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Abstract. Myxoid liposarcoma (MLS) is thought to occur 
due to defective adipocytic differentiation in mesenchymal 
stem cells. A promising strategy for MLS treatment is the 
prevention of sarcomagenesis by promoting the terminal 
differentiation of MLS cells into adipocytes. Previous studies 
have reported that the suppression of megakaryoblastic 
leukemia 1 (MKL1) expression induces adipocytic differen‑
tiation in preadipocyte cell lines. The present study aimed to 
investigate the effects of MKL1 suppression on MLS cells. 
In the present study, MKL1 knockdown was demonstrated to 
promote the adipocytic differentiation of an MLS‑derived cell 
line, designated 1955/91, under adipogenic conditions. This 
suggests that therapeutic targeting of the MKL1‑associated 
molecular pathway has potential as a promising method of 
MLS treatment. However, the induction of adipogenesis by 
MKL knockdown was incomplete, and Oil Red O staining 
indicated that intracellular lipid droplets were only sporadi‑
cally generated. Conversely, MKL1 knockdown reduced the 
growth of the MLS cells. As adipocytic differentiation in vitro 
requires cellular confluence, the decreased growth rate of the 
MLS cells following MKL1 knockdown could be attributed 
to the incomplete induction of adipogenesis. Translocated in 
liposarcoma‑CCAAT/enhancer‑binding protein homologous 
protein (TLS‑CHOP) is an MLS‑specific oncoprotein that is 
thought to play key roles in sarcomagenesis and the suppression 
of adipocytic differentiation. However, the results of western 
blotting analyses suggest that TLS‑CHOP has limited effects 
on MKL1 expression in MLS cells and that MKL1 knockdown 
hardly affects TLS‑CHOP expression. Thus, it is postulated 
that the inhibitory effect of TLS‑CHOP on adipogenesis is not 
associated with MKL1 expression. However, MKL1 and the 

molecular pathway involving MKL1 appear to be attractive 
targets for the differentiation therapy of MLS.

Introduction

Mesenchymal stem cells are pluripotent cells that possess the 
potential to differentiate into myocytic, osteocytic, chondro‑
cytic and adipocytic cells (1‑4). Several types of sarcoma are 
considered to be induced by differentiation defects in mesen‑
chymal stem cells (5). Normal differentiation is accompanied 
by growth arrest, whereas sarcoma cells retain their prolifera‑
tive capacity via the suppression of terminal differentiation (6). 
Thus, the induction of terminal differentiation appears to be 
an attractive therapeutic strategy for sarcomas. Differentiation 
therapies would be expected to suppress tumor proliferation 
and avoid the morbidity induced by current chemotherapies.

Liposarcoma is one of the most common sarcomas in 
adults  (7). Myxoid liposarcoma  (MLS), characterized by 
the chimeric oncoproteins translocated in liposarcoma 
(TLS)‑CCAAT/enhancer‑binding protein homologous protein 
(CHOP) in most cases or Ewing's sarcoma‑CHOP in rare cases, 
is a major subtype of liposarcoma (8,9). TLS is also known 
as fused in sarcoma, and CHOP has the alternative names 
DNA‑damage‑inducible transcript 3 and growth arrest‑ and 
DNA damage‑inducible gene 153. Previous studies have shown 
that the antitumor compound trabectedin (also termed ET‑743) 
promotes the adipocytic differentiation of MLS  (10,11). 
Furthermore, in our previous study, it was demonstrated that 
the knockdown of TLS‑CHOP or its downstream molecule 
proteoglycan 4 promoted adipogenesis in an MLS‑derived cell 
line under adipogenic conditions (12). However, the degree of 
adipocytic differentiation induced in these previous studies 
appeared to be insufficient to provide comprehensive recovery 
from MLS. Therefore, further studies are needed to establish 
an effective strategy for the differentiation therapy of MLS.

