categorized as focal 
(<50% of cells positive) and diffuse (>50% of 
cells positive); and 3. Qualitative assessment of 
chromogenic signal intensity was graded as 

Figure 2.  Digital images of the overnight negative control incubated at 4° C (minus the primary antibody) to serve as 
a frame of reference and comparison to the reactions observed in uterine leiomyosarcoma (ULMS), smooth muscle 
tumor of uncertain malignant potential (STUMP), uterine leiomyoma and normal myometrium following exposure to 
the primary antibodies (see Figures 3-6). Original magnification X 200. 
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absent (0), mild (1+), moderate (2+), or strong 
(3+).  
 
Statistical analysis 
 
Statistical analyses were performed using one 
way analysis of variance (ANOVA) and Pairwise 
Multiple Comparison Procedures using the 
Holmes-Sidak method.  
 
Results 
 
Subcellular compartmentalization and semi-
quantitative / qualitative assessment of p-
mTOR (Ser 2448) expression 
 
The chromogenic signal for p-mTOR (Ser 2448) 
was primarily localized in the nuclei of cells in 

positive cases of ULMS, STUMP, uterine leio-
myomas and normal myometria (controls). The 
immunoreactivity for p-mTOR (Ser 2448) in 
ULMSs was diffuse (>50% of tumor cells posi-
tive) in 10 of 11 (91%) cases with moderate to 
strong (2+ to 3+) intensity of nuclear expres-
sion. One case of ULMS showed mild (1+) but 
diffuse nuclear immunoexpression. Ten of sev-
enteen (59%) of STUMPs exhibited moderate to 
strong (2+ to 3+) and diffuse nuclear expres-
sion (>50% of tumor cells positive) whereas 7 
(41%) showed mild (1+ to <2+) albeit diffuse 
nuclear expression. One of nineteen cases 
(~5%) of non-gestational leiomyomata demon-
strated moderate (2+) and diffuse nuclear im-
munoreactivity, while the remaining eighteen 
(~95%) had diffuse, mild (1+) nuclear reactivity 
for this analyte. All nine cases of normal myo-

Figure 3. Expression of p-mTOR (Ser 2448) in uterine leiomyosarcoma (ULMS), smooth muscle tumor of uncertain 
malignant potential (STUMP), uterine leiomyoma and normal myometrium. Phosphospecific antibodies against p-
mTOR at serine 2448 show brown chromogenic signals primarily in the nuclear compartments in all subsets but with 
appreciably stronger intensity in ULMS and STUMP. Original magnification X 200. 
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metria showed only mild (0 to 1+) and diffuse 
nuclear immunoreactivity for p-mTOR (Ser 
2448). These observations are depicted in Fig-
ure 3 and summarized in Table 1.  
 
Subcellular compartmentalization and semi-
quantitative/qualitative assessment of p-Akt 

(Ser 473) expression 
 
The localization of p-Akt (Ser 473) was primarily 
nuclear in the subsets of cases in this study. 
Moderate to strong (2+ to 3+) and diffuse 
(>50% of tumor cells positive) was observed in 
10 of 11 (91%) of ULMS and 11 of the 17 (65%) 

Table 1. Overexpression of component proteins of Akt-mTOR-p70S6K pathway and Phospholipase D1 in 
uterine smooth muscle tumors 
  p-Akt * 

(% cases) 
p-mTOR * 
(% cases) 

p-p70S6K* 
(% cases) 

Phospholipase  D1* 
(% cases) 

Leiomyosarcoma 91 91 91 73 
STUMP 65 59 71 24 
Leiomyoma 17 5 31 0 
Normal myometria 0 0 22 0 
* Moderate to strong (2+ to 3+) expression (also see Figure 7) 

 

