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Treatment with epigenetic agents profoundly inhibits tumor growth 
in leiomyosarcoma
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ABSTRACT

Leiomyosarcomas are rare mesenchymal neoplasms characterized by a smooth 
muscle differentiation pattern. Due to the extremely poor prognosis in patients, the 
development of novel chemotherapeutic regimens remains critically important. In this 
study, multiple leiomyosarcoma cell lines, SK-UT1, SK-LMS1, and MES-SA were treated 
with varying doses of the DNA Methyltransferase Inhibitors (DNMTi) 5-azacitidine 
(Aza), 5-aza-2-deoxycytidine (DAC), and guadecitabine (SGI-110). The effect of these 
epigenetic modulators was measured using both in-vitro and in-vivo models.

Of the three epigenetic modulators, Guadecitabine was the most effective at 
decreasing cell survival in LMS cell lines. SK-UT1 was found to be the more sensitive to 
all three epigenetic modulators, while SK-LMS1 and MES-SA were more resistant. The 
contrast in sensitivity seen was also represented by the increase in apoptosis in Aza 
and guadecitabine. In parallel with Aza, guadecitabine was observed to also arrest the 
cell cycle.

Treatment with guadecitabine led to a decrease in growth across the spectrum 
of sensitivity in LMS cell lines, both in a delayed in vitro and in vivo model; in parallel 
experiments, apoptotic pathways were activated in sensitive and less sensitive lines. 
Additional studies are required to explore potential therapeutic applications and 
mechanisms for leiomyosarcoma treatment.
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INTRODUCTION

Sarcomas are rare tumours that arise from 
mesenchymal tissues and comprise 1% of all adult solid 
cancers [1]. Leiomyosarcomas (LMS) are sarcomas that 

comprise spindle-cell neoplasms that develop from smooth 
muscle tissue and affect approximately 1 out of 100,000 
Americans per year [2–4].

Though LMS may arise from any site in the body 
containing a smooth muscle layer, they most often occur 
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in the uterus, the retroperitoneum, and the extremities  
[5, 6]. Although a detailed characterization of the biological 
and clinical characteristics of this form of cancer is lacking, 
patients with LMS have a poor prognosis, high recurrence 
rates, and a minimal response to standard chemotherapeutic 
treatment. A retrospective study carried out by Kapp et al. 
revealed that the overall five-year disease specific survival 
rates for stage III and stage IV disease were 44.9% and 
27.7% respectively [7]. 

The exact pathophysiology of LMS is poorly 
understood. Recent genomic studies in LMS have 
revealed high chromosomal instability and identified 
mutations in driver genes that lead to the activation of 
cell proliferation signaling and anti-apoptotic pathways 
[8, 9]. For example, an analysis of The Cancer Genome 
Atlas (TCGA) data belonging to 98 primary LMS revealed 
frequent mutations of driver genes such as TP53, RB1, 
and ATRX1 [10]. A similar study conducted using the 
COSMIC database of 107 primary LMS revealed similar 
results, in that TP53 and ATRX were both mutated 
in 23% of cases, and MED12 in 8% [11]. Recently 
published genomic and epigenomic data by the TCGA 
on multiple sarcomas, including LMS, compared with 
other gynecologic and soft tissue sarcomas demonstrates 
a unique methylation patterns distinct to LMS typically 
showing hypomethylation compared with other sarcomas. 
Notably in our data cell line SK-LMS1 was previously 
described as being hypomethylated compared with the cell 
line SK-UT1, and as noted by the TCGA, several sarcoma 
types (including some LMS) show patterns of methylation 
that are unique and not representative of a histology. Thus, 
further supporting the results of this study that individual 
LMS may respond to epigenetic therapies differently 
based on their epi-phenotype [12].

Furthermore, retrospective studies have indicated 
that high expression of molecules such as BCL2 
correlates with poor prognosis [13]. Similarly, p16 has 
been implicated in tumorigenesis as well. A comparison 
study carried out showed that the hyper-expression of p16 
in smooth muscle uterine tumor patients diagnosed with 
LMS played an important role in sarcomagenesis [14]. 
On the other hand, a second study has shown that hyper-
methylation, leading to a loss of p16 expression, correlates 
with significant increases in tumor size in soft tissue LMS 
patients [15]. 

Epigenetic alterations in LMS have not been 
extensively studied so far. The benefits of sarcoma 
epigenetics are that it focuses on modifications to heritable 
genomic variations, which do not affect the genetic code. 
These alterations may lead to changes in various cellular 
processes as well as the overall cellular phenotype. 
Epigenetic alterations such as changes in patterns of DNA-
methylation and complex alterations in chromatin structure 
contribute to all stages of tumour development i.e. 
initiation, progression, proliferation and metastasis [16].  

Hypermethylation of CpG islands in promotor regions 
often result in the transcriptional silencing of downstream 
genes, and has been shown to occur in most forms of 
cancer [17–19]. 

Epigenetic modulators such as 5-azacitidine (Aza) 
and 5-aza-2-deoxycytidine (DAC) are FDA-approved 
DNA Methyltransferase Inhibitors (DNMTi) that function 
as cytosine nucleoside analogues, and inhibitors of DNA-
methyl transferases. Both Aza and DAC are clinically 
approved for treatment in patients with haematological 
malignancies such as myelodysplastic syndrome. 
Epigenetic modulators have also been employed as 
primary combination epigenetic therapy using DNMTi 
and Histone Deacetylase (HDAC) inhibitors in the 
context of clinical trials for solid neoplasms such as 
breast cancer, lung, and colorectal [20–24]. Furthermore, 
recent studies have shown promise using these agents to 
reverse chemoresistance [25, 26]. Success of treatment 
is dependent on prolonged administration of the drug 
as shown by Silverman et al., who demonstrated 
that patients required several months of treatment in 
myelodysplastic syndromes prior to response, while other 
studies have shown that underlying gene mutations may 
increase sensitivity [27, 28]. In addition, these drugs have 
a short half-life, leading to interest in the development 
of stable, longer acting epigenetic drugs. Guadecitabine 
(SGI-110) is a novel, small-molecular DNMTi agent that 
couples both DAC and deoxyguanosine, whose resistance 
to cytidine deaminase has been shown to lead to a 
longer half-life in an aqueous solution [29]. The gradual 
cleavage of the guadecitabine into decitabine leads to a 
more pro-longed, stable release of the drug, as opposed 
to DAC’s short-term peak in plasma concentration. 
This has been hypothesized to increase the efficacy of 
guadecitabine treatment in advanced stage diseases 
such as acute myeloid leukaemia [30]. In pre-clinical 
studies, guadecitabine reverses chemotherapy resistance 
to cisplatin in multiple ovarian cancer cell lines in vitro, 
in addition to inhibiting tumor growth in vivo [29]. 
A Phase 1 clinical trial in myelodysplastic syndrome 
and acute myeloid leukaemia demonstrated sustained 
demethylation of repetitive elements such as LINE1 in 
the genome [31].