Megakaryoblastic leukemia  1 (MKL1), also known as 
myocardin‑related transcription factor‑A, is a transcriptional 
coactivator affecting various biological mechanisms, including 
epithelial‑mesenchymal transition (13), epidermal cell fate 
decisions (14), skeletal myogenic differentiation (15), circa‑
dian rhythm (16) and plasticity of the nervous system (17,18). 
Moreover, MKL1 is involved in the regulation of the expression 
of approximately one thousand genes (16). Previous studies have 
revealed that the knockdown of MKL1 in mouse preadipocyte 
cell lines drives adipocytic differentiation (19,20). Thus, the 
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knockdown of MKL1 in MLS cells is also expected to stimu‑
late adipogenesis. Conversely, MKL1 was initially identified 
as part of the fusion protein RNA‑binding motif protein‑15 
(RBM15)‑MKL1 in acute megakaryoblastic leukemia (21,22). 
Notably, RBM15‑MKL1 is thought to play an important role in 
oncogenesis. Thus, the aberrant control of MKL1 expression 
may have oncogenic effects in other types of cells.

In the present study, the effects of MKL1 knockdown on 
the differentiation and growth of MLS cells were examined. 
The results may suggest possibilities for the development of a 
novel differentiation therapy targeting MKL1.

Materials and methods

Cell line. Human MLS‑derived 1955/91  cells, as previ‑
ously described  (12), were maintained in Dulbecco's 
modified Eagle's medium (DMEM; D5796; Sigma‑Aldrich; 
Merck  KGaA) containing 10%  fetal bovine serum  (FBS; 
Biowest; https://www.biowest.net) at 37˚C in a 5% CO2 envi‑
ronment. The cells were provided by Professor Masahiko 
Kuroda (Tokyo Medical University).

Cell quantification was performed as previously 
described (23). For each experiment, cell numbers were calcu‑
lated from four independent counts using a hemocytometer.

Small interfering RNA (siRNA) transfection and adipocytic 
differentiation assay. For siRNA transfection, cells were 
transfected with siRNA (20 nM final concentration) using 
Lipofectamine  RNAiMAX Transfection Reagent and 
OPTI‑MEM I Reduced Serum Medium (both Thermo Fisher 
Scientific, Inc.) as previously described (12). TLS‑CHOP and 
negative control siRNAs were as previously described (24), 
and the target sequence of the MKL1 siRNA was 5'‑CAT​
GGA​GCT​GGT​GGA​GAA​GAA‑3', as previously designed by 
Varney et al (25).

For the adipocytic differentiation assay, a MilliporeSigma 
Chemicon Adipogenesis Assay Kit (ECM950; Thermo Fisher 
Scientific, Inc.) and calcium (+)‑pantothenate (FUJIFILM 
Wako Pure Chemical Corporation) were used. One‑day 
preconfluent 1955/91 cells grown in growth medium (DMEM 
containing 10% FBS) were transfected with MKL1 siRNA 
or negative control siRNA. The next day, the cells reached 
confluence, and the medium was replaced with initiating 
medium (DMEM containing 10%  FBS, 100  µM insulin, 
250 µM 3‑isobutyl‑1‑methylxanthine, 1 µM dexamethasone 
and 8.5  µM calcium  (+)‑pantothenate). After 4  days, the 
medium was changed to maintenance medium (initiating 
medium without 3‑isobutyl‑1‑methylxanthine) and the cells 
were incubated for a further 6 days. These culture media 
were replaced with fresh media every second day. The cells 
were then washed with phosphate‑buffered saline  (PBS) 
twice, incubated in Oil Red O Solution at room temperature 
for 15  min, washed three times with wash solution, and 
observed using an inverted microscope (ECLIPSE TS100; 
Nikon Corporation) and a Microscope Camera Control Unit 
(DS‑L3; Nikon Corporation).

