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Introduction

Colorectal cancer is one of the leading cancer types 
at 4th position in terms of incidence and 3rd in terms of 
mortality [1]. Cancer cells are known for uncontrolled cell 
proliferation which is due to the virtue of aberrant signal 
transduction [2, 3]. Deregulated metabolic adaptations 
and altered growth signaling pathways are considered 
crucial hallmarks of various types of tumors including 
colon cancer. 

Different types of oncogenes and their associated 
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cellular signaling pathways contribute to the alteration 
of cellular and energy metabolism which is one of the 
important attributes of cancer cells [3, 4]. Tumor display 
reprogrammed metabolic activities that promote cancer 
progression and drug resistance. Metabolic heterogeneity 
is a critical factor in the success and failure of anticancer 
therapies [2- 5]. 

Many human diseases, including cancer, result 
from an alteration in lipid metabolic enzymes and their 
pathways including sphingolipids [6, 7]. The changes in 
the fate and composition of sphingolipids of cancer cells 
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in the microenvironment influence oncogenic functions, 
signaling, and drug resistance [8-10]. 

The metabolomics study on intracellular and 
extracellular compartments of cancer cells treated by 
drugs is pivotal to understanding the metabolic adaptations 
in cancer cells leading to drug resistance [11-16]. At the 
same time, data on extracellular metabolite profiling of 
sphingolipids in colon cancer cells treated by drugs is 
highly limited specifically in the context of modulation 
of the c-Src kinase [17, 18].

Limited data hinted at the involvement of intracellular 
and extracellular sphinganine in the apoptotic cell 
death of cancer cells [19-25]. Due to a lack of suitable 
methodologies, evidence of the abundance of sphinganine 
and other sphingolipid bases in colon cancer cells treated 
by anticancer drugs is limited. Among several prominent 
intracellular signal transducer kinases, the c-Src kinase 
is a crucial tyrosine kinase that controls the growth 
and proliferation of various types of cancer including 
colon cancer cells [26-29]. On the contrary, c-Src kinase 
contributes to the evasion of apoptosis and in turn drug 
resistance [30-33]. However, the molecular link between 
sphingolipid bases such as sphinganine and sphingosine 
with the modulation of the c-Src kinase is highly lacking 
and specifically in the context of colon cancer cells 
and apoptotic cell death. In recent, the small molecular 
inhibitors of c-Src kinase and other intracellular kinases 
are conceived as a new class of anticancer drugs to 
attenuate proliferation and induce cell death in cancer 
cells including colon cancer [34-38] 

Additionally, the mimetic class of anticancer drugs 
as inhibitors of intracellular signal transducers such as 
c-Src kinase appears to be a safe and feasible avenue in 
cancer therapies [39-42]. However, the extrapolation of 
understanding sphingolipid metabolites in the context of 
the development of inhibitors of c-Src kinase as a modified 
mimetic of sphinganine is highly scarce. 

In our study, we utilized a novel and in-house 
VTGE methodology to assess the levels of extracellular 
sphingolipids, including sphinganine, in HCT-116 cancer 
cells treated with anticancer compositions. Additionally, 
we employed molecular docking and MD simulations to 
evaluate the relevance of sphinganine and its modified 
mimetic form (MMS) as inhibitors of c-Src kinase.

Materials and Methods

Materials
Cell culture reagents were purchased from Invitrogen 

India Pvt. Ltd, Bangalore, India. and Himedia Laboratories 
Pvt. Ltd, Mumbai, India. HCT-116 colon cancer cells were 
procured from the National Centre of Cell Science (NCCS) 
Pune, India. DMSO, pBR322 DNA, agarose, acrylamide, 
and other chemicals were of analytical grade and obtained 
from Himedia Laboratories Pvt. Ltd. Mumbai, India and 
Merck India Pvt. Ltd, Mumbai, India.