We assessed the anti-proliferative and pro-apoptotic 
effects of epigenetic modulators such as Aza, DAC, and 
guadecitabine on the growth of leiomyosarcoma cells, 
employing both in vitro and in vivo models. Previously, 
there has been little focus on the epigenetic landscape 
of this cancer, and the role of DNA-methylation in the 
etiology and progression of this cancer type remains 
mostly unexplored. Our goal was to identify whether the 
use of DNMTi’s have anti-proliferative or pro-apoptotic 
effects, as well as to explore how our investigational 
demethylating agent guadecitabine compared to previously 
established treatments such as Aza and DAC. 
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RESULTS

Leiomyosarcoma cell lines showed variable 
responses to epigenetic drugs in vitro 

The cellular viability of three leiomyosarcoma cell 
lines (SKUT1, SK-LMS1, and MES-SA) was measured 
using an MTT assay following treatment with various 
concentrations of Aza, DAC and guadecitabine. Cell lines 
were treated with the various DNMTi’s for a variable 
number of days (range of treatment: 1–5 days) and then 
a MTT assay was performed to assess cell viability. Cell 
viability at each time point was calculated relative to the 
respective control and expressed as a percentage value. 

Overall, individual LMS cell lines showed 
differential sensitivity to each of the DNMTi’s. Amongst 
the different DNMTi drugs that were tested with SK-UT1, 
guadecitabine elicited the most potent anti-proliferative 
response; requiring concentrations ten-times lower than 
Aza and DAC to effectively inhibit cell growth. Based 
on how effective each of the DNMTi’s were at inhibiting 
cellular growth (Figure 1A–1C), SK-UT1 showed the 
highest sensitivity to each of the DNMTi’s while SK-
LMS1 and MES-SA were less sensitive. 

In order to further quantify anti-proliferative 
responses, an IC50-value was calculated as mentioned 
previously. After five days of treatment with DNMTi 
agents, SK-UT1 was the most sensitive cell line 
demonstrating an IC50 value of 2.1 μM for Aza, 2.3 μM 
for DAC and 0.3 μM for guadecitabine. MES-SA proved 
to be relatively un-sensitive to any of the three drugs. 
Only after 4 days (3.5 μM) and 5 days (3.21 μM) of 
treatment with Aza did it reach 50% viability. SK-LMS1 
was equally non-responsive, again reaching 50% viability 
only after 4 and 5 days of treatment with Aza (with IC50 
values of 4.1 μM and 2.6 μM, respectively). Since all 
three DNMTi’s reached 50% viability in the SK-UT1 
cell line after 5 days of treatment, these conditions were 
used to determine which DNMTi was the most effective 
(Figure 1D). Guadecitabine had an IC50 almost ten times 
smaller than Aza or DAC, and Aza was slightly more 
effective than DAC. We next examined the mechanism 
of these epigenetic modulators further using Aza and 
guadecitabine, as they showed effects at the lowest doses. 

Treatment with epigenetic modulators leads to 
an increase in apoptosis through upregulation of 
Caspase 3/7 activity 

 A Caspase 3/7 Glow Assay was used to detect 
Caspase 3 and 7 as surrogate markers of apoptotic activity 
in order to better understand how Aza and guadecitabine 
inhibit cellular viability immediately following three days 
of treatment (Figure 2A and 2B). 

For SK-UT1 and MES-SA, we found that 
guadecitabine elicited higher caspase 3/7 activity when 
compared to Aza. For example, in the SK-UT1 cell line, 
guadecitabine increased caspase activity to by 50% of 
the untreated control at a drug concentration of 0.04 µM, 
while the same response was not seen with Aza until a 
dosage of 0.25 µM was reached. Guadecitabine, therefore, 
produced an increase in caspase levels at over six times 
a lower concentration than Aza. In MES-SA, treatment 
of guadecitabine at a dosage of 0.45 µM was enough 
to cause an increase in caspase activity by 50% of the 
controls, while Aza did not produce as profound of a 
caspase response comparable to the responses observed 
with guadecitabine. SK-LMS1, on the other hand, did 
not show any significant difference in caspase response 
between the two epigenetic modulators.

As per the above results, guadecitabine was the 
more effective DNMTi at inhibiting growth in cell lines 
with varying sensitivity, while also inducing apoptotic 
pathways. Consequently, we next tested these results on a 
three dimensional model using a clonogenic assay (colony 
formation assay).

Guadecitabine inhibits colony formation in LMS 
cell lines 

All three LMS cell lines were treated with serial 
concentrations of guadecitabine (0.01–0.45 µM) for 
three days. Colonies were allowed to form over a period 
of seven days as discussed in materials and methods. In 
SK-UT1, a significant decrease was observed with the 
cells exposed to 0.2 µM (p < 0.001) as well as to 0.45 µM  
(p < 0.001) with respect to the control (Figure 3A). On 
the other hand, SK-LMS1 presented a decrease in colony 
number at 0.45 µM only, relative to control (p < 0.01). MES-
SA did not show a significant difference in the number of 
colonies between the control group and any of the treatment 
groups, except at the 0.45 μM dosage (p < 0.05).

Morphologically, the SK-UT1 colonies for the 
control group were dense, with clearly defined boundaries. 
As the concentration of guadecitabine increased, there was 
no change in the size or shape of the colony (Figure 3B),  
until at the concentration of 0.45 µM, where 
morphologically the colonies were severely stunted in their 
growth. For SK-LMS1, while there was no change in the 
number of colonies across concentrations until the 0.45 μM 
treatment, physically the colonies appeared smaller in size 
compared to the control group again; prominently observed 
at 0.45 µM. MES-SA presented a similar pattern to SK-UT1, 
with little to no change seen in the size or the morphology of 
the colonies until a concentration of 0.45 μM was reached. 
At this level of treatment, colonies became smaller and less 
compact than at the previous concentrations, and the borders 
of the colonies were less defined.
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Guadecitabine effectively inhibits DNMT1 
protein expression

It has been reported that the primary mechanism of 
Aza and DAC is the inhibition of DNA Methyltransferase 
1 (DNMT1), and it is predicted that guadecitabine will 
act in a similar fashion to its predecessors. In order 
to investigate this, all 3 cell lines were treated with 
guadecitabine for 3 days (0–1.8 μM). After treatment, SK-
UT1 and SK-LMS1 showed a complete loss of DNMT1 
expression, while MES-SA had a significant reduction 
compared to the control (Figure 3C). 

The delayed effect of guadecitabine in 
leiomyosarcoma cell lines amplifies the efficacy 
of the modulator

Delayed impact on proliferation and caspase activity

Previous studies, published by our group, have 
found that Aza and DAC have a delayed effect, or 
an anti tumor memory response, when used against 
haematological and epithelial cancer cells [32].

This motivated us to investigate whether 
guadecitabine had similar delayed effects, as it is closely 
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related to DAC. To characterize this delayed effect, 
only the two extremes of sensitivity from the cell lines 
tested (SK-UT1 and SK-LMS1) were juxtaposed. These 
cell lines were treated with either diluent alone, or 
guadecitabine plus diluent in increasing concentrations 
over a period of 3 days. Following treatment, cells 
were allowed to rest in fresh media for up to two days 
(Figure 4A). Guadecitabine demonstrated a marked anti-
proliferative effect in both cell lines following a delay, 
more so in SK-UT1 than SK-LMS1 (Figure 4A). At 0.18 
µM concentration, SK-UT1 growth was significantly 
inhibited following 1 day and 2 days of rest, when 
compared to 0 days of rest (p < 0.001). In addition, SK-
UT1, viability was repressed at 2 days of rest by three 
fold more than the repression seen with 1 day of rest (for 
day 1 the relative viability dropped from 4 to 2 and for 
day 2 from 8 to 2) (Figure 4A). SK-LMS1 continued to 
proliferate after both 1 and 2 days of rest in the control  
(p < 0.001). However, following 2 days of rest, the level 
of viability seen at 0.18 µM was significantly lower than 
that seen for the controls (p < 0.001).