Western blot analysis. Protein samples were prepared as previ‑
ously described (26) and quantified using the Pierce™ BCA 
Protein Assay Kit (Thermo Fisher Scientific, Inc.). Samples 

containing equal amounts of protein (10 µg/lane) were sepa‑
rated by SDS‑PAGE (10% gel) and transferred to Hybond ECL 
nitrocellulose membranes (Amersham; GE Healthcare). To 
confirm equal sample loading, the membranes were stained with 
Ponceau S solution (Sigma‑Aldrich; Merck KGaA) for 1‑2 min 
at room temperature. After blocking with 5% skimmed milk 
powder (FUJIFILM Wako Pure Chemical Corporation) in PBS 
at room temperature for 1 h, the membranes were probed with 
specific primary antibodies at room temperature overnight. 
The primary antibodies and dilutions used were as follows: 
Anti‑TLS‑CHOP antibody [1:2,500; clone 14; generated previ‑
ously (27)]; MKL1 antibody (1:2,000; cat. no. A302‑201A; 
Bethyl Laboratories, Inc.); peroxisome proliferator‑activated 
receptor (PPAR γ (81B8) rabbit monoclonal antibody (1:1,000; 
cat. no. 2443; Cell Signaling Technology, Inc.); cleaved caspase‑3 
(Asp175) antibody (1:1,000; cat.  no.  9661; Cell Signaling 
Technology, Inc.); poly (ADP‑ribose) polymerase (PARP) anti‑
body (1:1,000; cat. no. 9542; Cell Signaling Technology, Inc.); 
CCAAT/enhancer‑binding protein (C/EBP)β antibody (H‑7) 
(1:500; cat.  no.  sc‑7962; Santa Cruz Biotechnology, Inc.); 
proliferating cell nuclear antigen (PCNA) antibody (FL‑261) 
(1:5,000; cat. no. sc‑7907; Santa Cruz Biotechnology, Inc.); 
minichromosome maintenance 2 (MCM2) antibody  (E‑8) 
(1:1,000; cat.  no.  sc‑373702; Santa  Cruz Biotechnology, 
Inc.); Ki67 antibody (1:1,000; cat. no. sc‑23900; Santa Cruz 
Biotechnology, Inc.); monoclonal anti‑α‑tubulin antibody 
(1:2,500; cat. no. T5168; Sigma‑Aldrich; Merck KGaA); and 
anti‑glyceraldehyde‑3‑phosphate dehydrogenase (GAPDH) 
antibody (1:20,000; cat.  no.  G8795; Sigma‑Aldrich; 
Merck  KGaA). The membranes were then washed with 
PBS three times, incubated in 5%  skimmed milk powder 
in PBS with goat anti‑mouse IgG H&L (ab205719; Abcam) 
or goat anti‑rabbit IgG H&L (ab205718; Abcam) at room 
temperature for 1  h, and washed with PBS three times. 
The signals were visualized using ECL Prime Western 
Blotting Detection Reagent (Amersham; GE Healthcare) and 
detected with a Chemiluminescence CCD Imaging System 
(AE9300 Ez‑Capture MG; ATTO Corporation).

Statistical analysis. Groups were compared using one‑way 
analysis of variance followed by Turkey‑Kramer's test. P<0.05 
was considered to indicate a statistically significant differ‑
ence. Excel 2010 software (Microsoft Corporation), with the 
add‑in software Statcel 3 (OMS Publishing Inc.; http://www.
oms‑publ.co.jp/), was used to perform the statistical analysis.