Preparation of extracellular conditioned medium 
HCT-116 colon cancer cells were cultured and 

maintained in Dulbecco’s Modified Eagle’s Medium 
(DMEM) with high glucose supplemented with 10% heat-

inactivated FBS/penicillin (100 units/ml)/streptomycin 
(100 µg/ml) at 37°C in a humidified 5% CO2 incubator. 
Further, 60-70% of confluent HCT-116 cells were 
harvested and plated onto a six-well plate at a seeding 
density of 1.5 X 105 cells per well in a complete DMEM 
medium. After 16-18 h overnight growth, HCT-116 cells 
were treated with goat urine DMSO fraction (GUDF) (50 
µg/ml) final concentration. In brief, GUDF was prepared 
in DMSO solvent by using standardized steps including 
vortexing, centrifugation, and filtration by 0.45-micron 
syringe filter membrane to ensure that GUDF is sterile 
and compatible with cell culture. This was adopted 
from a previously published procedure by our lab [43-
46]. Next, treatment by GUDF and DMSO control was 
allowed for 72 h. At the end of incubation, HCT-116 
cells were harvested with the help of a routine procedure 
and evaluated for loss of proliferation and viability due 
to GUDF by using a Trypan blue dye exclusion assay. 
We observed by phase contrast microscopy to assess 
alterations in the morphology of HCT-116 cells due to 
GUDF. To substantiate the elaborated effects of GUDF 
upon HCT-116 cells including cell death has been 
previously published by our lab. However, the importance 
of this paper is an extension to the previous observations 
by exploring metabolites in the extracellular conditioned 
medium of HCT-116 cells treated by GUDF. Therefore, 
the extracellular conditioned medium of GUDF and 
DMSO-treated HCT-116 cells were collected in separate 
sterile tubes and processed by centrifugation to ensure that 
viable and dead cells are not left in the tube so that only 
the extracellular nature of metabolites will be analyzed 
[43- 46].

Extracellular metabolite profiling
The above collected extracellular conditioned 

medium of HCT-116 cells treated by DMSO and 
GUDF (750 µl) was mixed with 4X loading buffer (0.5 
M Tris, pH 6.8, and Glycerol). Next, the conditioned 
medium along with the loading buffer was loaded on the 
vertical tube gel electrophoresis (VTGE) purification 
system (Figure S1) with a matrix of 15% acrylamide 
gel (acrylamide: bisacrylamide, 30:1). The fractionated 
extracellular metabolites were collected in the running 
buffer (96 mM glycine of pH at 8.3). The detailed 
procedure was adopted from previously published in-
house VTGE-assisted purification of metabolites [44, 
43, 45, 46]. Furthermore, LC-HRMS analyses of VTGE-
purified extracellular metabolite elutes were performed by 
Agilent TOF/Q-TOF Mass Spectrometer station Dual AJS 
ESI ion source. During LC separation, RPC18 Hypersil 
GOLD C18 100 x 2.1 mm-3 µm and mobile phase of 100% 
Water (0.1% FA in water) and 100% Acetonitrile (90% 
ACN +10% H2O+ 0.1% FA) were used in the proportion 
of 95% and 5% [39]. Mass spectrometry was performed 
in a positive mode and analyzed as per the procedure 
adopted from previously reported methodology [43, 46].

Molecular Docking 
We identified selective sphingolipids such as 

sphinganine, hexadecasphinganine, and phytosphingosine 
in the extracellular compartment of HCT-116 cells treated 
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of 10 Å spacing using periodic boundary conditions. MD 
simulation study was carried out with a run of 20ns at a 
temperature of 300K in considering certain parameters 
such as integrator as MD. The conformational changes 
upon binding of sphinganine with c-Src kinase were 
recorded in 1000 trajectory frames generated during 
the 20ns MD simulation. Root Mean Square Deviation 
(RMSD) was calculated to reveal the binding stability 
of sphinganine and luteolin with c-Src complexes. The 
steepest descent method was used to minimize the 
complex system energetically with the OPLS-2005 force 
field. The 20ns time scale MD simulations for each 
complex were performed at constant NPT (N=Number 
of Atoms, P=Pressure, and T=Temperature) ensemble. 
Throughout the equilibrations, systems were coupled with 
the Martyna-Tobias-Klein barostat method for controlling 
pressure at 1 atm, and the temperature was regulated by 
using velocity rescaling Nose Hoover chain thermostat 
method at 300 K. The M-SHAKE algorithm was used to 
constrain the bond length of hydrogen atoms. Rest steps 
were adopted as per previously published procedure 
[43- 48].