Next, we assessed if the delayed anti-proliferative 
effects were a result of apoptosis (Figure 4B). Apoptosis 
was measured indirectly by quantifying the levels of 
Caspase 3 and 7 following treatment of guadecitabine with 
zero to two days of rest. Caspase 3 and 7 were measured 

in relation to caspase levels in the control and were 
expressed as a percentage change. For SK-UT1, caspase 
3/7 levels increased dramatically following one and two 
days of rest when compared to the levels at zero days of 
rest. At 0.9 μM, caspase 3/7 levels were almost three times 
higher following 1 and 2 days of rest when compared to 
no rest (p < 0.001). For SK-LMS1, while the increase was 
on a smaller scale, treatment with 0.9 μM still elicited 
a significant increase in caspase 3/7 levels following 1 
and 2 days (p < 0.001 and p < 0.01 respectively) of rest 
compared to no rest.

Delayed impact on levels of necrosis and viability

lactate dehydrogenase (LDH), which is released 
upon overall cell death, was used to measure levels of cell 
death in order to further characterize the effect of a rest 
period of three days following guadecitabine treatment. In 
SK-UT1, an increase of LDH was observed in all of the 
guadecitabine treatment groups (Figure 4Ci). Specifically, 
a 60% increase in LDH was observed at 0.18 μM compared 
to the control (Figure 4Ci). In parallel, an 80% decrease in 
cellular growth was seen at the same concentration (Figure 
4Cii). In SK-LMS1, only an increase of 5% in LDH levels 
was observed at a concentration of 0.18 μM as compared 
with the control (Figure 4Di). However, a decrease in cell 

Figure 1: LMS cell lines showed variable responses to epigenetic modulators in vitro. Cells were freshly treated with different 
concentrations of epigenetic modulators for 1–5 days (A, B, C). At the end of the incubation period, a standard MTT assay was carried 
out. The percent viability was calculated by comparing each data point to the control and the final value was expressed in percentage. The 
IC50 was calculated by using the slope equation, as mentioned in the methods. The obtainable IC50 values for all cell lines were compared 
for each epigenetic modulator and was plotted using Graph pad prism (D). Data shown represents mean ± SEM (1A–1C). Data shown 
represents mean (1D).
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viability of 30% was seen at 0.18 μM following three 
days of rest (Figure 4Dii). MES-SA showed an initial 
decrease of 20% in viability at 0.18 μM of guadecitabine, 
a trend that continued as the amount of guadecitabine used 
increased (Figure 4Eii). However, no increase in LDH was 
observe to parallel the drop in viability (Figure 4Ei).

Following treatment, all three cell lines showed no 
increase in necrosis without a rest period (Supplementary 

Figure 1). This, combined with the above experiments,  
demonstrate that in the more sensitive cell line SK-UT1, 
guadecitabine treatment leads to cell death, regardless 
of rest. In the more resistant line SK-LMS1, moderate 
death is not observed until the effects of guadecitabine are 
amplified by a rest period. No death is observed without 
rest. For MES-SA, no death is observed with or without 
a rest period. 

Figure 2: Up-regulation of Caspase 3/7 activity in presence of epigenetic modulators. All three cell lines were treated for 
three days with varying concentrations of the Aza (A) or guadecitabine (B). The caspase 3/7 activity was measured using the luminescence 
kit discussed in Methods. Each data point was compared with the control; each value is plotted in terms of percentage. Statistical analysis 
was done using one-way ANOVA using Tukeys multiple comparison test wherein each point was compared with the control. Data shown 
represents mean ± SEM. Bottom graph represents a magnification along the Y axis of the top graph.
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Figure 3: Effect of Guadecitabine on colony formation and DNMT1 expression. LMS cells were treated with varying 
concentrations of guadecitabine for three days. For the colony assay, cells were then seeded into methyl cellulose and the plates were 
incubated at 37° C at 5% CO2 for 7 days after which colonies were manually counted under microscope. The number of colonies were 
compared relative to control (A). Images were taken at 10× magnification using EVOS cell imaging system (B). DNMT1 western blots 
were carried out as mentioned in Methods (C). Data shown in colony assay represents mean ± SEM (A).
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Delayed impact on cell cycle

As SK-LMS1 and MES-SA demonstrated decreases 
in viability with minimal to no death respectively, we 
next wanted to investigate if guadecitabine arrests cell 
cycle progression. To accomplish this, we treated our two 
differentiated cell lines (SK-UT1 and SK-LMS1) with 
guadecitabine for 3 days, and then cells were stained with 
propidium iodide and the staining was analyzed over Flow 
Cytometry. 

For SK-UT1 with no rest, treatment with either 3.6 μM  
and 7.2 μM doubled the percentage of cells arrested in 
both the S phase (dark blue) and the G2_M phase (light 
blue) (Figure 4F). Furthermore, while there is relatively 
no apoptosis observed in the control (G0G1-pink), in both 
treatment groups apoptosis was observed in around 10% 
of the total population. 

When the SK-UT1 cells were allowed to rest before 
being fixed, the percentage of cells in the S phase and 
G2_M phase decreased in our treatment groups (0.9 μM 
and 1.8 μM). However, the percentage of apoptotic cells 
increased dramatically from 0.3% of the total population 
in the control to around 70% for 0.9 μM and around 
76% for 1.8 μM. This indicates apoptosis in the more 
responsive cell line following rest.

For unrested SK-LMS1, treatment with 3.6 μM and 
7.2 μM of guadecitabine over 3 days lead to no change in 
the percentage of cells arrested in the S phase (dark blue) 
or the G2_M phase (light blue) when compared with the 
control (Figure 4G). However, the percentage of apoptotic 
cells (G0G1-pink) increased from 0% to approximately 
8% percent of the population for both treatment groups.

When SK-LMS1 was allowed to rest following 
treatment with guadecitabine at 0.9 μM and 1.8 μM, the 
percentage of cells arrested in the S phase and G2_M 
decreased slightly. On the other hand, percentage of 
apoptotic cells increased from 1% percent in the control 
to about 25% in both treatment groups. This again 
confirms that while SK-LMS1 is susceptible to the effects 
of guadecitabine, it is not as sensitive to the epigenetic 
modulator as the cell line SK-UT1. 

Leiomyosarcoma cell lines showed decrease in 
tumorigenesis when treated with Guadecitabine

Given the remarkable in vitro anti-proliferative 
responses seen in LMS cell lines with low doses of 
epigenetic modulators, we explored if these effects could 
be seen in vivo. Guadecitabine was used for in vivo testing 
since it appeared to have increased potency as compared 
to Aza and DAC from in vitro models.