Results

MKL1 knockdown promotes adipocytic differentiation of 
MLS cells. Our previous study demonstrated that the human 
MLS‑derived cell line 1955/91 can be induced to differentiate 
into adipocytes by the knockdown of certain MLS sarcoma‑
genesis‑associated proteins (12). Thus, 1955/91 cells were used 
in the present study to examine whether MKL1 knockdown 
stimulates the adipocytic differentiation of MLS cells. One day 
before the cells reached confluence, the 1955/91 cells cultured 
in growth medium were transfected with MKL1‑specific 
siRNA or negative control siRNA; the day of transfection 
was arbitrarily set as day 0. On the next day (day 1), the 
cells appeared to be confluent as expected, and adipogenic 
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stimulation of the cells was initiated by the addition of adipo‑
genic agents in accordance with the adipocytic differentiation 
protocol illustrated in Fig. 1A. On day 11, the accumulation of 
lipid droplets in the cells was evaluated by Oil Red O staining, 
which stains neutral lipids. Oil Red O‑positive cells were 
observed in the MKL1 siRNA‑transfected cells, although the 
positive cells were sporadically distributed (Fig. 1B). However, 
most of the cells transfected with negative control siRNA did 
not exhibit any Oil Red O staining (Fig. 1B). Western blot 
analysis confirmed that MKL1 siRNA markedly decreased 
MKL1 expression during adipocytic differentiation (Fig. 1C). 
Previous studies have shown that the expression of PPARγ 
promotes the adipogenesis of preadipocyte cells  (28,29), 
and that the knockdown of MKL1 increases PPARγ expres‑
sion, as well as the transcriptional activity of PPARγ target 

genes (19,20). Notably, PPARγ expression was observed to be 
induced by adipogenic agents during the adipocytic differ‑
entiation process in the present study (Fig. 1C). However, 
the induced levels of PPARγ in the MKL1‑knockdown cells 
were lower, not higher, than those in the control cells on day 3. 
Furthermore, C/EBPβ expression was examined in the present 
study (Fig. 1C). C/EBPβ plays multiple essential roles during 
adipogenesis (30). C/EBPβ expression was also induced by 
adipogenic agents, with no marked difference observed in 
C/EBPβ expression levels between the MKL1‑knockdown 
cells and control cells. GAPDH and α‑tubulin expression 
levels were also examined as controls. Interestingly, a remark‑
able reduction in the α‑tubulin level was observed in the 
MKL1‑knockdown cells on day 5 when compared with the 
control cells (Fig. 1C).

Figure 1. Adipocytic differentiation assay using myxoid liposarcoma‑derived 1955/91 cells transfected with MKL1 siRNA or negative control siRNA. 
(A) Protocol for the adipocytic differentiation assay. (B) Detection of lipid droplets in 1955/91 cells on day 11 of the adipocytic differentiation protocol 
by Oil Red O staining. Lipid droplets are visualized by red staining. Scale bars, 20 µm. (C) Western blot analysis of MKL1, PPARγ and C/EBPβ proteins 
on days 1, 3, 5 and 9 of the adipocytic differentiation assay. GAPDH and α‑tubulin are shown as loading controls. Results presented are representative of 
three independent experiments. MKL1, megakaryoblastic leukemia 1; siRNA, small interfering RNA; PPARγ, peroxisome proliferator‑activated receptor γ; 
C/EBPβ, CCAAT/enhancer‑binding protein β; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase.
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Effect of TLS‑CHOP on MKL1 expression. Previous studies 
have reported that one of the oncogenic functions of the 
MLS‑specific fusion oncoprotein, TLS‑CHOP, is the inhibition 
of adipocytic differentiation (31,32). This prompted an investi‑
gation of whether MKL1 expression is induced by TLS‑CHOP. 
The MLS‑derived 1955/91 cells at ~20% confluence were trans‑
fected with TLS‑CHOP siRNA or negative control siRNA. As 
previously reported, the knockdown of TLS‑CHOP by specific 
siRNA inhibited the growth of MLS cells (Fig. 2A) (24). The 
cells were harvested on days 1 and 3 post‑transfection and 
protein samples prepared from the cells were examined by 
western blotting. Although MKL1 expression was inhibited by 
TLS‑CHOP knockdown on day 1 after siRNA transfection, 
no notable reduction in MKL1 expression was observed in 
the TLS‑CHOP‑knockdown cells when compared with the 
control cells on day 3 after siRNA transfection (Fig. 2B).Thus, 
TLS‑CHOP may have limited effects on MKL1 expression in 
MLS cells.