ADMET profiling
Sphinganine, sphingosine, MMS, and known c-Src 

kinase inhibitors such as luteolin and PP2 were tested for 
drug-induced liver injury, cell toxicity, carcinogenicity, 
maximal recommended therapeutic dose (MRTD), and 
druglikeness using vNN-ADMET and SWISS-ADMET 
web servers [50, 51].

Statistical Analysis
Data are presented as the mean ± SD of at least three 

independent experiments. Differences are considered 
statistically significant at P < 0.05, using a Student’s t-test.

Results

Extracellular sphingolipid profiling 
Hence, we selected HCT-116 colon cancer cells as a 

model and treated them with goat urine DMSO fraction 
(GUDF) anticancer compositions enriched with tripeptides. 
This paper is incremental evidence from previous data that 
we have shown the proliferative arrest and apoptotic cell 

by GUDF over DMSO control. To explore the biological 
relevance of sphingolipids including sphinganine in the 
intracellular signaling pathways, we started to explore the 
potential targets of sphinganine and other sphingolipids 
using molecular docking. 

Potential intracellular sphingolipids including 
sphinganine (PubChem CID: 91486), sphingosine 
(PubChem CID: 5280335), phytosphingosine (PubChem 
CID: 5281120), hexadecasphinganine (PubChem 
CID: 656816), modified mimetic sphinganine (MMS) 
(PubChem CID: 162625115) and known c-Src kinase 
inhibitors such as luteolin (PubChem CID: 5280445 
and PP2 (PubChem CID: 4878) were retrieved from 
the PubChem database and downloaded in SDF format. 
Before performing molecular docking, all ligands were 
energy minimized to obtain stable conformation using 
Maestro software with the steepest descent method 
and MMFF94s force field. In this study, potential 
protein targets including c-Src kinase (2SRC), MAPK 
phosphatase Pyst1 (1MKP), PKB kinase domain (1GZN), 
ERK1 (6GES), and BRAF-MEK1-14-3-3 (6Q0K) and 
others enzymes were downloaded from the PDB database. 
The preparation of proteins and molecular docking 
process by AutoDock Vina software was adopted from 
the standardized protocol [47, 48]. AutoDock Vina comes 
with the feature of calculating grid maps automatically. 
Confirmation of the binding position of the potential 
inhibitory sphingolipids and known inhibitors into the 
cavity of the c-Src kinase and the calculation of binding 
parameters such as bond distance was done by Discovery 
Studio Visualizer3 (DSV3) [49]. 

Molecular Dynamics (MD) Simulations
The 20ns MD simulations for the complexes of 

sphinganine (PubChem CID: 91486), and luteolin 
(PubChem CID: 5280445), a known inhibitor with c-Src 
kinase (PDB ID: 2SRC), were performed with the help 
of Desmond software to confirm the binding stability and 
strength of the complex. Desmond has inbuilt functions 
to add pressure, volume system, temperature, and many 
functionalities to accomplish protein-ligand binding. 
The first complex between sphinganine and c-Src kinase 
was immersed in 9071 and the second was 7350 TIP3P 
explicit water molecules respectively within a cubic box 

Name of Sphingolipids RT Mass Abundance Chemical formula DB Diff (ppm)
Extracellular conditioned medium of HCT-116 cells treated by GUDF
     Dihydrosphingosine (Sphinganine) 11 301.3002 15568042 C18 H39 N O2 -6.87
     C16 Sphinganine 9.65 273.2669 8575711 C16 H35 N O2 -0.14
     Phytosphingosine 9.995 317.292 Detectable C18 H39 N O3 0.35
     Ceramide (d18:1/14:0) 19.819 509.4777 Detectable C32 H63 N O3 4.96
Extracellular conditioned medium of HCT-116 cells treated by DMSO
     C16 Sphinganine Undetectable
     Phytosphingosine Undetectable
     Dihydrosphingosine Undetectable
     C14 Ceramide (d18:1/14:0) Undetectable