SK-UT1 and SK-LMS1, as our differentiated 
cell lines (2 × 106 cells per animal), were injected 
subcutaneously into the right flanks of NOD/SCID 
mice. Once tumors were palpable (>5 mm3), the mice 
were treated with a bi-weekly regimen of subcutaneous 

injections of guadecitabine (3 mg/kg) or PBS. Figure 5 
demonstrates the effects of guadecitabine therapy on size 
for both LMS cell line xenograft models. The rate of 
tumour growth was significantly reduced in those animals 
treated with guadecitabine versus PBS (p < 0.001) over a 
period of 30–60 days for both LMS cell lines (Figure 5A). 

Mice transplanted with SK-UT1 and treated with 
guadecitabine had tumors with less than half the volume 
when compared to control tumors at the pre-designated 
time point for sacrifice of controls (SK-UT1: 33 days; 
SK-LMS1: 42 days) (Figure 5A). For SK-UT1 control 
mice, the average tumor volume was just under 3000 mm3, 
while the guadecitabine treated group had an average 
tumor volume of around 1000 mm3 (p < 0.001) 33 days 
following the beginning of treatment. For mice inoculated 
with SK-LMS1 cells, the growth of guadecitabine treated 
tumors was severely delayed, while the tumors in controls 
grew rapidly. For control mice, the average tumor volume 
at the experimental end was around 1500 mm3, while 
the guadecitabine treated group had an average of just 
above 10 mm3 (p < 0.001) (Figure 5B). For the mice in 
the guadecitabine treated SK-LMS1 cohort, tumors were 
allowed to continue to grow until they reached an average 
volume of around 1000 mm3. This was done in order to 
confirm the presence of a viable tumor. 

Morphology of the tumors was assessed after 
the animals were sacrificed. As shown by the images, 
guadecitabine treated tumors were smaller in size when 
compared to their control counterparts for animals 
inoculated with either SK-UT1 or SK-LMS1 (Figure 5C). 

In addition to inhibiting tumor growth, 
guadecitabine treatment led to an increase in the duration 
of survival in the experimental groups (in both cell lines) 
compared to controls (Figure 5D). For mice harbouring 
SK-UT1, animals treated with guadecitabine survived 
longer than the control group (median survival: 34 days 
control vs. 47 days guadecitabine) (p < 0.001) (Figure 5E).  
For the SK-LMS1 mice, the treatment group also survived 
significantly longer than the control, (median survival 
47 days control vs. 83 days guadecitabine) (p < 0.001). 
During this interval, mice from all four groups were seen 
to gain weight (data not shown).

DISCUSSION 

The prognosis for sarcoma patients remains very 
poor, in spite of progress that has been made in other 
types of cancer [33, 34]. The most common method of 
treating this disease is through surgical resection. The 
systemic chemotherapy options available include the 
drugs docetaxel and gemcitabine which have a complete 
response in only 5% of the patients [35, 36]. Other 
chemotherapy drugs like methotrexate, doxorubicin, and 
cisplatin (MAP) have been evaluated in clinical trials with 
little success to date [37].
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Numerous clinical trials have targeted aberrant 
receptor expression, such as vascular endothelial growth 
factor receptors (VEGFR), estrogen receptors (ER), and 
progesterone receptors (PR) [38–42]. None of these 
trials has had a significant effect on disease progression 
or survival of patients. Other agents such as rapamycin, 
a mTOR inhibitor, and Topotecan, a topoisomerase 
I inhibitor, have been found to have either limited or 
conflicting results in various clinical trials [43–45]. 
Therefore, it should be of great urgency to investigate and 
develop new targeted therapies to try and alter the rapid, 
often terminal progression of this disease. 

To date, very little research has been done with 
the characterization of sarcoma epigenetics. As elevated 
expression of histone deacetylase (HDAC) has been 
observed in stromal sarcomas, newer studies investigated 
the efficacy of HDAC inhibitors both in vitro and in the 
clinic [46–48]. Further research is required to determine 
the true effectiveness of these HDAC inhibitors. In spite of 
the attempts to understand histone acetylation, no studies 
have yet investigated the effects of DNA methylation. 

Guadecitabine, of the three DNMTi, was the most 
effective at slowing cellular viability in the cell line with 
the highest responsivity (SK-UT1), and the only drug 
to accomplish this at a clinically relevant concentration. 

These results were replicated in a 3D model via a 
colony formation assay, where guadecitabine decreased 
the number of colonies in the more sensitive cell line 
(variation in cell line sensitivity is most likely due to 
overall methylation status of the cell lines [8]).

Our group has shown that Aza and DAC have a 
delayed effect when treating hematological tumors [32]. 
A similar memory effect was seen for all three cell lines 
in terms of viability following guadecitabine treatment. 
However, it would seem that this amplified decrease was 
not achieved in the same manner. Following a rest period, 
both SK-UT1 and SK-LMS1 had significant and moderate 
(respectively) increases in cytotoxicity, implicating death 
in the decreased cell counts. MES-SA, did not demonstrate 
any cytotoxicity following both 0 and 3 days of rest to 
explain the diminished viability seen in the MTT and 
colony assays. This would imply that while this modulator 
is diminishing the cell viability even in the more resistant 
cell lines, it must be accomplishing this through some 
other mechanism rather than death. 

Caspase 3/7 expression, as an indicator of potential 
apoptotic death, was also amplified following a rest 
period in SK-UT1 and SK-LMS1. In SK-UT1, the effect 
was drastic, while in SK-LMS1 the increase was not as 
profound. MES-SA, on the other hand, did not exhibit a 

Figure 4: Guadecitabine has a delayed effect on sensitive LMS cell lines. SK-UT1 and SK-LMS1 were treated with guadecitabine 
for 3 days and then allowed to rest for 0–2 days. Following rest, cell survival was measured using a standard MTT assay (A), and apoptosis 
was measured using Caspase 3/7 Glo® (B). For both assays, each point was measured as a percentage of the control. Levels of LDH (i) 
(representing necrosis) and cell viability (ii) were measured when cells were treated with guadecitabine for three days, followed by three 
days of rest for SK-UT1 (C), SK-LMS1 (D), and MES-SA (E). SK-UT1 and SK-LMS1 were treated with guadecitabine for 3 days and 
either fixed immediately or rested for 3 days. Staining was carried out with propidium iodide and run over Flow (G–F). Data shown 
represents mean ± SEM, except in Figure 4B. where data is represented as mean ± SD. For Figure G–F, data was analysed using the DIVA 
software.
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noticeable increase in Caspase activity (Supplementary 
Figure 2). This is in accordance with our above theory, that 
while guadecitabine is decreasing viability, it can achieve 
this outside of a cellular death pathway.

Aza has been previously described to arrest cell 
cycles in the G2 phase [49]. Since we have observed 
decreases in viability not due to cell death (i.e. our MES-
SA cell line), we wanted to investigate if guadacitabine 
acted in a similar effect to its analogue. In our cell 

cycle experiment, the SK-UT1 populations treated 
with guadecitabine, and unrested, demonstrated large 
percentages of the cells arrested in the S and G2_M 
phase when compared to the control. This shows that 
guadecitabine acts in a similar manner to its epigenetic 
modulating predecessor. 

Both LMS cell lines demonstrated a significant 
response to treatment of guadecitabine when moved into 
an in vivo model. Tumor growth was severely stunted for 
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each cell line when compared to the control, in both the 
more and less resistant cell line. Guadecitabine did allow 
a large percentage of the treatment groups for both cell 
lines to survive longer than they would have if they had 
not received treatment (i.e., the control group). 