MKL1 knockdown reduces the proliferation of MLS cells. 
In the adipocytic differentiation assay illustrated schemati‑
cally in Fig. 1, cells transfected with MKL1 siRNA and those 
transfected with negative control siRNA appeared to reach 
confluence on day  1 after transfection. However, it was 
suspected that the densities of these ‘confluent’ cell cultures 

moderately differed. Thus, the effect of MKL1 knockdown on 
the proliferation of MLS‑derived 1955/91 cells was examined. 
As shown in Fig. 3A, MKL1 siRNA reduced the growth of 
MLS cells under normal growth conditions. Using western blot 
analysis, MKL1 knockdown in MKL1 siRNA‑transfected cells 
was confirmed (Fig. 3B). On day 3 post siRNA transfection, 
TLS‑CHOP expression appeared to be marginally decreased 
in the MKL1‑knockdown cells compared with the control cells 
(Fig. 3B), suggesting that MKL1 knockdown failed to affect 
TLS‑CHOP expression. Furthermore, MKL1 knockdown did 
not induce PPARγ and C/EBPβ expression (Fig. 3B).

Additionally, the expression levels of several cell prolifera‑
tion markers, namely PCNA, MCM2 and Ki67, were explored 
(Fig. 3B). PCNA levels were not reduced in the MKL1‑knockdown 
cells compared with the control cells. However, MKL1 knock‑
down suppressed the expression of MCM2 and Ki67.

Furthermore, the expression of some apoptosis markers, 
namely cleaved caspase‑3 and cleaved PARP, were investigated 
(Fig.  3B). Interestingly, the presence of cleaved caspase‑3 
and cleaved PARP signals was detected even in control cells, 
suggesting that apoptotic pathways may be innately induced 
to a certain extent in MLS‑derived 1955/91 cells. Although 
notable differences in the levels of cleaved PARP between the 
MKL1‑knockdown and control cells were not observed, cleaved 
caspase‑3 levels were increased in the MKL1‑knockdown cells 

Figure 2. Effect of TLS‑CHOP knockdown on MKL1 expression in myxoid liposarcoma‑derived 1955/91 cells. (A) Representative phase‑contrast images of 
1955/91 cells on days 1 and 3 after siRNA transfection (magnification, x40). (B) Western blot analysis of TLS‑CHOP and MKL1 proteins in 1955/91 cells on 
days 1 and 3 after siRNA transfection. GAPDH and α‑tubulin are shown as loading controls. Results shown are representative of three independent experi‑
ments. TLS‑CHOP, translocated in liposarcoma‑CCAAT/enhancer‑binding protein homologous protein; MKL1, megakaryoblastic leukemia 1; siRNA, small 
interfering RNA; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase.
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compared with the control cells on day 3 after siRNA transfec‑
tion (Fig. 3B).

Discussion

The present study demonstrated that the knockdown of MKL1 
promoted the adipocytic differentiation of MLS cells. This result 
suggests that MKL1 may be a promising target for differentiation 
therapy in MLS. However, adipogenesis occurred sporadically 
under the experimental conditions used in the present study. 
This could be attributed to MKL1 being insufficiently knocked 
down, and thus failing to induce the complete differentiation 
of MLS cells. Therefore, the selection of more effective siRNA 

target sequences in the MKL1 gene may be crucial. Conversely, 
MKL1 knockdown was observed to reduce the proliferation 
of MLS cells under normal growth conditions. In vitro adipo‑
genesis requires non‑proliferating progenitors to be induced 
by confluent contact inhibition before the cells are exposed to 
adipogenic agents (33,34). Hence, MKL1 knockdown may have 
opposing effects on the induction of adipocytic differentiation. 
Thus, although MKL1 is an attractive target molecule for the 
development of a differentiation therapy for MLS, further inves‑
tigations into the molecular functions of MKL1 are required.