Table 1. List of Sphingolipids Detected in the Extracellular Conditioned Medium of HCT-116 Cells Treated by GUDF 
and DMSO. Here, extracellular conditioned medium of HCT-116 was first purified by VTGE tool and later analyzed 
by LC-HRMS in positive ESI mode. 
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death in colon cancer cells by GUDF. In line with our 
previous findings, GUDF showed a significant reduction 
of up to 28.97% of total HCT-116 cells normalized over 
DMSO control. At the same time, GUDF induced loss 
of HCT-116 cell viability up to 16.54% compared to 
DMSO control (Figure 1B). Microscopy photographs 
of GUDF-treated HCT-116 cells indicated a very clear 
reduction in total cells and cell death of HCT-116 cells 
in comparison with DMSO control (Figure 1A). Besides 
these observations, we have previously reported effects 
of GUDF leading to the induction of apoptotic cell death 
in HCT-116 cells [43- 46]. Hence, we selected GUDF-
treated HCT-116 cells as one of the potential sources of 
profiling of extracellular metabolites during cell death 
in the case of HCT-116 cells. However, an argument is 
possible regarding the scope of other cancer cell types 
and other forms of drugs. 

Since objectives of this study are to study the biological 
relevance of sphingolipids in the extracellular components 
of HCT-116 cells and then extrapolation of specific 
sphingolipids such as sphinganine as a mimetic class of 
inhibitors of intracellular kinases such as c-Src enzymes. 
In this direction, we employed a novel and in-house 
developed VTGE-assisted approach to purify metabolite 

components of the extracellular conditioned medium of 
HCT-116 cells treated by both GUDF and DMSO. We found 
a significant abundance of specific forms of sphingolipid 
bases such as sphinganine (dihydrosphingosine) (RT-
11, mass-301.3002, chemical formula-C18 H39 N O2), 
C16 sphinganine (hexadecasphinganine) (RT-9.65, 
mass-273.2669, chemical formula-C16 H35 N O2), 
phytosphingosine (RT-9.995, mass-317.292, chemical 
formula-C18 H39 N O3) and ceramide (d18:1/14:0) (RT-
19.819, mass-509.4777, chemical formula-C32 H63 N 
O3) in case of GUDF treated HCT-116 cells (Table 1). At 
the same time, the levels of sphinganine, C16 sphinganine, 
phytosphingosine, and ceramide (d18:1/14:0) are found 
to be undetectable in the extracellular conditioned 
medium of DMSO-treated HCT-116 cells. LC-HRMS 
based MS/MS showed specific positive ESI product 
ions of these sphingolipids such as sphinganine (m/z 
302.3086, 406.3483, 675.4956), C16 sphinganine (m/z 
274.2745, 688.4899, 918.8047), phytosphingosine (m/z 
150.1122, 256.2632) and Ceramide (d18:1/14:0) (m/z 
256.2626, 512.4994, 905.6919) (Figure 2, Figure S2, 
S3, S4, respectively). The abundance characteristics and 
matching score of these sphingolipids in the extracellular 
compartment of GUDF-treated HCT-116 cells are 

Figure 1. GUDF Induces Proliferative Arrest and Cell Death in HCT-116 Colon Cancer Cells. (A) HCT-116 colon 
cancer cells were treated by DMSO and GUDF (50 µg/ml) for 72 hr. Routine microscopy was performed at 100X to 
observe the cell number and cellular morphology. (B) HCT-116 colon cancer cells were treated by DMSO and GUDF 
(50 µg/ml) for 72 hr. Percentage total cell and viable HCT-116 colon cancer cells estimated by Trypan blue dye 
exclusion assay. Trypan blue dye exclusion assay was performed to estimate viable and dead cells. Data are represented 
as mean ± SD. Each experiment was conducted independently three times. The bar graph without an asterisk denotes 
that there is no significant difference compared to the DMSO control. * Significantly different from DMSO control at 
the P-value < 0.05. ** Significantly different from DMSO control at P-value < 0.01. *** Significantly different from 
DMSO control at P-value < 0.001.