Our results show that the hypomethylating agent 
guadecitabine appears to have greater efficacy in treatment 
of LMS cell lines in vitro than its counterparts. These anti-
tumor effects were also replicated with in vivo models. 
Further studies are needed to elucidate the mechanism of 
this finding.

MATERIALS AND METHODS 

Reagents

The following leiomyosarcoma cell lines were 
purchased from the ATCC: SK-LMS1 (ATCC® HTB-
88™, leiomyosarcoma of the vulva), SK-UT1 (ATCC® 
HTB114™, uterine leiomyosarcoma), and MES-SA 
(ATCC® CRL-1976™, poorly differentiated uterine 
sarcoma). CellTox™ Green Cytotoxicity Assay (cat. No. 

G8741), CellTiter96 Cell Proliferation Assay (cat. No. 
G3580) and Caspase Glo® Assay (cat. No. G8090) were 
purchased from Promega. 5-azacitidine (cat. No. A2385) 
and 5-aza-2′-deoxycytidine (cat. No. A3656) were 
purchased from Sigma-Aldrich. Guadecitabine (SGI 110) 
was supplied by ASTEX pharmaceuticals. NOD/SCID 
mice were purchased from (Jackson Laboratories).

Cell culture 

 SK-LMS1 and SK-UT1 cell lines were cultured in 
Minimum Essential Media (MEM) (cat. No. 10-010 CV) 
with 10% Fetal Bovine Serum (cat.No.100-106) MES-SA 
cells were grown in McCoys media (cat. No. 10-050 CV) 
containing 10% FBS. 

Cell viability assays 

An MTT Assay was used as a measure of cell 
viability. For each cell line, either 1000 (SK-UT1) 
or 1500 (SK-LMS1) cells per well were seeded into 
a 96 well plate and allowed to adhere overnight. 

Figure 5: Decrease in tumor volume with Guadecitabine in xenograft model. NOD/SCID mice were treated biweekly with  
3 mg/kg guadecitabine following growth of palpable tumor xenografts of SK-UT1 and SK-LMS1. The effect of treatment on tumor volume 
was compared with the control group, both during the course of the study (A), as well at the endpoint (B). Images of treatment vs. control 
groups for both cell lines are represented at the termination of the study (C). Survival time is shown as a Kaplan-Meier Curve demonstrating 
the effect of biweekly treatment with 3 mg/kg guadecitabine on the survival of NOD/SCID mice with SK-LMS1 and SK-UT1 xenografts 
(D). Median survival time was calculated for treatment vs. control group for both cell lines (E). Data shown represents mean ± SEM, except 
in Figure 5D. which represents individual survival time and Figure 5E. which are median values.
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Treatment with 5-azacitidine (Aza) (0.1–5 μM),  
5-aza-2-deoxycytidine (DAC) (0.1–5 μM), or guadecitabine 
(SGI-110) (0.02–9.0 μM) was performed in triplicate. 
Treatment with various epigenetic modulators was 
compared with controls, which were cells cultured in 
basal media containing an equivalent amount of the drug’s 
solvent. Media was renewed daily, and the cells were 
incubated for a maximum of five days. At the indicated 
time points, the appropriate amount of MTT-reagent, as per 
manufacturer’s recommendation (Promega), was added to 
the media and incubated at 37° C, 5% CO2 for two to four 
hours. The absorbance was measured at a wavelength of 
490 nm spectrophotometric ally (Biorad iMark™ Microplate 
Reader). Each data point was calculated relative to control 
and expressed in terms of percent survival and plotted 
using Graph Pad Prism©. A minimum of three experimental 
replicates were conducted. 

MTT-assays were also used to test whether LMS 
cell lines showed a delayed response to treatment with 
increasing concentrations of the DNMTi guadecitabine. 
Cells were seeded into a T75 flask and allowed to adhere 
overnight. Treatment with guadecitabine (0.18–1.80 μM) 
was performed over a total of 3 days. Control cells were 
treated with an equivalent volume of diluent. All media was 
renewed daily. Following treatment, cells were plated in 96 
well plates and incubated in drug-free media for 1–3 days. 
Absorbance was measured as described above. A minimum 
of three experiments were conducted to confirm results.

Caspase 3/7 assay

Caspase Glo® Assay kit (Promega) was utilized 
in order to measure apoptosis by proxy of caspase 3 
and 7 activity. This was carried out in order to further 
characterize the mechanism of DNMTi drug induced 
apoptosis. Cells were cultured in the above-mentioned 
conditions, and the luminescent signal was assessed using 
the manufacturer’s instructions. The readout for each drug 
concentration was determined as a relative percentage to 
the control ((experimental/control) *100) and plotted using 
Graph Pad Prism.

Furthermore, levels of apoptosis for the 
guadecitabine treated LMS cells were quantified 
during the delayed response experiment using the 
abovementioned Promega Caspase 3/7 kit. Following 
treatment, cell lines were reseeded in drug free media 
in 96 well plates. The plates were incubated in the same 
conditions as the MTT delayed response experiment for 1, 
2, or 3 days. Luminescence was measured as previously 
described above.

Colony formation assay

All three cell lines were cultured as a monolayer 
for 24 hours prior to treatment. Cells were incubated 
with different concentrations of guadecitabine for a total 
period of 3 days. The cells were trypsinized and suspended 

as a single-cell solution in a methylcellulose-medium 
containing 3% methylcellulose, culture media, 10% BSA, 
fetal bovine serum, L-glutamine, penicillin/streptomycin 
and Beta mercapto ethanol [50]. Cells were then aliquoted 
as duplicate samples at 4 × 106 cells per well. Colonies 
were allowed to form by incubating plates for 7 days 
at the above mentioned conditions, then assessed for 
morphology and counted manually with microscopy (at 
10× magnification). Colonies were defined as distinct 
groups of fifty or more cells. Pictures were taken using the 
EVOS Cell Imaging System (Thermo-Fisher Scientific). 

Western blotting

All three cell lines were plated into T75 flasks 
and treated with guadecitabine for 3 days (0–1.8 μM). 
Westerns were carried out as previously detailed [51].

Necrosis assay

LMS cell lines were plated into a 96 well format and 
treated with either Aza or guadecitabine for three days. 
Each day, the media in each well was collected and stored 
at 4°  C. Following treatment, lactate dehydrogenase (LDH) 
activity was measured from the collected media using a 
Thermo Scientific Cytotoxicity Kit (cat. No. 88954). 

Similarly, to measure delayed cytotoxicity following 
treatment of guadecitabine, LMS cells were again seeded 
into a 96 well plate format and treated with guadecitabine 
for three days. Following the third day of treatment, 
the cells were allowed to rest for three days in fresh 
media (rest was defined as a period in which cells were 
not exposed to drugs and were maintained in drug-free 
media). On the third day of rest, the media was collected 
from plates and again LDH activity was measured used 
the same Thermo Scientific Cytotoxicity Kit. The data was 
analysed according to manufacturer’s instructions. 

