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Abstract: The anticancer effect of (1S,2S,3E,7E,11E)-3,7,11,15-cembratetraen-17,2-olide 

(LS-1) from Lobophytum sp. has been already reported in HT-29 human colorectal cancer 

cells. In this study, we examined the effect of LS-1 on the apoptosis induction of  

SNU-C5/5-FU, fluorouracil-resistant human colon cancer cells. Furthermore, we investigated 

whether the apoptosis-induction effect of LS-1 could arise from the activation of the  

TGF-β pathway. In SNU-C5/5-FU treated with LS-1 of 7.1 μM (IC50), we could observe the 

various apoptotic characteristics, such as the increase of apoptotic bodies, the increase of 

the sub-G1 hypodiploid cell population, the decrease of the Bcl-2 level, the increase of 

procaspase-9 cleavage, the increase of procaspase-3 cleavage and the increase of 

poly(ADP-ribose) polymerase cleavage. Interestingly, the apoptosis-induction effect of  

LS-1 was also accompanied by the increase of Smad-3 phosphorylation and the 
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downregulation of c-Myc in SNU-C5/5-FU. LS-1 also increased the nuclear localization of 

phospho-Smad-3 and Smad-4. We examined whether LS-1 could downregulate the 

expression of carcinoembryonic antigen (CEA), a direct inhibitor of TGF-β signaling. LS-1 

decreased the CEA level, as well as the direct interaction between CEA and TGF-βR1 in 

the apoptosis-induction condition of SNU-C5/5-FU. To examine whether LS-1 can induce 

apoptosis via the activation of TGF-β signaling, the SNU-C5/5-FU cells were treated with 

LS-1 in the presence or absence of SB525334, a TGF-βRI kinase inhibitor. SB525334 

inhibited the effect of LS-1 on the apoptosis induction. These findings provide evidence 

demonstrating that the apoptosis-induction effect of LS-1 results from the activation of the 

TGF-β pathway via the downregulation of CEA in SNU-C5/5-FU. 

Keywords: LS-1; SNU-C5/5-FU; apoptosis; TGF-β signaling; carcinoembryonic antigen 

 

1. Introduction 

Colon cancer is one of the most prevalent cancers in the United States, and incidence rates of colon 

cancer have been increasing steadily worldwide [1]. There have been remarkable advances in 

chemotherapy for colon cancer in recent years. Especially, 5-fluorouracil (5-FU), oxaliplatin and 

irinotecan are often used in combination for the chemotherapy of colon cancer [2,3]. Among them,  

5-FU is the anti-metabolite of DNA synthesis by inhibiting thymidylate synthase and was used as the 

most basic anti-cancer drug in colon cancer and other cancers [4]. However, the increased resistance to  

anti-cancer drugs is an important factor disturbing cancer treatment. Overcoming drug-resistance is 

important for the improvement of chemotherapy response and the increase of the survival rate. 

Interestingly, recent studies indicated that the drug-resistant colon cancer cells could induce a high 

carcinoembryonic antigen (CEA) level [5]. Moreover, it has been reported that CEA could be 

upregulated after exposure to 5-fluorouracil in colon and breast cancer cells [6,7]. 

CEA is a glycosyl phosphatidyl inositol (GPI)-anchored glycoprotein. Normally, CEA is found in 

both colon and gastrointestinal tissues of a developing fetus in the womb, but the synthesis of CEA 

stops before birth. Thus, a low level of CEA is maintained in the blood of healthy adults. If the CEA 

level is raised in the blood of adults, this means that the possibility of developing cancer increases.  

In cancer patients, an elevated CEA level in blood has also shown poor prognosis and metastasis. 

Recent studies reported that CEA could contribute to the inhibition of anoikis, a form of apoptosis 

induced by cell detaching, via interfering with TRAIL-R2 signaling [8] or inactivation of the intrinsic 

apoptosis pathway [9]. Furthermore, overexpression of CEA has been reported to inhibit apoptosis and 

transforming growth factor-beta (TGF-β) signaling via CEA directly binding to TGF-β receptor I 

(TGF-βRI) [10]. 

The TGF-β signaling pathway is involved in many cellular processes, including cell differentiation, 

apoptosis and other cellular functions [11]. In fact, the TGF-β signaling pathway shows dual roles, 

such as being a promoter of tumor metastasis and a suppressor of tumor in human cancers [12]. The 

promotion of tumor metastasis includes the induction of epithelial-mesenchymal transition (EMT), 

which is improved by TGF-β overexpressed tumor cells at the invasion. The effect of the TGF-β 
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signaling pathway in EMT has been well characterized [13]. Blocking of TGF-β signaling using 

dominant-negative TGF-βRII prevents mouse skin carcinoma cells from EMT in vivo [14]. On the other 

hand, paradoxically, the activation of the TGF-β signaling pathway has been known to induce tumor 

suppression [15]. Moreover, the TGF-β signaling pathway is correlated with tumor suppression in the 

early stages of tumor development [16]. 

(1S,2S,3E,7E,11E)-3,7,11,15-Cembratetraen-17,2-olide(LS-1), a marine cembrenolide diterpene, from 

Lobophytum sp. (Figure 1) has been reported to have anticancer effects in HT-29 human colorectal 

cancer cells via reactive oxygen species (ROS) generation [17,18]. Recent studies reported that 

overexpression of CEA could inhibit the tumor suppresser effect of the TGF-β signaling pathway via 

CEA direct interaction with TGF-β receptor I [10]. In the study, we examined the effect of LS-1 on the 

apoptosis induction of SNU-C5/5-FU, 5-FU-resistant human colon cancer cells. Furthermore, we 

investigated whether the apoptosis-induction effect of LS-1 could arise from the activation of the  

TGF-β pathway via the downregulation of CEA. 

 

Figure 1. Chemical structure of cembrenolide LS-1. 