To elucidate the cause of the reduced proliferation of 
MKL1‑knockdown MLS cells observed under normal growth 
conditions, the expression levels of the proliferation markers 
MCM2, Ki67 and PCNA were examined. It was observed 
that MCM2 and Ki67 expression levels were reduced in 
MKL1‑knockdown cells. However, PCNA expression levels did 
not show a marked difference between the MKL1‑knockdown 
and control cells. The family of MCM proteins, including 
MCM2, are key molecules for the regulation of DNA replica‑
tion. MCM proteins are stably expressed throughout the cell 
cycle. Ki67 is expressed in all proliferating cells, and its expres‑
sion level fluctuates during the cell cycle. However, the function 
of Ki67 during the cell cycle is unclear. PCNA is expressed in 
proliferating cells and its expression increases markedly during 
the S phase. PCNA has important roles in DNA replication, 
DNA repair and cell cycle control. Owing to its role in DNA 
repair, PCNA is a less specific proliferation marker. PCNA 
expression may be detected not only in actively proliferating 
cells but also in DNA‑damaged cells (35). Thus, the reduced 
proliferation of MKL1‑knockdown cells may be explained by 
the reduced expression of MCM2 and Ki67. Additionally, the 
observation that PCNA protein expression was not reduced in 
the MKL1‑knockdown cells could imply the existence of the 
cells undergoing DNA repair. The expression levels of apoptotic 
markers, namely cleaved caspase‑3 and cleaved PARP, were 
also examined in the present study. Activated PARP promotes 
DNA repair, whereas cleaved caspase‑3 cleaves and inactivates 
PARP and induces apoptosis  (36). Three days after MKL1 
siRNA transfection, it was observed that cleaved caspase‑3 
levels were increased in MKL1‑knockdown cells. This suggests 
that MKL1 knockdown may promote apoptotic pathways in 
MLS cells. However, both cleaved caspase‑3 and cleaved PARP 
were detected in all the cells examined, suggesting that apop‑
totic pathways may be activated to a certain extent in the cells. 
In MLS cells, the TLS‑CHOP fusion oncoprotein comprises 
the N‑terminal half of TLS fused to the full‑length CHOP 
protein (24). CHOP is normally expressed at extremely low 
levels but is strongly induced by endoplasmic reticulum stress, 
and it cleaves and activates caspase‑3 (37). Thus, the typically 
expressed TLS‑CHOP may consistently activate caspase‑3 to a 
certain degree in the MLS‑derived cell line. Nevertheless, DNA 
damage and the promotion of apoptotic pathways appear to be 
involved in the reduced proliferation of MKL1‑knockdown 
MLS cells. However, further studies are required to determine 
the relevant details.

In a previous study, Nobusue et al (19) demonstrated that 
the loss of MKL1 induces PPARγ expression sufficiently to 
drive the adipocytic differentiation of mouse preadipocyte cells. 
However, although MKL1 knockdown was required in addition 
to treatment with adipogenic agents to promote the adipogenesis 

Figure 3. Effect of MKL1 knockdown on the growth of 1955/91  cells. 
(A) Growth curves of 1955/91 cells. After siRNA transfection (day 0), the 
cells in 12‑well culture plates were quantified at several time points. Bars 
represent standard deviation. **P<0.01. (B) Western blot analysis of MKL1, 
PPARγ, C/EBPβ, TLS‑CHOP, PCNA, MCM2, Ki67, cleaved caspase‑3, PARP 
and cleaved PARP in 1955/91 cells on days 1 and 3 post siRNA transfection. 
α‑tubulin is shown as a loading control. Results shown are representative 
of three independent experiments. MKL1, megakaryoblastic leukemia 1; 
siRNA, small interfering RNA; PPARγ, peroxisome proliferator‑activated 
receptor γ; C/EBPβ, CCAAT/enhancer‑binding protein β; TLS‑CHOP, 
translocated in liposarcoma‑CCAAT/enhancer‑binding protein homologous 
protein; PCNA, proliferating cell nuclear antigen; MCM2, minichromosome 
maintenance 2; PARP, poly (ADP‑ribose) polymerase.
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of MLS cells under the experimental conditions of the present 
study, no further induction of PPARγ expression was observed 
in MKL1‑knockdown cells compared with control cells at each 
time point during the adipogenesis induction process. These 
results suggest that MKL1 knockdown does not further increase 
the induction of PPARγ expression by adipogenic agents, at least 
in MLS cells. Adipocytic differentiation is regulated by a molec‑
ular cascade involving numerous transcription factors. C/EBPβ 
plays a central role in the cascade and induces the expression 
of two dominant transcription factors, C/EBPα and PPARγ, for 
terminal adipocytic differentiation (30). In the present study, 
C/EBPβ expression was induced only by adipogenic agents, and 
MKL1 knockdown failed to demonstrate an additional inductive 
effect on C/EBPβ during the adipocytic differentiation process. 
Thus, we hypothesize that MKL1 knockdown may stimulate 
another novel and critical mechanism associated with adipo‑
cytic differentiation in MLS cells. In this case, MKL1 would 
become increasingly important for the promotion and inhibition 
of adipogenesis in MLS cells.