Flow cytometry

SK-UT1 and SK-LMS1 cells were plated into a 
T75 flask and treated with varying concentrations of 
guadecitabine for 3 days. Media was collected each day 
and floating cells were pelleted. Following treatment, 
the remaining cells were either immediately fixed in 
chilled 70% ethanol and stored at –20° C, or allowed to 
rest in fresh media for an additional 3 days before they 
were fixed. Cells were stained and data was acquired as 
described previously [52]. The data was analysed using 
DIVA software.

 Animal experiments 

SK-LMS1 and SK-UT1 cell lines were selected 
for further study of guadecitabine in an in vivo xenograft 
model. All animal studies were conducted in adherence 
with Johns Hopkins protocols for animal care and use. 
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Two million SK-UT1 and SK-LMS1 cells were 
suspended in 200 µL 1:1 Matrigel: PBS and injected in 
the right flank of NOD/SCID mice. Four experimental 
groups were defined for each cell line, each containing 
10 mice per group: Group A - SK-UT1, biweekly (defined 
as twice a week) treatment with PBS; Group B: SK-
UT1, biweekly treatment with 3 mg/kg guadecitabine; 
Group C: SK-LMS1, biweekly treatment with PBS; 
Group D: SK-LMS1, biweekly treatment with 3 mg/kg  
guadecitabine. Treatment was initiated (considered Day 0) 
upon identification of a palpable tumor. Tumor size was 
recorded biweekly, whereas body weight was registered 
weekly. Behaviour, as a measure of animal health and 
discomfort, was also observed twice a week. Tumor 
volume was calculated using the equation (Volume = 
((Width2)*Length)/2) [53]. Mice were sacrificed once the 
tumor burden pasted the acceptable limits established in 
our animal protocol (above 2 cm tumor size). 

Statistical analysis 

The IC50 values for the in vitro cell viability assays 
were determined using a standard slope equation Y = 
mX + C by fitting the line to a linear regression using 
Microsoft Excel. The calculated IC50 values were plotted 
using Graph Pad Prism 6. Using the same software, 
statistically significant differences within treatment 
groups across time points were determined using one-way 
ANOVA with Tukey’s Post hoc and non-parametric t-tests. 
Significance was considered at either (**p < 0.01) or  
(***p < 0.001) depending on the assay. 

ACKNOWLEDGMENTS

The authors would like to dedicate this paper to 
our dear friend and respected colleague Kevin Wyatt 
McMahon.

CONFLICTS OF INTEREST

Ahuja has licensed biomarkers for early detection 
of pancreas cancers to Cepheid, consultant- Celgene, 
research support–Astex.

FUNDING

The project was supported by Stick it to Sarcoma, 
FINISH Sarcoma and Astex pharmaceuticals.

REFERENCES

 1. Surveillance, Epidemiology, and End Results (SEER) 
Program. Available at: https://seer.cancer.gov/ (Accessed: 
13th of February 2017).

 2. Ng VY, Scharschmidt TJ, Mayerson JL, Fisher JL. 
Incidence and survival in sarcoma in the United States: a 
focus on musculoskeletal lesions. Anticancer Res. 2013; 
33:2597–604. 

 3. Ferrari A, Sultan I, Huang TT, Rodriguez-Galindo C, 
Shehadeh A, Meazza C, Ness KK, Casanova M, Spunt SL. 
Soft tissue sarcoma across the age spectrum: a population-
based study from the Surveillance Epidemiology and End 
Results database. Pediatr Blood Cancer. 2011; 57:943–9. 
https://doi.org/10.1002/pbc.23252.

 4. Stiller CA, Trama A, Serraino D, Rossi S, Navarro C, 
Chirlaque MD, Casali PG, and The RARECARE Working 
Group. Descriptive epidemiology of sarcomas in Europe: 
report from the RARECARE project. Eur J Cancer. 2013; 
49:684–95. https://doi.org/10.1016/j.ejca.2012.09.011. 

 5. Farid M, Ong WS, Tan MH, Foo LS, Lim YK, Chia WK, 
Soh LT, Poon D, Lee MJ, Ho ZC, Jeevan R, Chin F, 
Teo M, et al. The influence of primary site on outcomes 
in leiomyosarcoma: a review of clinicopathologic 
differences between uterine and extrauterine disease. Am 
J Clin Oncol. 2013; 36:368–74. https://doi.org/10.1097/
COC.0b013e318248dbf4.

 6. Weiss SW. Smooth muscle tumors of soft tissue. Adv Anat 
Pathol. 2002; 9:351–9. 

 7. Kapp DS, Shin JY, Chan JK. Prognostic factors and survival 
in 1396 patients with uterine leiomyosarcomas: emphasis 
on impact of lymphadenectomy and oophorectomy. Cancer. 
2008; 112:820–30. https://doi.org/10.1002/cncr.23245.

 8. Miyata T, Sonoda K, Tomikawa J, Tayama C, Okamura 
K, Maehara K, Kobayashi H, Wake N, Kato K, Hata K, 
Nakabayashi K. Genomic, epigenomic, and transcriptomic 
profiling towards identifying omics features and specific 
biomarkers that distinguish uterine leiomyosarcoma 
and leiomyoma at molecular levels. Sarcoma. 2015; 
2015:412068. https://doi.org/10.1155/2015/412068. 

 9. Taylor BS, Barretina J, Maki RG, Antonescu CR, Singer S, 
Ladanyi M. Advances in sarcoma genomics and new 
therapeutic targets. Nat Rev Cancer. 2011; 11:541–57. 
https://doi.org/10.1038/nrc3087.

10. TCGA Database: Available at: www.cbioportal.org. 
(Accessed: 13th February 2017).

11. COSMIC: Cancer Browser. Available at: http://cancer.
sanger.ac.uk/cosmic/ (Accessed: 13th February 2017).

12. The Cancer Genome Atlas Research Network. 
Comprehensive and Integrated Genomic Characterization 
of Adult Soft Tissue Sarcomas. Cell. 2017; 171:950–65.e28. 
https://doi.org/10.1016/j.cell.2017.10.014. 

13. Conconi D, Chiappa V, Perego P, Redaelli S, Bovo G, 
Lavitrano M, Milani R, Dalpra L, Lissoni AA. Potential role 
of BCL2 in the recurrence of uterine smooth muscle tumors 
of uncertain malignant potential. Oncol Rep. 2017; 37:41–7. 
https://doi.org/10.3892/or.2016.5274.



Oncotarget19394www.oncotarget.com

14. Bodner-Adler B, Bodner K, Czerwenka K, Kimberger O, 
Leodolter S, Mayerhofer K. Expression of p16 protein 
in patients with uterine smooth muscle tumors: an 
immunohistochemical analysis. Gynecol Oncol. 2005; 
96:62–6. https://doi.org/10.1016/j.ygyno.2004.09.026.

15. Kawaguchi K, Oda Y, Saito T, Yamamoto H, Tamiya S, 
Takahira T, Miyajima K, Iwamoto Y, Tsuneyoshi M. 
Mechanisms of inactivation of the p16INK4a gene in 
leiomyosarcoma of soft tissue: decreased p16 expression 
correlates with promoter methylation and poor prognosis. J 
Pathol. 2003; 201:487–95. https://doi.org/10.1002/path.1419.

16. Baylin SB, Jones PA. A decade of exploring the cancer 
epigenome - biological and translational implications. Nat Rev 
Cancer. 2011; 11:726–34. https://doi.org/10.1038/nrc3130.