2. Results and Discussion 

2.1. Results 

2.1.1. Effect of LS-1 on the Growth of SNU-C5/5-FU 

To ascertain whether SNU-C5/5-FU cells have stable resistance to 5-FU, we examined the IC50 

values for 5-FU in SNU-C5/5-FU and SNU-C5/WT. When 5-FU was treated for 72 h in various 

concentrations (1, 10, 50, 100 and 200 μM), the IC50 (the concentration resulting in 50% inhibition of 

growth) values of 5-FU in SNU-C5/WT and SNU-C5/5-FU were 4.84 μM and 182.66 μM, respectively 

(Figure 2). These results indicate that SNU-C5/5-FU is potentially resistant to 5-FU. 
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Figure 2. Cytotoxicity of 5-FU in SNU-C5/5-FU and SNU-C5/WT. The cytotoxicity of  

5-FU on the cell lines was measured using the methylthiazol tetrazolium (MTT) assay. The 

data are presented as the mean value ± SD from three independent trials. * p < 0.05 and  

** p < 0.01 compared with the control. 

To evaluate the effect of LS-1 on the proliferation of SNU-C5/5-FU, SNU-C5/WT and HEL-299,  

a normal fibroblast cell, SNU-C5/5-FU, SNU-C5/WT and HEL-299 were treated with LS-1 (0.1, 1, 10 

and 50 μM) for 72 h. Treatment of LS-1 significantly induced cell death of SNU-C5/5-FU and  

SNU-C5/WT in a dose-dependent manner (IC50 = 7.10 and 5.65 μM, respectively), whereas cell death 

of HEL-299 was scarcely induced even over a 10 μM concentration compared to SNU-C5/5-FU  

(IC50 = 43.07 μM) (Figure 3). The results show that the effect of LS-1 on the induction of cell death 

affects the cancer cells, including chemotherapeutic agent-resistant cancer cells, such as SNU-C5/5-FU. 

 

Figure 3. Cytotoxicity of LS-1 in SNU-C5/5-FU, SNU-C5/WT and HEL-299. The 

cytotoxicity of LS-1 on the cell lines was measured using the MTT assay. The data are 

presented as the mean value ± SD from three independent trials. * p < 0.05 and ** p < 0.01 

compared with the control. 
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2.1.2. Effect of LS-1 on the Apoptosis Induction of SNU-C5/5-FU Cells 

Cell death via apoptosis has typical characteristics, such as apoptotic bodies and the increase of  

sub-G1 hypodiploid cells [19,20]. We thus examined whether the inhibitory effect of LS-1 on the 

proliferation of SNU-C5/5-FU could result from the induction of apoptosis. 

When treated with LS-1 of 7.1 μM for 24 h, we could observe the increase of apoptotic bodies 

(Figure 4A). As shown in Figure 4B, the sub-G1 phase population increased significantly from 1.19% 

to 8.55% after 24 h of 7.1 μM LS-1 treatment, while the percentages of S and G2/M phase decreased 

(Figure 4B). Furthermore, treatment with LS-1 regulated the levels of apoptosis-related proteins, such 

as a decrease of the Bcl-2 level, increase of procaspase-9 cleavage, increase of procaspase-3 cleavage 

and increase of poly(ADP-ribose) polymerase (PARP) cleavage (Figure 4C). To determine whether 

LS-1 induced the mitochondrial apoptotic pathway, we measured the effect of LS-1 on the release of 

cytochrome c from mitochondria to the cytosol. As shown in Figure 4D, treatment of LS-1 increased 

the cytosolic release of cytochrome c. These results indicate that LS-1 could inhibit the proliferation of 

SNU-C5/5-FU via the induction of apoptosis. 

 

(A) 

 

(B) 

Figure 4. Cont. 
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(C) 

 

(D) 

Figure 4. Effect of LS-1 on the induction of apoptosis in SNU-C5/5-FU. (A) The  

SNU-C5/5-FU was treated with LS-1 for 24 h and stained with Hoechst 33,342, which is a 

DNA-specific fluorescent (10 μg/mL medium at final). Apoptotic bodies were observed in 

an inverted fluorescent microscope equipped with an IX-71 Olympus camera. 

(magnification: ×20); (B) The SNU-C5/5-FU were treated with LS-1 for 24 h. The cell cycle 

analysis was performed by flow cytometry. The experiments were performed four times. 

The data shown are the percentage of cells at that phase of the cell cycle (mean ± SD).  

** p < 0.01 versus control; (C) The levels of apoptosis-related proteins were examined by 

Western blot; (D) The levels of cytochrome c in the cytoplasmic fractions were examined 

by Western blot. 

2.1.3. Effect of LS-1 on the TGF-β Signaling in SNU-C5/5-FU 

The TGF-β signaling pathway has been known to show the promotion of tumor metastasis or the 

suppression of tumor, depending on the tumors [12]. On the other hand, recent studies reported that 

TGF-β could regulate CEA expression [21,22]. Thus, to elucidate the action mechanism of LS-1 on the 

apoptosis induction of SNU-C5/5-FU, we investigated whether LS-1 could affect the TGF-β signaling 
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in SNU-C5/5-FU. Firstly, we thus examined the characteristics of SNU-C5/5-FU on the TGF-β 

signaling activation and CEA expression. The activation level of TGF-β signaling was examined as the 

phosphorylation of Smad-2/3. We also evaluated the CEA level of SNU-C5/5-FU compared with LOVO, 

CEA high-expressed human colon cancer cells, HT-29, CEA low-expressed human colon cancer cells, 

HCT-116, CEA none-expressed human colon cancer cells [10], and SNU-C5/WT. The result showed 

that high-expression of CEA was also accompanied by low activation of TGF-β signaling in LOVO 

cells, as expected (Figure 5A,B). Relatively speaking, HT-29 and HCT-116 cells showed high 

activation of TGF-β signaling with low or no CEA expression (Figure 5A,B). Interestingly,  

SNU-C5/5-FU showed high expression of CEA with low activation of TGF-β signaling compared with 

SNU-C5/WT (Figure 5A,B). Furthermore, SNU-C5/5-FU and LOVO showed a similar pattern with regard 

to the expression of CEA, Smad-2/3 and phospho-Smad-3 (Figure 5B). These results suggest that  

SNU-C5/5-FU has the characteristic of low TGF-β signaling with high-expressed CEA. 

 

(A) 

 

(B) 

Figure 5. Comparison of CEA and Smad levels in LOVO, HT-29, HCT-116, SNU-C5/WT 

and SNU-C5/5-FU. (A) Levels of CEA and Smad proteins in the cell lines were examined 

by Western blot. (B) Data represent the relative expression percentage of CEA, Smad-2/3 

and p-Smad-3 in the cell lines. The data are presented as the mean value ± SD from three 

independent trials. * p < 0.05 and ** p < 0.01 compared with the control. 
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When treated with LS-1 of 7.1 μM, we could observe the increase of Smad-3 phosphorylation and 

the decrease of c-Myc and CEA, the target proteins of TGF-β signaling (Figure 6A). During activation 

of TGF-β signaling, phosphorylated Smad-3 combines the Smad-4 and moves into the nucleus [23].  