Figure 4. Expression of downstream effector of mTORC2 signaling, namely p-Akt at serine 473. Phosphspecific anti-
body against p-Akt (Ser 473) shows nuclear and cytoplasmic expression in all subsets but with greater signal intensity 
in the nuclei of uterine leiomyosarcoma (ULMS) and smooth muscle tumor of uncertain malignant potential (STUMP). 
Original maginification X 200. 
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of STUMPS. One case of ULMS showed mild 
(1+) immunoexpression. Six cases of STUMPs 
(35%) exhibited mild (1+ to <2+) albeit diffuse 
immunoreactivity. Seventeen non-gestational 
leiomyomas were available to assess the ex-
pression of p-Akt (Ser 473) and three (17%) of 
these showed moderate (2+) diffuse primarily 
nuclear expression while the remaining 14 
cases (83%) had mild (1+ to <2+) and diffuse 
nuclear expression of this analyte. Once again, 
all nine cases of normal myometria exhibited 
mild nuclear (1+) and diffuse immunoreactivity 
for p-Akt (Ser 473). These data are depicted in 
Figure 4 and summarized in Table 1. 
 
Subcellular compartmentalization and semi-
quantitative/qualitative assessment of phos-

pholipase D1 (PLD1) expression 
 
The cellular immunolocalization of phospholi-
pase D1 (PLD1) was cytoplasmic when positive 
(nucleoli are generally positive in all cells and 
serve as an internal control). Ten of the eleven 
(91%) ULMS showed cytoplasmic PLD1 expres-
sion. Of these, eight cases exhibited moderate 
(2+) and diffuse (>50% of tumor cells positive) 
while 2 cases had mild (1+) expression. Nine of 
seventeen (53%) STUMPs showed cytoplasmic 
PLD1 expression. Of these nine, 4 had moder-
ate (2+) expression and five were mildly (1+) 
and diffusely positive. No such PLD1 expression 
was observed in uterine leiomyomas or normal 
myometria (0 to ± cytoplasmic expres-
sion).These are illustrated in Figure 5 and sum-

Figure 5. Isoform specific antibody against phospholipase D1 (PLD1) shows chromogenic signals in both cytoplasmic 
and nucleolar compartments in the uterine leiomyosarcoma (ULMS) and to a lesser degree, in the smooth muscle 
tumor of uncertain potential (STUMP) subsets and contrastively weak to no cytoplasmic signal in the uterine leio-
myoma and normal myometrium subsets. Original magnification X 400. 
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marized in Table 1.  
 
Subcellular compartmentalization and semi-
quantitative/qualitative assessment of p-
p70S6K (Thr 389) 
 
Localization of p70S6K phosphorylated on 
threonine 389 in nuclei was evident in positive 
cases. Moderate to strong (2+ to 3+) and dif-
fuse (>50% of tumor cells positive) nuclear 
staining of p-p70S6K (Thr 389) was observed in 
10 out of 11 (91%) ULMSs. Only one case of 
ULMS showed no immunoexpression of p-
p70S6K (Thr 389). Twelve of the 17 (71%) 
STUMPs were moderately to strongly positive 
(2+ to 3+) and diffusely immunoreactive. The 
remaining five cases (29%) of STUMP exhibited 
mild (1+ to <2+) diffuse immunoreactivity. Six of 
19 (31%) non-gestational leiomyomas showed 

moderate (2+) and diffuse nuclear expression. 
The remaining 13 cases (69%) had mild (1+) 
diffuse immunoreactivity. Two of the nine (22%) 
of normal myometria (controls) showed moder-
ate (2+) and diffuse nuclear positivity. The re-
maining cases (78%) of normal myometria dis-
played mild (1+) and diffuse nuclear expression 
of p-p70S6K (Thr 389). Digital images represen-
tative of these reactions are contained in Figure 
6 and Table 1.  
 
Statistical analyses of data sets 
 
In addition to the semi-quantitative / qualitative 
levels of expression, a total expression score 
(TES) was generated for each of the protein 
analytes in the study group (i.e., p-mTOR [Ser 
2448], p-Akt [Ser 473], phospholipase D1, and 
p-p70S6K [Thr 389]). The TES score is the prod-