17. Baylin SB, Herman JG. DNA hypermethylation in 
tumorigenesis: epigenetics joins genetics. Trends Genet. 
2000; 16:168–74. 

18. Yi JM, Dhir M, Van Neste L, Downing SR, Jeschke J, 
Glockner SC, de Freitas Calmon M, Hooker CM, Funes JM, 
Boshoff C, Smits KM, van Engeland M, Weijenberg MP, et al. 
Genomic and epigenomic integration identifies a prognostic 
signature in colon cancer. Clin Cancer Res. 2011; 17:1535–
45. https://doi.org/10.1158/1078-0432.CCR-10-2509.

19. Jeschke J, Van Neste L, Glockner SC, Dhir M, Calmon MF, 
Deregowski V, Van Criekinge W, Vlassenbroeck I, 
Koch A, Chan TA, Cope L, Hooker CM, Schuebel KE, 
et al. Biomarkers for detection and prognosis of breast 
cancer identified by a functional hypermethylome screen. 
Epigenetics. 2012; 7:701–9. https://doi.org/10.4161/epi.20445.

20. Gnyszka A, Jastrzebski Z, Flis S. DNA methyltransferase 
inhibitors and their emerging role in epigenetic therapy of 
cancer. Anticancer Res. 2013; 33:2989–96. 

21. Ahuja N, Sharma AR, Baylin SB. Epigeneti c 
therapeutics: a new weapon in the war against cancer. 
Annu Rev Med. 2016; 67:73–89. https://doi.org/10.1146/
annurev-med-111314-035900. 

22. Connolly RM, Li H, Jankowitz RC, Zhang Z, Rudek MA, 
Jeter SC, Slater SA, Powers P, Wolff AC, Fetting JH, Brufsky 
A, Piekarz R, Ahuja N, et al. Combination epigenetic 
therapy in advanced breast cancer with 5-Azacitidine and 
Entinostat: a phase II National Cancer Institute/Stand Up to 
Cancer Study. Clin Cancer Res. 2017; 23:2691–701. https://
doi.org/10.1158/1078-0432.CCR-16-1729. 

23. Juergens RA, Wrangle J, Vendetti FP, Murphy SC, Zhao M, 
Coleman B, Sebree R, Rodgers K, Hooker CM, Franco N, 
Lee B, Tsai S, Delgado IE, et al. Combination epigenetic 
therapy has efficacy in patients with refractory advanced 
non-small cell lung cancer. Cancer Discov. 2011; 1:598–
607. https://doi.org/10.1158/2159-8290.CD-11-0214.

24. Li H, Chiappinelli KB, Guzzetta AA, Easwaran H, Yen RW, 
Vatapalli R, Topper MJ, Luo J, Connolly RM, Azad NS, 
Stearns V, Pardoll DM, Davidson N, et al. Immune 
regulation by low doses of the DNA methyltransferase 
inhibitor 5-azacitidine in common human epithelial cancers. 

Oncotarget. 2014; 5:587–98. https://doi.org/10.18632/
oncotarget.1782.

25. Matei D, Fang F, Shen C, Schilder J, Arnold A, Zeng Y, 
Berry WA, Huang T, Nephew KP. Epigenetic resensitization 
to platinum in ovarian cancer. Cancer Res. 2012; 72:2197–
205. https://doi.org/10.1158/0008-5472.CAN-11-3909.

26. Sharma A, Vatapalli R, Abdelfatah E, Wyatt McMahon 
K, Kerner Z, Guzzetta A, Singh J, Zahnow C, Baylin S, 
Yerram S, Hu Y, Azad N, Ahuja N. Hypomethylating 
agents synergize with irinotecan to improve response to 
chemotherapy in colorectal cancer cells. PLoS One. 2017; 
12:e0176139. https://doi.org/10.1371/journal.pone.0176139.

27. Welch JS, Petti AA, Miller CA, Fronick CC, O'Laughlin M, 
Fulton RS, Wilson RK, Baty JD, Duncavage EJ, Tando n B, 
Lee YS, Wartman LD, Uy GL, et al. TP53 and decitabine 
in acute myeloid leukemia and myelodysplastic syndromes. 
N Engl J Med. 2016; 375:2023–36. https://doi.org/10.1056/
NEJMoa1605949. 

28. Silverman LR, Demakos EP, Peterson BL, Kornblith AB, 
Holland JC, Odchimar-Reissig R, Stone RM, Nelson D, 
Powell BL, DeCastro CM, Ellerton J, Larson RA, Schiffer 
CA, et al. Randomized controlled trial of azacitidine in 
patients with the myelodysplastic syndrome: a study of the 
cancer and leukemia group B. J Clin Oncol. 2002; 20:2429–
40. https://doi.org/10.1200/JCO.2002.04.117.

29. Fang F, Munck J, Tang J, Taverna P, Wang Y, Miller DF, 
Pilrose J, Choy G, Azab M, Pawelczak KS, VanderVere-
Carozza P, Wagner M, Lyons J, et al. The novel, small-
molecule DNA methylation inhibitor SGI-110 as an ovarian 
cancer chemosensitizer. Clin Cancer Res. 2014; 20:6504–
16. https://doi.org/10.1158/1078-0432.CCR-14-1553.

30. Kantarjian HM, Roboz GJ, Kropf PL, Yee KWL, 
O'Connell CL, Tibes R, Walsh KJ, Podoltsev NA, Griffiths 
EA, Jabbour E, Garcia-Manero G, Rizzieri D, Stock W, et 
al. Guadecitabine (SGI-110) in treatment-naive patients with 
acute myeloid leukaemia: phase 2 results from a multicentre, 
randomised, phase 1/2 trial. Lancet Oncol. 2017; 18:1317–
26. https://doi.org/10.1016/S1470-2045(17)30576-4.

31. Issa JJ, Roboz G, Rizzieri D, Jabbour E, Stock W, 
O'Connell C, Yee K, Tibes R, Griffiths EA, Walsh K, 
Daver N, Chung W, Naim S, et al. Safety and tolerability of 
guadecitabine (SGI-110) in patients with myelodysplastic 
syndrome and acute myeloid leukaemia: a multicentre, 
randomised, dose-escalation phase 1 study. Lancet 
Oncol. 2015; 16:1099–110. https://doi.org/10.1016/
S1470-2045(15)00038-8.

32. Tsai HC, Li H, Van Neste L, Cai Y, Robert C, Rassool FV, 
Shin JJ, Harbom KM, Beaty R, Pappou E, Harris J, Yen RW, 
Ahuja N, et al. Transient low doses of DNA-demethylating 
agents exert durable antitumor effects on hematological 
and epithelial tumor cells. Cancer Cell. 2012; 21:430–46. 
https://doi.org/10.1016/j.ccr.2011.12.029.

33. Reed NS, Mangioni C, Malmstrom H, Scarfone G, Poveda 
A, Pecorelli S, Tateo S, Franchi M, Jobsen JJ, Coens 



Oncotarget19395www.oncotarget.com

C, Teodorovic I, Vergote I, Vermorken JB. Phase III 
randomised study to evaluate the role of adjuvant pelvic 
radiotherapy in the treatment of uterine sarcomas stages 
I and II: an European Organisation for Research and 
Treatment of Cancer Gynaecological Cancer Group Study 
(proto col 55874). Eur J Cancer. 2008; 44:808–18. https://
doi.org/10.1016/j.ejca.2008.01.019.