The LS-1 increased the levels of phospho-Smad-3, as well as Smad-4 in the nucleus (Figure 6B,C). 

These results suggest that LS-1 could induce the activation of TGF-β signaling in SNU-C5/5-FU. 

 

(A) 

 

(B) 

Figure 6. Cont. 
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(C) 

Figure 6. The effect of LS-1 on the expressions of CEA, c-Myc and Smad proteins in  

SNU-C5/5-FU. (A) Modulation of CEA, c-Myc and Smad protein levels by LS-1 was 

examined by Western blot; (B) Modulation of the p-Smad-3 level by LS-1 (7.1 μM, 24 h) 

was examined by immunofluorescent stain of p-Smad-3; (C) Modulation of Smad-4 by 

LS-1 (7.1 μM, 24 h) was examined by the immunofluorescent stain of Smad-4.  

The fluorescence was identified via confocal microscopy (FV500, OLYMPUS, New York, 

NY, USA).  

Recent studies reported that CEA could inhibit TGF-β signaling through CEA direct interaction 

with TGF-β receptor I (TGFβRI) [10]. We thus examined whether LS-1 could affect direct interaction 

between TGFβRI and CEA in SNU-C5/5-FU. We observed that TGFβRI could directly interact with 

the CEA using immunoprecipitation (Figure 7A; control). Furthermore, the amount of CEA combined 

with TGFβRI was decreased by treatment with LS-1 in a time-dependent manner (Figure 7). The result 

indicates that LS-1 could inhibit the interaction of CEA and TGFβRI in SNU-C5/5-FU. Consequently, 

LS-1 seems to effectively activate TGF-β signaling by inhibiting the interaction of CEA and TGFβRI. 

 

(A) 

Figure 7. Cont. 
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(B) 

Figure 7. The effect of LS-1 on the interaction between TGFβRI and CEA in  

SNU-C5/5-FU. (A) SNU-C5/5-FU were treated with 7.1 μM of LS-1 for 12, 24 and 48 h. 

The interaction between TGFβRI and CEA was examined by immunoprecipitation with 

anti-TGFβRI antibody and with immunoblotting with anti-TGFβRI antibody and anti-CEA 

antibody; (B) Data represent the percentage of CEA expression in SNU-C5/5-FU. The data are 

presented as the mean value ± SD from three independent trials. * p < 0.05 and ** p < 0.01 

compared with the control. 

2.1.4. LS-1 Induced Apoptosis of SNU-C5/5-FU via Activation of TGF-β Signaling 

LS-1 induced apoptosis in SNU-C5/5-FU (Figure 4) and activated TGF-β signaling (Figure 6). In 

order to examine whether LS-1 may induce apoptosis via activation of TGF-β signaling, we treated with 

LS-1 and/or SB525334 (TGF-βRI kinase inhibitor). As a result, the blocking of the TGF-β signal by 

SB525334 inhibited the apoptosis-induction effect of LS-1 in SNU-C5/5-FU (Figure 8). When  

SNU-C5/5-FU was treated with LS-1 and/or SB525334, SB525334 inhibited the LS-1-induced 

increase of PARP cleavage and procaspase-9 cleavage, and LS-1-induced downregulation of Bcl-2, 

while LS-1-induced the increase of Bax, which was not affected by SB525334 (Figure 8A). These 

results indicated that LS-1 could induce apoptosis via the activation of the TGF-β signaling pathway. 

Taken together, LS-1 seems to induce apoptosis of SNU-C5/5-FU, which has downregulated the  

TGF-β pathway with overexpressed CEA, compared to wild-type cells, via the activation of TGF-β 

signaling with downregulation of CEA. 
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(A) 

 

(B) 

Figure 8. The effect of the TGF-β signaling pathway on the apoptosis-induction effect of 

LS-1 in SNU-C5/5-FU. (A) SNU-C5/5-FU were pre-treated with 10 μM of SB525334 

(TGF-βRI kinase inhibitor) and then treated with 7.1 μM of LS-1. The expressions of 

apoptosis-related proteins were examined by Western blot; (B) Data represent the 

percentage of c-PARP, c-caspase-9, Bcl-2 and Bax expression in SNU-C5/5-FU. The data 

are presented as the mean value ± SD from three independent trials. * p < 0.05 and ** p < 0.01 

compared with the control. 

2.2. Discussion 

In the study, we examined whether LS-1 could inhibit the proliferation of SNU-C5/5-FU, 

fluorouracil-resistant human colon cancer cells. To the best of our knowledge, this study is the first to 

demonstrate that LS-1 could induce the apoptosis of SNU-C5/5-FU via the activation of TGF-β 

signaling with downregulation of CEA. 

LS-1, a marine cembrenolide diterpene, from Lobophytum sp. (Figure 1) is reported to have an 

anticancer effect in HT-29 human colorectal cancer cells [17,18]. Many studies have reported that 

various marine cembrenolide diterpenes from soft corals, such as Sinularia gibberosa, Nephthea 

brassica, Lobophytum Crassum, Lobophytum sp., Sarcophyton glaucum and Sarcophyton shrenbergi, 
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exert cytotoxic effects against several human cancer cells, including HepG2 and MCF-7 cancer  

cells [24–29]. To examine if LS-1 can also inhibit the proliferation of anticancer drug-resistant cancer 

cells, we used SNU-C5/5-FU cells, which showed a much higher survival rate compared with  

SNU-C5/WT on 5-FU (Figure 2). Indeed, our results show that LS-1 effectively inhibited the 

proliferation of SNU-C5/5-FU cells in a dose-dependent manner with an IC50 value of 7.1 μM. In 

addition, LS-1 induced cell death in SNU-C5/WT at lower concentrations than SNU-C5/5-FU (Figure 3). 

Contrastively, LS-1 barely inhibited the growth of HEL-299, which is a normal cell line, with an IC50 

value of 43.07 μM (Figure 3). The results show that LS-1 can induce the death of several cancer cells, 

including SNU-C5/5-FU, fluorouracil-resistant human colon cancer cells. 