Asian Pacific Journal of Cancer Prevention, Vol 25 437

DOI:10.31557/APJCP.2024.25.2.433
Modified Mimetic Sphinganine (MMS) as c-Src Kinase Inhibitor

substantial in comparison to DMSO control. 

Molecular docking 
In our observations, we significantly found an 

abundance of sphingolipids such as sphinganine in the 
extracellular compartment of HCT-116 cells displaying 
drug-induced cell death. Hence, we asked questions 
in terms of intracellular and extracellular adaptations 

that could contribute to the export of sphinganine, 
but sphingosine was not detected. However, literature 
suggested the opposite effects of sphinganine over 
sphingosine and the role of sphinganine in cancer cell 
death. 

Therefore, we started the initial screening of potential 
intracellular kinases including c-Src kinase which can 
be a potential target for inhibition of activation by these 

Table 2. Molecular Docking based Screening of Potential Inhibitory Protein Targets of Sphingolipids Detected in 
the Extracellular Compartment of Cancer Cells Treated by Anticancer Drug. Molecular docking is performed by 
AutoDock Vina. 

Sr. No Target Proteins (PDB ID) Sphinglipids (PubChem ID) Binding energy 
(-kcal/mol)

RMSD
value l.b.

RMSD
value u.b

1 c-Src kinase (2SRC) Sphingosine (PubChem ID: 528035) -5.7 0 0

2 c-Src kinase (2SRC) Sphinganine (PubChem ID: 91486) -5.6 0 0

3 c-Src kinase (2SRC) Phytospingosine  (PubChem ID: 122121) -5.5 0 0

4 c-Src kinase (2SRC) Hexadecasphinganine (PubChem ID: 656816) -5.3 0 0

5 MAPK phosphatase Pyst1 (1MKP) Sphingosine (PubChem ID: 528035) -3.9 0 0

6 MAPK phosphatase Pyst1 (1MKP) Sphinganine (PubChem ID: 91486) -3.9 0 0

7 MAPK phosphatase Pyst1 (1MKP) Phytospingosine  (PubChem ID: 122121) -3.4 0 0

8 MAPK phosphatase Pyst1 (1MKP) Hexadecasphinganine (PubChem ID: 656816) -3.2 0 0

9 PKB kinase domain (1GZN) Sphingosine (PubChem ID: 528035) 0 0 0

10 PKB kinase domain (1GZN) Sphinganine (PubChem ID: 91486) 0 0 0

11 PKB kinase domain (1GZN) Phytospingosine  (PubChem ID: 122121) 0 0 0

12 PKB kinase domain (1GZN) Hexadecasphinganine (PubChem ID: 656816) 0 0 0

13 ERK1 (6GES) Sphingosine (PubChem ID: 528035) 0 0 0

14 ERK1 (6GES) Sphinganine (PubChem ID: 91486) 0 0 0

15 ERK1 (6GES) Phytospingosine  (PubChem ID: 122121) 0 0 0

16 ERK1 (6GES) Hexadecasphinganine (PubChem ID: 656816) 0 0 0

17 BRAF-MEK1-14-3-3 (6Q0K) Sphingosine (PubChem ID: 528035) 0 0 0

18 BRAF-MEK1-14-3-3 (6Q0K) Sphinganine (PubChem ID: 91486) 0 0 0

19 BRAF-MEK1-14-3-3 (6Q0K) Phytospingosine  (PubChem ID: 122121) 0 0 0

20 BRAF-MEK1-14-3-3 (6Q0K) Hexadecasphinganine (PubChem ID: 656816) 0 0 0

Table 3. Molecular Docking and Visualization of Complexes of Sphinganine, Sphingosine, Modified Mimetic 
Sphinganine (MMS), PP2 (A known c-Src kinase inhibitor) and Luteolin (A known c-Src kinase inhibitor) with c-Src 
Kinase (PDB ID: 2SRC). Visualization of complexed were done by Discovery Studio Visualizer 3 (DSV3).