Figure 6. The phosphospecific antibody against p70S6K phosphorylated on threonine 389 shows strong nuclear sig-
nal for this analyte in uterine leiomyosarcoma (ULMS) and smooth muscle tumor of uncertain malignant potential 
(STUMP) with lesser signal intensities in leiomyoma and normal myometrium. Original magnification X 200. 
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uct of the percent of tumor cells positive x the 
intensity score. Subsequently, these data for 
each subset in the study were statistically ana-
lyzed using ANOVA and All Pairwise Multiple 
Comparison Procedures by the Holmes-Sidak 
method. The results of these statistical analy-
ses affirm significant activation with overexpres-
sion of phosphorylated mTORC2 complex in 
ULMS and STUMP as evidenced by nuclear lo-
calization of p-mTOR (Ser 2448) in 
ULMS>STUMP>uterine leiomyoma and normal 
myometria and of PLD1 (p<0.05). Correlatively, 
there are also statistically significant overex-
pressions of nuclear p-Akt (Ser 473) and nu-
clear p-p70S6K (Thr 389) in ULMS and STUMP. 
These data are graphically depicted in Figure 7.  
 
Discussion 
 
Morphoproteomics [40, 41] utilizes morphology 

and proteomics in an attempt to define the biol-
ogy of tumors. The latter incorporates phos-
phospecific, immunohistochemical probes di-
rected against putative sites of activation of 
signal transduction molecules and assesses the 
correlative expression of effectors of an acti-
vated pathway and of protein analytes associ-
ated with its enhancement. Morphology, in this 
context, provides for the assessment of both 
subcellular compartmentalization of such pro-
tein analytes (i.e., plasmalemmal, cytoplasmic 
and/or nuclear), thereby permitting further sub-
categorization of the signal transduction path-
ways and of the overexpression of a given pro-
tein analyte in the tumor cells vis-`a-vis its non-
neoplastic or benign counterpart. In this study 
regarding the mTOR signaling pathway in a 
spectrum of uterine smooth muscle tumors, 
morphoproteomic analysis demonstrates: 1. 
constitutive activation of the mTORC2 pathway 

Figure 7. Comparisons of expression of mTORC2-phospholipase D1 pathway proteins in ULMS and STUMP versus 
leiomyoma and normal myometrium. * p< 0.05 compared with ULMS (uterine leiomyosarcoma) groups and ** p< 
0.05 compared with STUMP (smooth muscle tumor of uncertain malignant potential) groups using ANOVA and Holm-
Sidak method for pairwise multiple comparison. 
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in ULMS and STUMP, as evidenced by nuclear 
localization with statistically significant overex-
pression of both p-mTOR (Ser 2448) and its 
downstream effector, p-Akt (Ser 473); and 2. 
overexpression of the companionate PLD-PA 
pathway in ULMS and STUMP, as indicated by 
the overexpression of PLD1 and one of its down-
stream effectors, p-p70S6K (Thr 389).  
 
A computer-assisted search of the National Li-
brary of Medicine's MEDLINE database provides 
supportive evidence for our morphoproteomic 
findings and conclusions. mTOR has been found 
to be localized both in the nucleus and cyto-
plasm. Rosner and Hengstschlager [36] charac-
terized the nuclear /cytoplasmic distribution of 
mTOR complex components in non-transformed, 
non-immortalized human diploid fibroblasts. 
They reported that raptor has a very low affinity 
for mTOR in the nucleus and hence very low 
amounts of mTOR-raptor (mTORC1) are de-
tected in the nucleus. In contrast, mTOR-rictor 
(mTORC2) is present and detected abundantly 
both in cytoplasmic and nuclear compartments. 
Parenthetically, the activated form of mTOR, 
phosphoryated at serine 2448 binds to both 
raptor and rictor [42]. In short, these findings 
strongly suggest that the expression of p-mTOR 
(Ser 2448) in the nucleus reflects the presence 
of p-mTOR (Ser 2448)-rictor or mTORC2 com-
plex and is consistent with our conclusion of 
constitutive activation with overexpression of 
the nuclear mTORC2 pathway in ULMS and 
STUMP. This is further strengthened by the con-
comitant morphoproteomic finding of constitu-
tively activated and overexpressed p-Akt (Ser 
473) in the nuclei of ULMS and STUMP, given 
the role for mTORC2 and specifically, rictor in 
the activation of Akt resulting in its phosphoryla-
tion on serine 473 [37, 42-46]. Another con-
comitant, namely the overexpression of cyto-
plasmic phospholipase D1 in ULMS and STUMP 
provides another correlate for mTORC2 overex-
pression, given the fact that phosphatidic acid, 
a product of PLD1 is required for the assembly 
and stabilization of mTORC2 complexes and 
perhaps its activation [38, 47]. Moreover, Leh-
man and colleagues [39] reported that phos-
phatidic acid, the product of phospholipase D 
activity can directly phosphorylate p70S6K on 
threonine 389 and thereby, account for activa-
tion of S6 ribosomal protein in the absence of 
mTORC1 signaling. 
 