We know that apoptosis or programmed cell death is the outcome of a complex interplay of  

pro- and anti-apoptotic molecules. High levels of Bcl-2 expression have been found in several human 

tumors, and the levels of Bcl-2 expression have been correlated with the aggressiveness of the  

tumors [30]. Since Bcl-2 functions by forming a heterodimer with its pro-apoptotic partner, such as 

Bax, the Bcl-2:Bax ratio is proportional to the relative sensitivity or resistance of the cells to various 

apoptotic stimuli [30]. Apoptotic cell death is induced through two key molecular signaling pathways, 

the extrinsic and intrinsic pathways. The intrinsic apoptotic pathway is characterized by mitochondrial 

membrane permeabilization, the release of cytochrome c and the formation of apoptosomes. The 

extrinsic apoptotic pathway is activated in response to ligand binding to death receptors, such as Fas, 

TNF and TRAIL, and involves the activation of caspase-8. [31]. Here, we showed that LS-1 reduced 

the Bcl-2 level, whereas the Bax level was rarely changed. In response to LS-1 treatment, caspase-9 

was activated, leading to the activation of caspase-3, one of the key executioners of apoptosis. In 

addition, to clarify the induction of the intrinsic pathway, which works via the activation of caspase-9 

by LS-1, we investigated whether LS-1 could affect the release of cytochrome c from mitochondria. 

Treatment of LS-1 increased the cytochrome c level in the cytoplasm. When SNU-C5/5-FU cells were 

treated with LS-1, the activation of caspase-3 was demonstrated by the cleavage of PARP, a nuclear 

enzyme that is involved in DNA repair in response to various stresses. 

TGF-β signaling has important roles in many cellular processes, including apoptosis, cell cycle 

regulation, cell migration and immune modulation. The TGF-β signaling pathway is initiated by  

the binding of one of the TGF-β isoforms, which include TGF-β1, TGF-β2 and TGF-β3, on the TGF-β 

receptor type II (TGF-βRII). The TGF-βRII dimer recruits TGF-βRI and forms the hetero-tetrameric 

complex. Then, TGF-βRII activates the TGF-βRI via phosphorylation. It induces the recruitment and 

phosphorylation of receptor-regulated Smad (R-Smad), like Smad-2 and Smad-3. These are substrates 

for TGF-βRI and act like modulators of the TGF-β signal. Phosphorylated R-Smad could bind with 

common mediated Smad (Co-Smad) protein, such as Smad-4, followed by complex formation. The 

phosphorylated R-Smad/Co-Smad complexes translocate into the nucleus, bind transcription promoters 

and cause the transcription of target gene [23]. Some of the targets of the TGF-β signaling pathway are 

cell cycle check-point genes, like p15, p21 and p27. Thus, the series of processes evokes G1 arrest in 

the cell cycle. In cancer, the TGF-β signaling pathway has been known to act as a double-edged sword. 

By constraining epithelial cell growth, TGF-β performs as a potent tumor suppressor. However, TGF-β 

also acts as a key player in the induction of EMT, thereby enhancing invasiveness and metastasis. 

Furthermore, TGF-β signaling has recently been reported to correlate with resistance to anticancer  

agents [10,32]. Many colorectal cancers escape the tumor-suppressor effects of TGF-β signaling and 
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are resistant to TGF-β-induced growth inhibition [33]. On the other hand, as a tumor marker for 

colorectal cancers, CEA expression also correlates well with resistance to cytotoxic chemotherapy [34]. 

TGF-β signaling also contributes to the stimulation of CEA transcription and secretion in colorectal 

cancer cells [21,22]. Aberrant upregulation of CEA and the alteration of TGF-β signaling are common 

features of colorectal cancers [23]. CEA has been reported to inhibit apoptosis and the TGF-β 

signaling pathway through direct interaction with TGFβRI [10]. In the study, we found the 

downregulation of the TGF-β signaling pathway along with overexpression of CEA in SNU-C5/5-FU 

compared with SNU-C5/WT (Figure 5). These expression patterns of SNU-C5/5-FU were similar to 

those of LOVO, another human colon cancer cell line (Figure 5). These results suggest that  

SNU-C5/5-FU cells might avoid apoptosis by downregulation of the TGF-β signaling pathway along 

with overexpression of CEA. 

The TGF-β signaling pathway modulates the apoptotic pathway, including the death receptor and 

intracellular signaling pathway [35]. We thus investigated if LS-1 can affect the expression of CEA 

and the TGF-β signaling pathway in SNU-C5/5-FU. LS-1 treatment decreased the CEA level, while 

the TGF-β signaling pathway was activated at the concentration inducing apoptosis in SNU-C5/5-FU 

(Figure 6). Moreover, LS-1 could inhibit the direct interaction between CEA and TGFβRI (Figure 7). 

These results indicated that LS-1 can activate TGF-β signaling via inhibition of the interactions of 

CEA and TGFβRI. In sequence, we examined if the effect of LS-1 on the apoptosis induction of  

SNU-C5/5-FU results from the activation of the TGF-β signaling pathway. When co-treated with LS-1 

and SB525334, a selective inhibitor of TGFβRI, we could observe that SB525334 inhibits the  

apoptosis-induction effect of LS-1 (Figure 8). 

Taken together, the results suggest that LS-1 can restore the activity of the TGF-β  

signaling pathway and induce apoptosis in SNU-C5/5-FU cells. Our studies provide a rationale for the 

development of LS-1 as a therapeutic agent against human colon cancers, including  

chemotherapy-resistant colon cancers, especially with the decrease of TGF-β function. On the other 

hand, TGF-β has been reported to increase intracellular ROS in various cell types [36,37]. ROS 

induces cell cycle arrest and apoptosis through activating their transcription factors, such as  

Sp1 [38,39]. In addition, several studies have documented the significant generation of ROS in a 

variety of cells, which is usually the consequence of mitochondrial respiration and NADPH oxidase 

(NOX) activity [40,41]. Our previous findings revealed that the anticancer efficacy of LS-1 could be 

mediated by the induction of apoptosis via ROS generation in human colon cancer cells [18]. In a 

further study, we will investigate whether LS-1 can generate ROS and induce apoptosis via the 

activation of TGF-β signaling in SNU-C5/5-FU and the action mechanism of LS-1 on the relationship 

between the ROS production and the activation of TGF-β signaling. 

3. Experimental Section 

3.1. Materials 

5-FU, MTT, Hoechst 33342 and propidium iodide (PI) were purchased from Sigma Chemical Co. 