34. Major FJ, Blessing JA, Silverberg SG, Morrow CP, 
Creasman WT, Currie JL, Yordan E, Brady MF. Prognostic 
factors in early-stage uterine sarcoma. A Gynecologic 
Oncology Group study. Cancer. 1993; 71:1702–9. 

35. Hensley ML, Blessing JA, Degeest K, Abulafia O, 
Rose PG, Homesley HD. Fixed-dose rate gemcitabine plus 
docetaxel as second-line therapy for metastatic uterine 
leiomyosarcoma: a Gynecologic Oncology Group phase 
II study. Gynecol Oncol. 2008; 109:323–8. https://doi.
org/10.1016/j.ygyno.2008.02.024. 

36. Hensley ML, Blessing JA, Mannel R, Rose PG. Fixed-
dose rate gemcitabine plus docetaxel as first-line therapy 
for metastatic uterine leiomyosarcoma: a Gynecologic 
Oncology Group phase II trial. Gynecol Oncol. 2008; 
109:329–34. https://doi.org/10.1016/j.ygyno.2008.03.010.

37. Edmonson JH, Blessing JA, Cosin JA, Miller DS, Cohn DE, 
Rotmensch J. Phase II study of mitomycin, doxorubicin, 
and cisplatin in the treatment of advanced uterine 
leiomyosarcoma: a Gynecologic Oncology Group study. 
Gynecol Oncol. 2002; 85:507–10. 

38. Yoon SS, Segal NH, Olshen AB, Brennan MF, Singer S. 
Circulating angiogenic factor levels correlate with extent 
of disease and risk of recurrence in patients with soft 
tissue sarcoma. Ann Oncol. 2004; 15:1261–6. https://doi.
org/10.1093/annonc/mdh309.

39. Hensley ML, Miller A, O'Malley DM, Mannel RS, 
Behbakht K, Bakkum-Gamez JN, Michael H. Randomized 
phase III trial of gemcitabine plus docetaxel plus 
bevacizumab or placebo as first-line treatment for metastatic 
uterine leiomyosarcoma: an NRG Oncology/Gynecologic 
Oncology Group study. J Clin Oncol. 2015; 33:1180–5. 
https://doi.org/10.1200/JCO.2014.58.3781.

40. van der Graaf WT, Blay JY, Chawla SP, Kim DW, Bui-
Nguyen B, Casali PG, Schoffski P, Aglietta M, Staddon AP, 
Beppu Y, Le Cesne A, Gelderblom H, Judson IR, et al. 
Pazopanib for metastatic soft-tissue sarcoma (PALETTE): 
a randomised, double-blind, placebo-controlled phase 3 
trial. Lancet. 2012; 379:1879–86. https://doi.org/10.1016/
S0140-6736(12)60651-5.

41. Bodner K, Bodner-Adler B, Kimberger O, Czerwenka K, 
Leodolter S, Mayerhofer K. Estrogen and progesterone 
receptor expression in patients with uterine leiomyosarcoma 
and correlation with different clinicopathological 
parameters. Anticancer Res. 2003; 23:729–32. 

42. Ioffe YJ, Li AJ, Walsh CS, Karlan BY, Leuchter R, 
Forscher C, Cass I. Hormone receptor expression in uterine 
sarcomas: prognostic and therapeutic roles. Gynecol 

Oncol. 2009; 115:466–71. https://doi.org/10.1016/j.
ygyno.2009.08.014.

43. Wan X, Helman LJ. The biology behind mTOR inhibition 
in sarcoma. Oncologist. 2007; 12:1007–18. https://doi.
org/10.1634/theoncologist.12-8-1007.

44. Vemulapalli S, Mita A, Alvarado Y, Sankhala K, Mita M. 
The emerging role of mammalian target of rapamycin 
inhibitors in the treatment of sarcomas. Target Oncol. 2011; 
6:29–39. https://doi.org/10.1007/s11523-011-0179-4.

45. Miller DS, Blessing JA, Kilgore LC, Mannel R, Van Le L. 
Phase II trial of topotecan in patients with advanced, persistent, 
or recurrent uterine leiomyosarcomas: a Gynecologic 
Oncology Group Study. Am J Clin Oncol. 2000; 23:355–7. 

46. Hrzenjak A, Moinfar F, Kremser ML, Strohmeier B, 
Staber PB, Zatloukal K, Denk H. Valproate inhibition 
of histone deacetylase 2 affects differentiation and 
decreases proliferation of endometrial stromal sarcoma 
cells. Mol Cancer Ther. 2006; 5:2203–10. https://doi.
org/10.1158/1535-7163.MCT-05-0480.

47. Hrzenjak A, Moinfar F, Kremser ML, Strohmeier B, 
Petru E, Zatloukal K, Denk H. Histone deacetylase inhibitor 
vorinostat suppresses the growth of uterine sarcomas 
in vitro and in vivo. Mol Cancer. 2010; 9:49. https://doi.
org/10.1186/1476-4598-9-49.

48. Choy E, Flamand Y, Balasubramanian S, Butrynski JE, 
Harmon DC, George S, Cote GM, Wagner AJ, Morgan JA, 
Sirisawad M, Mani C, Hornicek FJ, Duan Z, et al. Phase 1 
study of oral abexinostat, a histone deacetylase inhibitor, in 
combination with doxorubicin in patients with metastatic 
sarcoma. Cancer. 2015; 121:1223–30. https://doi.
org/10.1002/cncr.29175.

49. Alexander VM, Roy M, Steffens KA, Kunnimalaiyaan M, 
Chen H. Azacytidine induces cell cycle arrest and 
suppression of neuroendocrine markers in carcinoids. Int J 
Clin Exp Med. 2010; 3:95–102. 

50. Matsui WH, Gladstone DE, Vala MS, Barber JP, 
Brodsky RA, Smith BD, Jones RJ. The role of growth 
factors in the activity of pharmacological differentiation 
agents. Cell Growth Differ. 2002; 13:275–83. 

51. Cai Y, Tsai HC, Yen RC, Zhang YW, Kong X, Wang W, Xia L, 
Baylin SB. Critical threshold levels of DNA methyltransferase 
1 are required to maintain DNA methylation across the 
genome in human cancer cells. Genome Res. 2017; 27:533–
44. https://doi.org/10.1101/gr.208108.116.

52. Sen R, Bandyopadhyay S, Dutta A, Mandal G, Ganguly S, 
Saha P, Chatterjee M. Artemisinin triggers induction of 
cell-cycle arrest and apoptosis in Leishmania donovani 
promastigotes. J Med Microbiol. 2007; 56:1213–8. https://
doi.org/10.1099/jmm.0.47364-0.

53. Faustino-Rocha A, Oliveira PA, Pinho-Oliveira J, Teixeira-
Guedes C, Soares-Maia R, da Costa RG, Colaco B, 
Pires MJ, Colaco J, Ferreira R, Ginja M. Estimation of rat 
mammary tumor volume using caliper and ultrasonography 
measurements. Lab Anim (NY). 2013; 42:217–24. https://
doi.org/10.1038/laban.254.