Correlatively, ULMS and to a lesser extent, 

STUMP show cell cycle progression into the mi-
totic phase [3]. (The average mitotic index in our 
series and subsets of cases are in accord with 
this general tenet at: 18 mitotic figures/10 high 
power fields in ULMS>2.8 in STUMP>0.9 in 
uterine leiomyoma>0.0 in normal myometria).  
Because p70S6K function is reportedly essen-
tial for G1 progression into the S phase [13-17, 
48], its constitutive activation and overexpres-
sion coincides with such cell cycle progression 
in ULMS and STUMP. Not surprisingly, inhibition 
of the canonical mTORC1/p70S6K pathway by 
rapamycin effects a G1 cell cycle arrest in 
breast cancer cells [49]. 
 
Lastly, when one considers our findings of a 
constitutively activated and overexpressed 
mTORC2-phospholipase D1 pathway in ULMS 
and STUMP in the context of what is already 
known at the genomic and proteomic level con-
cerning potential upstream signal transducers 
in leiomyosarcoma; it is clear that the insulin-
like growth factor pathway plays both a major 
role in the pathogenesis of such aberrant signal-
ing and correspondingly raises new therapeutic 
options. Specifically, it is reported that mTORC2 
can be activated by insulin/insulin-like growth 
factor (IGF)-1 and phosphorylatesSer 473 in the 
hydrophobic motif of Akt[50]. In leiomyosar-
coma, including those originating in the uterus, 
there are multiple reports of increased IGF-II 
peptide and/or mRNA, and IGF-II signaling has 
been implicated in tumor growth progression 
[51-54]. Moreover, it has been noted that 
autocrine IGF-II in leiomyosarcoma cells induces 
cell invasion and protection from apoptosis via 
the insulin receptor isoform A [54]. Additional 
connections between IGF signaling in leiomyo-
sarcoma and mTORC2 are suggested by the 
depiction in other studies of insulin receptor 
isoform A utilizing insulin receptor substrate 
(IRS)-1/2 [55] and the recent finding of a nu-
clear complex of rictor and insulin receptor sub-
strate-2 [56]. Against this background and in 
the context of our morphoproteomic findings, 
we propose that metformin may be a therapeu-
tic option in the treatment of ULMS, based on 
preclinical data, for the following reasons: 1. 
metformin is an AMP dependent kinase (AMPK) 
agonist and as such promotes phosphorylative 
inactivation of IRS-1 at serine 789 while down-
regulating Akt phosphorylation at serine 473, 
mTOR phosphorylated at serine 2448 and IRS-1 
levels [57]; 2. metformin reduces  the levels of 
lysophosphatidylcholine and phosphatidylcho-
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line, the substrates for phospholipase D [58] 
and 3. metformin, independent of the AMPK 
pathway, directly inhibits the activity of 
p70S6K1 while reducing the level of p70S6K, 
phosphorylated on threonine 389  [59].  
 
In summary, morphoproteomic analysis reveals 
the overexpression of nuclear p-mTOR (Ser 
2448), nuclear p-Akt (Ser 473) and phospholi-
pase D1 in ULMS>STUMP>uterine leiomyoma 
and normal myometria. Additionally, this coin-
cides with the increased expression of p-
p70S6K (Thr 389) and is consistent with the 
generally accepted cell cycle progression into 
the mitotic phase in ULMS and STUMP, in sup-
porting a role for the mTORC2-phospholipase 
D1 pathway in the pathogenesis of STUMP and 
ULMS and suggests a new therapeutic strategy 
to target this pathway and halt the progression 
of ULMS. 
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