(St. Louis, MO, USA). Mouse monoclonal anti-c-Myc and anti-smad-4, rabbit polyclonal anti-Bax and 

anti-TGFβRI and goat polyclonal anti-Smad-2/3 antibodies were purchased from Santa Cruz 
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Biotechnology (Santa Cruz, CA, USA); rabbit monoclonal anti-Bcl-2, anti-p-Smad-3 and anti-cleaved 

caspase-3, rabbit polyclonal anti-cleaved caspase-9 and anti-PARP and mouse monoclonal anti-CEA 

antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA); mouse monoclonal 

β-actin and the selective inhibitor of TGFβRI (SB525334) were purchased from Sigma; Dynabeads® 

Protein G was purchased from NOVEX® (Invitrogen, Oslo, Norway); aprotinin, leupeptin and Nonidet 

P-40 were obtained from Roche Applied Science (Indianapolis, IN, USA); the Western blotting 

reagent, West-zol enhanced chemilumin, was obtained from iNtROn Biotechnology (Gyeonggi, Korea). 

3.2. Cell Culture 

LOVO, HT-29, HCT-116 and SNU-C5/WT, human colon cancer cell lines, were obtained from the 

Korean Cell Line Bank (KCLB, Seoul, Korea). SNU-C5/5-FU, a human resistant colon cancer cell 

line, was obtained from the Research Center for Resistant Cells in South Korea. LOVO, HT-29,  

HCT-116, SNU-C5/WT and SNU-C5/5-FU cells were cultured in RPMI 1640 (Hyclone, UT, USA) 

medium supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT, USA),  

100 U/mL penicillin and 100 mg/mL streptomycin (GIBCO Inc., Grand Island, NY, USA) at 37 °C in a 

humidified atmosphere with 5% CO2. After 2 days, for SNU-C5/5-FU cells, the medium with 140 μM 

of 5-FU was changed. 

3.3. Cell Viability Assay 

The effect of 5-FU or LS-1 on the growth of SNU-C5/WT, SNU-C5/5-FU and HEL-299 cells was 

evaluated using the MTT assay [42]. The cells (2 × 105 cells/mL) were seeded on 96-well microplates 

for 24 h. The cells were treated with 5-FU (1, 10, 50, 100 and 200 μM) or LS-1 (0.1, 1, 10, 20 and 50 μM) 

for 72 h. After incubation, the cells were treated with 50 μL (5 mg/mL) MTT dye and incubated at  

37 °C for 4 h. The medium was aspirated, and 150 μL/well of dimethyl sulfoxide were added to 

dissolve the formazan precipitate. Cell viabilities were determined by measuring the absorbance at  

540 nm using a microplate enzyme-linked immunosorbent assay (ELISA) reader (BioTek Instruments 

Inc., Winooski, VT, USA). Each experiment was repeated at least three times. Concentration  

(X-axis)-response (% control optical density; Y-axis) curves were obtained. We determined the IC50 

values (compound concentration resulting in 50% inhibition of growth). 

3.4. Morphological Analysis of Apoptosis by Hoechst 33342 Staining 

SNU-C5/5-FU cells were seeded at 2 × 105 cells/mL in 1 mL on 24-well microplates. After 24 h of 

incubation, cells were treated with LS-1 (7.1 μM) for 24 h. The cells were incubated in Hoechst 33342 

(Invitrogen, Carlsbad, CA, USA, 10 μg/mL medium at final) at 37 °C for 30 min. SNU-C5/5-FU cells 

were observed with an inverted fluorescent microscope equipped with an IX-71 Olympus camera 

(Olympus, New York, NY, USA) and photographed (magnification: ×20). 

3.5. Flow Cytometric Analysis of Apoptosis 

The effect of LS-1 on cell cycle distribution was analyzed by flow cytometry after staining the cells 

with PI [43]. SNU-C5/5-FU cells (2 × 105 cells/mL) were treated with 7.1 μM of LS-1 for 24 h.  
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The treated cells were detached with trypsin, washed twice with phosphate-buffered saline (PBS) and 

fixed with 70% ethanol for 30 min at −20 °C. The fixed cells were washed twice with cold PBS, 

incubated with 50 μg/mL RNase A at 37 °C for 30 min and stained with 50 μg/mL PI at 37 °C for 30 min 

in the dark. The stained cells were analyzed using fluorescence-activated cell sorter (FACS) caliber flow 

cytometry (Becton Dickinson, San Jose, CA, USA). Histograms were analyzed with Cell Quest software 

(Becton-Dickinson). The proportion of cells in the G0/G1, S and G2/M phases was represented as 

DNA histograms. Apoptotic cells with hypodiploid DNA were measured by quantifying the sub-G1 

peak in the cell cycle pattern. For each experiment, 10,000 events per sample were analyzed, and 

experiments were repeated three times. 

3.6. Western Blot Analysis 

LOVO, HT-29, HCT-116, SNU-C5/WT and SNU-C5/5-FU cells were seeded at 2 × 105 cells/mL. 

After 24 h, cells were lysed with lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 

1 mM EGTA, 1 mM NaVO3, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 25 μg/mL aprotinin, 

25 μg/mL leupeptin, 1 mM Dithiothreitol, 1% Nonidet P-40) for 30 min at 4 °C. To examine the effect 

of LS-1 in the SNU-C5/5-FU cells, the cells were seeded 2 × 105 cells/mL for 24 h and treated with LS-1 

(7.1 μM) for 12, 24 and 48 h. After treatment, SNU-C5/5-FU cells were lysed with lysis buffer for  

30 min at 4 °C. The lysates were centrifuged at 15,000 rpm, 4 °C, for 15 min. Protein content was 

determined according to the method of the Bradford assay [44]. The cell lysates were separated by 

6%~15% SDS-PAGE gels and then transferred to polyvinylidene fluoride membrane (BIO-RAD, 

Hercules, CA, USA) by glycine transfer buffer (192 mM glycine, 25 mM Tris-HCl (pH 8.8) and 20% 

MeOH (v/v)) at 200 mA for 2 h. After blocking with 5% skim milk solution, the membrane was 

incubated with primary antibody against PARP (1:2000), cleaved caspase-3 (1:1000), cleaved caspase-9 

(1:1000), Bcl-2 (1:1000), Bax (1:1000), CEA (1:1000), Smad-2/3 (1:1000), p-Smad-3 (1:1000), TGFβRI 

(1:1000), c-Myc (1:1000), cytochrome c (1:2000) and β-actin (1:5000) antibodies at 4 °C, overnight, and 

incubated with a secondary HRP antibody (1:5000; Vector Laboratories, Burlingame, VT, USA) at 

room temperature for 1 h. Protein bands were detected using a WEST-ZOL® plus Western Blot 

Detection System (iNtRON, Gyeonggi, Korea) with subsequent exposure to X-ray films (AGFA, 

Krotich, Belgium). 