In the adipocytic differentiation assay, a marked reduction in 
the α‑tubulin level in MKL1‑knockdown cells was observed on 
day 5 when compared with that in control cells. The biosynthetic 
rate for cytoskeletal proteins, including α‑tubulin, has been 
reported to be greatly reduced during adipocytic differentia‑
tion (38). Thus, the reduced level of α‑tubulin in MKL1‑knockdown 
cells on day 5 may suggest the progression of adipocytic differ‑
entiation. Conversely, it was observed that α‑tubulin expression 
was reduced even in the negative control cells on day 9. The 
biosynthetic alteration of cytoskeletal proteins occurs at a very 
early stage during adipocytic differentiation (38), and the induc‑
tion of PPARγ and C/EBPβ in both MKL1‑knockdown cells and 
control cells was observed. Thus, we consider that the process 
of adipocytic differentiation also progressed to a certain extent 
in control cells. Furthermore, the expression level of GAPDH 
was reduced in both MKL1‑knockdown and control cells on day 
9. Previous studies have shown that the expression of GAPDH 
increases during adipocytic differentiation (39,40). By contrast, 
the adipogenesis inhibitor berberine decreases GAPDH expres‑
sion during adipocytic differentiation (40). Thus, some factors 
that inhibit adipogenesis in MLS cells may decrease GAPDH 
expression. Several previous studies have suggested suitable 
reference genes for quantitative real‑time polymerase chain reac‑
tion during adipocytic differentiation (39‑41). However, to the 
best of our knowledge, appropriate loading control proteins for 
western blot analysis during adipocytic differentiation have not 
yet been identified.

The MLS‑specific fusion oncoprotein TLS‑CHOP is 
considered an abnormal transcription factor associated with 
sarcomagenesis, tumor maintenance and the inhibition of 
adipogenesis  (31,32,42‑44). Thus, we hypothesized that 
TLS‑CHOP would induce MKL1 expression and consequently 
suppress adipocytic differentiation in MLS cells. However, the 
western blotting results suggest that TLS‑CHOP has limited 
effects on MKL1 expression in MLS cells, at least, under the 
experimental conditions used in the present study. Additionally, 
MKL1 knockdown exhibited almost no effect on TLS‑CHOP 
expression. Thus, the inhibition of adipogenesis by TLS‑CHOP 
appears to have little impact on MKL1 expression. By contrast, a 
previous study reported that the downregulation of TLS‑CHOP 
expression does not increase PPARγ expression, but PPARγ 

agonists enhance adipocytic differentiation via the downregula‑
tion of TLS‑CHOP in endogenous mesenchymal stem cells in a 
mouse model of MLS (11). Based on these results, TLS‑CHOP 
and MKL1 may inhibit adipogenesis by different mechanisms. 
Furthermore, TLS‑CHOP may repress some downstream genes 
of PPARγ. However, the results of the present study suggest that 
the mechanisms by which TLS‑CHOP and MKL1 inhibit the 
adipocytic differentiation of MLS are complex.
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