Name of Protein and its ligand Maximum binding 
affinity (-kcal/mol)

Binding Residues No. of Bonds (H-Bonds, 
van der waals, Alkyl)

Bond Distances 
(Å)

Sphinganine -5.7 ALA293, LYS295, 
VAL323, THR338, 
TYR340, MET341, 
ASP404, PHE405

8 3.16, 2.96, 3.06, 
2.86, 2.57, 3.25

2.98. 2.53

Sphingosine -5.6 TYR90, GLU147, 
PHE150, ILE151, 

LEU161

5 3.65, 2.65
3.62, 3.65

3.43
modified mimetic sphinganine  
(MMS) (PubChem CID: 
162625115)

7.1 PHE278, VAL281, 
MET341, LEU407, 
ALA408, TYR416

6 3.75, 3.62
2.89, 3.92
3.56, 2.86

PP2 (A known c-Src kinase 
inhibitor) PubChem CID: 4878

-8.6 VAL281, VAL323, 
THR338, GLU339, 
MET341, LEU393, 
ALA403, ASP404

8 4.32, 3.23, 2.16, 
2.54, 3.35, 4.12

2.97. 2.45

Luteolin (A known c-Src kinase 
inhibitor) Luteolin (PubChem 
CID: 5280445)

-8.4 VAL273, VAL281
ALA293, LYS295
MET341, ASP404

6 2.92, 3.85
3.12, 2.67
2.72, 3.12
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Figure 2. Sphinganine is Secreted and Accumulated in HCT-116 Colon Cancer Cells Treated by GUDF Positive Mode 
ESI MS and MS/MS fragment ion spectra of sphinganine in GUDF treated HCT-116 cancer cells. Sphinganine is 
known as a sphingolipid base. 

forms of sphingolipids. Based on the molecular docking 
data, we found interesting observations that sphingolipids 
such as sphinganine and sphingosine bind to c-Src kinase 
appreciably over other selected intracellular signal 
transducer proteins (Table 2). Detailed analysis of binding 
pockets of sphinganine and sphingosine with c-Src kinase 
revealed contrasting amino acid residues such as inhibitory 
pocket residues (ALA293, LYS295, VAL323, THR338, 
TYR340, MET341, ASP404, PHE405) and activator site 
residues (TYR90, GLU147, PHE150, ILE151, LEU161) 
(Figure 3). Such molecular data on the differential 
binding of sphinganine and sphingosine with c-Src kinase 
prompted the exploration of detailed comparison with 
known inhibitors of c-Src kinase in terms of binding 
affinity and interacting amino acid residues. Visualization 
of the inhibitory binding pocket of sphinganine (ALA293, 
LYS295, VAL323, THR338, TYR340, MET341, ASP404, 
PHE405) showed a similar binding pocket compared to 
a known c-Src kinase inhibitor luteolin and PP2 (Table 
3, and Figure 4). 

With these interesting observations on sphinganine 

and existing views that sphinganine is a potential inducer 
of apoptotic cell death, we extended the approach to 
design modified mimetic sphinganine (MMS) as a 
potential inhibitor of the c-Src kinase. One potential 
MMS compound is selected based on the binding affinity 
(-7.1 kcal/mol) and specific inhibitory binding pocket. 
We deposited this MMS structure as PubChem CID: 
162625115 and [PubChem SID: 461454363]. Molecular 
docking and visualization of the inhibitory complex 
showed a specific and strong binding upon c-Src kinase 
as an inhibitor with notable residues such as PHE278, 
VAL281, MET341, LEU407, ALA408, and TYR416. 
Among these inhibitory domains amino acid resides, 
MET341 and others including VAL273, VAL28, ALA293, 
LYS295, MET341, and ASP404 were similar in the case 
of known c-Src kinase inhibitors such as luteolin and PP2 
(Table 3 and Figure 5). 

MD simulations
Furthermore, to evaluate the stability of the MMS 

and c-Src kinase inhibitory complex, we performed MD 
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Figure 3. Sphinganine Displays Strong binding to the Inhibitory Site of the c-Src Kinase, while Sphingosine Showed 
Binding to the Active Site of the c-Src Kinase. Molecular docking and inhibitory interaction by sphinganine and 
sphingosine upon c-Src kinase with the help of Autodock Vina. (A). A ribbon structure with a full 3D view between 
sphinganine and c-Src kinase. (B). A ribbon structure with a full 3D view between sphingosine and c-Src kinase. (C). 
Discovery Studio Visualizer assisted 2-D image of docked molecular structure between sphinganine and c-Src kinase. 
(D). Discovery Studio Visualizer assisted 2-D image of docked molecular structure between sphingosine and c-Src 
kinase. 