3.7. Co-Immunoprecipitation Assay 

SNU-C5/5-FU cells were seeded 2 × 105 cells/mL for 24 h and treated with LS-1 (7.1 μM) for 12, 

24 and 48 h. After treatment, SNU-C5/5-FU cells were lysed with lysis buffer for 30 min at 4 °C.  

The lysates were centrifuged at 15,000 rpm, 4 °C, for 15 min. Dynabeads® Protein G was added directly 

to mouse monoclonal anti-TGFβRI antibody in 200 μL PBS with 0.02% Tween-20 and incubated with 

rotation for 10 min at room temperature. The supernatant was then removed. The beads-antibody 

complex was washed using 200 μL PBS with 0.02% Tween-20. The beads-antibody complex was added 

directly to the cell lysates and incubated with rotation for 10 min at room temperature. The supernatant 

was removed, and the beads-antibody-Ag complex was washed using 200 μL PBS with 0.02%  

Tween-20 3 times. The beads-antibody-Ag complex was mixed with 20 μL of elution buffer (50 mM 

glycine (pH 2.8)) and 10 μL of NuPAGE lithium dodecyl sulfate (LDS) sample buffer (Invitrogen, 
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Carlsbad, CA, USA) and then heated for 10 min at 70 °C. The supernatant was separated from the 

beads using a magnet and loaded onto an SDS-PAGE gel. 

3.8. Confocal Microscopy 

SNU-C5/5-FU cells were fixed in 3.5% formaldehyde for 30 min. The fixed cells were permeabilized 

with 0.1% triton X-100. The cells were blocked in 3% BSA for 1 h at room temperature. The cells 

were treated with primary mouse monoclonal anti-smad-4 and rabbit monoclonal anti-p-Smad-3 

antibodies (1:100) overnight at 4 °C. The immunofluorescence staining of the primary antibodies was 

performed with Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594 goat anti-mouse IgG 

secondary antibody. The fluorescence was identified using confocal microscopy (FV500, OLYMPUS), 

and the images were acquired at constant photomultiplier tube (PMT), gain, offset, magnification  

(40 × oil immersion objectives with a zoom factor of 4) and resolution. 

3.9. Statistical Analyses 

Results are shown as means ± standard deviation (SD) from three independent experiments. Student’s 

t-test was used to determine the data with the following significance levels: * p < 0.05; ** p < 0.01. All 

assays were performed with at least three independent experiments. 

4. Conclusions 

We previously reported that LS-1 induced apoptosis in HT-29 human colon cancer cells [18].  

In conjunction with the report, in this study, our results indicated that LS-1 could induce SNU-C5/5-FU, 

5-FU-resistant colon cancer cells, via the activation of the TGF-β pathway with downregulation of 

CEA. Taken together, our reports suggest that LS-1 may have the potential for use in the treatment of 

colon cancer, including chemotherapy-resistant colon cancer. 

Acknowledgments 

This study was supported by a grant from the National R&D Program for Cancer Control, Ministry 

for Health and Welfare, Republic of Korea (1120340). 

Author Contributions 

Eun-ji Kim and Hee-Kyoung Kang conceived the experiments, analyzed the data and wrote the 

manuscript. Eun-ji Kim, Jung-Il Kang, Jeon-Won Kwak, and Chan-Hee Jeon performed the 

experiments. Cheol-Hee Choi provided 5-fluorouracil-resistant cancer cell line. Nguyen-Huu Tung and 

Young-Ho Kim provided (1S,2S,3E,7E,11E)-3,7,11,15-Cembratetraen-17,2-olide (LS-1). Jin-Won 

Hyun, Young-Sang Koh, and Eun-Sook Yoo analyzed western blot data and revised the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 



Mar. Drugs 2015, 13 1356 

 

 

References 

1. Jemal, A.; Siegel, R.; Ward, E.; Hao, Y.; Xu, J.; Murray, T.; Thun, M.J. Cancer Statistics, 2008. 

CA Cancer J. Clin. 2008, 58, 71–96. 

2. Masi, G.; Allegrini, G.; Cupini, S.; Marcucci, L.; Cerri, E.; Brunetti, I.; Fontana, E.; Ricci, S.; 

Andreuccetti, M.; Falcone, A. First-Line Treatment of Metastatic Colorectal Cancer with 

Irinotecan, Oxaliplatin and 5-Fluorouracil/Leucovorin (FOLFOXIRI): Results of a Phase II Study 

with a Simplified Biweekly Schedule. Ann. Oncol. 2004, 15, 1766–1772. 

3. Grivicich, I.; Mans, D.R.; Peters, G.J.; Schwartsmann, G. Irinotecan and Oxaliplatin: An Overview 

of the Novel Chemotherapeutic Options for the Treatment of Advanced Colorectal Cancer. Braz. 

J. Med. Biol. Res. 2001, 34, 1087–1103. 

4. Jette, L.; Bissoon-Haqqani, S.; le Francois, B.; Maroun, J.A.; Birnboim, H.C. Resistance of 

Colorectal Cancer Cells to 5-FUdR and 5-FU Caused by Mycoplasma Infection. Anticancer Res. 

2008, 28, 2175–2180. 

5. Lee, H.C.; Ling, Q.D.; Yu, W.C.; Hung, C.M.; Kao, T.C.; Huang, Y.W.; Higuchi, A. Drug-Resistant 

Colon Cancer Cells Produce High Carcinoembryonic Antigen and might Not be Cancer-Initiating 

Cells. Drug Des. Dev. Ther. 2013, 7, 491–502. 

6. Correale, P.; Aquino, A.; Giuliani, A.; Pellegrini, M.; Micheli, L.; Cusi, M.G.; Nencini, C.; 

Petrioli, R.; Prete, S.P.; de Vecchis, L.; et al. Treatment of Colon and Breast Carcinoma Cells 

with 5-Fluorouracil Enhances Expression of Carcinoembryonic Antigen and Susceptibility to 

HLA-A(*)02.01 Restricted, CEA-Peptide-Specific Cytotoxic T Cells in Vitro. Int. J. Cancer 

2003, 104, 437–445. 

7. Aquino, A.; Prete, S.P.; Guadagni, F.; Greiner, J.W.; Giuliani, A.; Orlando, L.; Masci, G.;  

de Santis, S.; Bonmassar, E.; Graziani, G. Effect of 5-Fluorouracil on Carcinoembryonic Antigen 

Expression and Shedding at Clonal Level in Colon Cancer Cells. Anticancer Res. 2000, 20,  

3475–3484. 

8. Samara, R.N.; Laguinge, L.M.; Jessup, J.M. Carcinoembryonic Antigen Inhibits Anoikis in 

Colorectal Carcinoma Cells by Interfering with TRAIL-R2 (DR5) Signaling. Cancer Res. 2007, 

67, 4774–4782. 

9. Camacho-Leal, P.; Stanners, C.P. The Human Carcinoembryonic Antigen (CEA) GPI Anchor 

Mediates Anoikis Inhibition by Inactivation of the Intrinsic Death Pathway. Oncogene 2008, 27, 

1545–1553. 

10. Li, Y.; Cao, H.; Jiao, Z.; Pakala, S.B.; Sirigiri, D.N.; Li, W.; Kumar, R.; Mishra, L. 

Carcinoembryonic Antigen Interacts with TGF-{Beta} Receptor and Inhibits TGF-{Beta} Signaling 

in Colorectal Cancers. Cancer Res. 2010, 70, 8159–8168. 

11. Nicklas, D.; Saiz, L. Characterization of Negative Feedback Network Motifs in the TGF-Beta 

Signaling Pathway. PLoS One 2013, 8, e83531. 

12. Sheen, Y.Y.; Kim, M.J.; Park, S.A.; Park, S.Y.; Nam, J.S. Targeting the Transforming Growth 

Factor-Beta Signaling in Cancer Therapy. Biomol. Ther. (Seoul) 2013, 21, 323–331. 

13. Thuault, S.; Valcourt, U.; Petersen, M.; Manfioletti, G.; Heldin, C.H.; Moustakas, A. Transforming 

Growth Factor-Beta Employs HMGA2 to Elicit Epithelial-Mesenchymal Transition. J. Cell Biol. 

2006, 174, 175–183. 



Mar. Drugs 2015, 13 1357 

 

 

14. Portella, G.; Cumming, S.A.; Liddell, J.; Cui, W.; Ireland, H.; Akhurst, R.J.; Balmain, A. 

Transforming Growth Factor Beta is Essential for Spindle Cell Conversion of Mouse Skin Carcinoma 

in Vivo: Implications for Tumor Invasion. Cell Growth Differ. 1998, 9, 393–404. 

15. Sun, L.; Wu, G.; Willson, J.K.; Zborowska, E.; Yang, J.; Rajkarunanayake, I.; Wang, J.; Gentry, L.E.; 

Wang, X.F.; Brattain, M.G. Expression of Transforming Growth Factor Beta Type II Receptor 

Leads to Reduced Malignancy in Human Breast Cancer MCF-7 Cells. J. Biol. Chem. 1994, 269, 

26449–26455. 

16. Kim, S.J.; Im, Y.H.; Markowitz, S.D.; Bang, Y.J. Molecular Mechanisms of Inactivation of  

TGF-Beta Receptors during Carcinogenesis. Cytokine Growth Factor Rev. 2000, 11, 159–168. 

17. Nguyen, H.T.; Chau, V.M.; Phan, V.K.; Hoang, T.H.; Nguyen, H.N.; Nguyen, X.C.; Tran, H.Q.; 

Nguyen, X.N.; Hyun, J.H.; Kang, H.K.; et al. Chemical Components from the Vietnamese Soft 

Coral Lobophytum sp. Arch. Pharm. Res. 2010, 33, 503–508. 

18. Hong, J.Y.; Boo, H.J.; Kang, J.I.; Kim, M.K.; Yoo, E.S.; Hyun, J.W.; Koh, Y.S.; Kim, G.Y.; 

Maeng, Y.H.; Hyun, C.L.; et al. (1S,2S,3E,7E,11E)-3,7,11,15-Cembratetraen-17,2-Olide, a 

Cembrenolide Diterpene from Soft Coral Lobophytum sp., Inhibits Growth and Induces Apoptosis 

in Human Colon Cancer Cells through Reactive Oxygen Species Generation. Biol. Pharm. Bull. 

2012, 35, 1054–1063. 

19. Galluzzi, L.; Kepp, O.; Trojel-Hansen, C.; Kroemer, G. Mitochondrial Control of Cellular Life, 

Stress, and Death. Circ. Res. 2012, 111, 1198–1207. 

20. Seal, S.; Chatterjee, P.; Bhattacharya, S.; Pal, D.; Dasgupta, S.; Kundu, R.; Mukherjee, S.; 

Bhattacharya, S.; Bhuyan, M.; Bhattacharyya, P.R.; et al. Vapor of Volatile Oils from Litsea 

Cubeba Seed Induces Apoptosis and Causes Cell Cycle Arrest in Lung Cancer Cells. PLoS One 

2012, 7, e47014. 

21. Han, S.U.; Kwak, T.H.; Her, K.H.; Cho, Y.H.; Choi, C.; Lee, H.J.; Hong, S.; Park, Y.S.; Kim, Y.S.; 

Kim, T.A.; et al. CEACAM5 and CEACAM6 are Major Target Genes for Smad3-Mediated  

TGF-Beta Signaling. Oncogene 2008, 27, 675–683. 

22. Chakrabarty, S.; Tobon, A.; Varani, J.; Brattain, M.G. Induction of Carcinoembryonic Antigen 

Secretion and Modulation of Protein Secretion/Expression and Fibronectin/Laminin Expression in 

Human Colon Carcinoma Cells by Transforming Growth Factor-Beta. Cancer Res. 1988, 48, 

4059–4064. 

23. Fabregat, I.; Fernando, J.; Mainez, J.; Sancho, P. TGF-Beta Signaling in Cancer Treatment. Curr. 

Pharm. Des. 2014, 20, 2934–2947. 

24. Hou, R.S.; Duh, C.Y.; Chiang, M.Y.; Lin, C.N. Sinugibberol, a new cytotoxic cembranoid 

diterpene from the soft coral Sinularia gibberosa. J. Nat. Prod. 1995, 58, 1126–1130. 

25. Duh, C.Y.; Wang, S.K.; Weng, Y.L.; Chiang, M.Y.; Dai, C.F. Cytotoxic terpenoids from the 

Formosan soft coral Nephthea brassica. J. Nat. Prod. 1999, 62, 1518–1521. 

26. Duh, C.Y.; Wang, S.K.; Huang, B.T.; Dai, C.F. Cytotoxic Cembrenolide Diterpenes from the 

Formosan Soft Coral Lobophytum Crassum. J. Nat. Prod. 2000, 63, 884–885. 

27. Zhao, M.; Yin, J.; Jiang, W.; Ma, M.; Lei, X.; Xiang, Z.; Dong, J.; Huang, K.; Yan, P. Cytotoxic 

and Antibacterial Cembranoids from a South China Sea Soft Coral, Lobophytum sp. Mar. Drugs 

2013, 11, 1162–1172. 



Mar. Drugs 2015, 13 1358 

 

 

28. Al-Lihaibi, S.S.; Alarif, W.M.; Abdel-Lateff, A.; Ayyad, S.E.; Abdel-Naim, A.B.; El-Senduny, 

F.F.; Badria, F.A. Three new cembranoid-type diterpenes from Red Sea soft coral Sarcophyton 

glaucum: Isolation and antiproliferative activity against HepG2 cells. Eur. J. Med. Chem. 2014, 

81, 314–322. 

29. Elkhateeb, A.; El-Beih, A.A.; Gamal-Eldeen, A.M.; Alhammady, M.A.; Ohta, S.; Pare, P.W.; 

Hegazy, M.E. New terpenes from the Egyptian soft coral Sarcophyton shrenbergi. Mar. Drugs 

2014, 12, 1977–1986. 

30. Yip, K.W.; Reed, J.C. Bcl-2 Family Proteins and Cancer. Oncogene 2008, 27, 6398–6406. 

31. Chen, M.; Guerrero, A.D.; Huang, L.; Shabier, Z.; Pan, M.; Tan, T.H.; Wang, J. Caspase-9-induced 

mitochondrial disruption through cleavage of anti-apoptotic BCL-2 family members. J. Biol. Chem. 

2007, 282, 33888–33895. 

32. Bhola, N.E.; Balko, J.M.; Dugger, T.C.; Kuba, M.G.; Sanchez, V.; Sanders, M.; Stanford, J.; 

Cook, R.S.; Arteaga, C.L. TGF-Beta Inhibition Enhances Chemotherapy Action Against  

Triple-Negative Breast Cancer. J. Clin. Investig. 2013, 123, 1348–1358. 

33. Hoosein, N.M.; McKnight, M.K.; Levine, A.E.; Mulder, K.M.; Childress, K.E.; Brattain, D.E.; 

Brattain, M.G. Differential Sensitivity of Subclasses of Human Colon Carcinoma Cell Lines to the 

Growth Inhibitory Effects of Transforming Growth Factor-Beta 1. Exp. Cell Res. 1989, 181, 442–453. 

34. Soeth, E.; Wirth, T.; List, H.J.; Kumbhani, S.; Petersen, A.; Neumaier, M.; Czubayko, F.; Juhl, H. 

Controlled Ribozyme Targeting Demonstrates an Antiapoptotic Effect of Carcinoembryonic 

Antigen in HT29 Colon Cancer Cells. Clin. Cancer Res. 2001, 7, 2022–2030. 

35. Jang, C.W.; Chen, C.H.; Chen, C.C.; Chen, J.Y.; Su, Y.H.; Chen, R.H. TGF-Beta Induces 

Apoptosis through Smad-Mediated Expression of DAP-Kinase. Nat. Cell Biol. 2002, 4, 51–58. 

36. Rhyu, D.Y.; Park, J.; Sharma, B.R.; Ha, H. Role of reactive oxygen species in transforming 

growth factor-beta1-induced extracellular matrix accumulation in renal tubular epithelial cells. 

PLoS One 2012, 44, 625–628. 

37. Yoon, Y.S.; Lee, J.H.; Hwang, S.C.; Choi, K.S.; Yoon, G. TGF beta1 induces prolonged 

mitochondrial ROS generation through decreased complex IV activity with senescent arrest in 

Mv1Lu cells. Oncogene 2005, 24, 1895–1903. 

38. Datto, M.B.; Yu, Y.; Wang, X.F. Functional analysis of the transforming growth factor beta 

responsive elements in the WAF1/Cip1/p21 promoter. J. Biol. Chem. 1995, 270, 28623–28628. 

39. Masgras, I.; Carrera, S.; de Verdier, P.J.; Brennan, P.; Majid, A.; Makhtar, W.; Tulchinsky, E.; 

Jones, G.D.; Roninson, I.B.; Macip, S. Reactive oxygen species and mitochondrial sensitivity to 

oxidative stress determine induction of cancer cell death by p21. J. Biol. Chem. 2012, 287,  

9845–9854. 

40. Cheng, G.; Cao, Z.; Xu, X.; van Meir, E.G.; Lambeth, J.D. Homologs of gp91phox: Cloning and 

tissue expression of Nox3, Nox4, and Nox5. Gene 2001, 269, 131–140. 

41. Bedard, K.; Krause, K.H. The NOX family of ROS-generating NADPH oxidases: Physiology and 

pathophysiology. Physiol. Rev. 2007, 87, 245–313. 

42. Scudiero, D.A.; Shoemaker, R.H.; Paull, K.D.; Monks, A.; Tierney, S.; Nofziger, T.H.; Currens, M.J.; 

Seniff, D.; Boyd, M.R. Evaluation of a Soluble Tetrazolium/Formazan Assay for Cell Growth and 

Drug Sensitivity in Culture using Human and Other Tumor Cell Lines. Cancer Res. 1988, 48, 

4827–4833. 



Mar. Drugs 2015, 13 1359 

 

 

43. Fried, J.; Perez, A.G.; Clarkson, B.D. Flow Cytofluorometric Analysis of Cell Cycle Distributions 

using Propidium Iodide. Properties of the Method and Mathematical Analysis of the Data. J. Cell Biol. 

1976, 71, 172–181. 

44. 44. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities 

of Protein Utilizing the Principle of Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