Figure 4. Sphinganine and Luteolin, a Known Inhibitor of c-Src Kinase Show Similar Binding to the Inhibitory Site 
of the c-Src Kinase. Molecular docking and inhibitory interaction by sphinganine and luteolin upon c-Src kinase with 
the help of Autodock Vina. (A). A ribbon structure with a full 3D view between sphinganine and c-Src kinase. (B). A 
ribbon structure with a full 3D view between luteolin and c-Src kinase. (C). Discovery Studio Visualizer assisted 2-D 
image of docked molecular structure between sphinganine and c-Src kinase. (D). Discovery Studio Visualizer assisted 
2-D image of docked molecular structure between luteolin and c-Src kinase.  



Rasika Nandangiri et al

Asian Pacific Journal of Cancer Prevention, Vol 25440

Figure 5. MMS and Luteolin, a Known Inhibitor of c-Src Kinase Show Similar Binding to the Inhibitory Site of the 
c-Src Kinase. Molecular docking and inhibitory interaction by MMS and luteolin upon c-Src kinase with the help of 
Autodock Vina. (A). A ribbon structure with a full 3D view between MMS and c-Src kinase. (B). A ribbon structure 
with a full 3D view between luteolin and c-Src kinase. (C). Discovery Studio Visualizer assisted 2-D image of docked 
molecular structure between MMS and c-Src kinase. (D). Discovery Studio Visualizer assisted 2-D image of docked 
molecular structure between luteolin and c-Src kinase. 

Figure 6. MMS and Luteolin, a Known Inhibitor of c-Src Kinase Show Similar and Stable Inhibitory Complexes. MD 
simulations for 20ns derived Root Mean Square Deviation (RMSD) plot of c-Src kinase in complex with (A) MMS 
and (B) luteolin. 
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Figure 7. MMS and Luteolin, a Known Inhibitor of c-Src Kinase Display the Least Fluctuation of Ligand-Protein 
Complexes. MD simulations for 20ns derived Root Mean Square Deviation (RMSD) plot of c-Src kinase in complex 
with (A) MMS and (B) luteolin. 

Figure 8. Protein-Ligand Contact Map of MMS and Luteolin, a Known Inhibitor of c-Src Kinase Shows Key Residues 
of the Regulatory Domain of the c-Src Kinase. MD simulations for 20 ns derived Ligand-Protein contact map of c-Raf 
kinase in complex with (A) MMS and (B) Luteolin.  

simulations and compared them with luteolin, a known 
c-Src kinase inhibitor. RMSD plot of MMS (Figure 6A) 
showed a deviation in the range of 1.2 to 3.0 Å that is 

well acceptable to denote the stability of the complex. 
Noticeably, the RMSD of c-Src kinase was found to be 
stable and linear at the end of simulations between 15 to 
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Figure 9. ADMET Profile of MMS, Luteolin and PPI (an inhibitor of c-Src kinase) Predicts Favorable Attributes on 
DILI, Cytotoxicity, Carcinogenicity, and MRTD Values. ADMET profile is generated using v-NN/ADMET server. 
(A) MMS and (B) Luteolin, (C) PPI 

Figure 10. A Proposed Model on the Role of Extracellular Secretion of Sphinganine in Drug-Induced Cell Death in 
Colon Cancer Cells. A proposition on the potential of modified mimetic sphinganine (MMS) as a potential inhibitor 
of the c-Src kinase. 

20ns. The RMSD plot of c-Src kinase in a complex in the 
case of MMS showed a highly comparable RMSD plot 
of c-Src in a complex with luteolin (Figure 6B) with a 

deviation in the range of 1.5 to 3.5 Å. 
We analyzed the RMSF plot of c-Src in complex 

with MMS (Figure 7A) and luteolin (Figure 7B) and 
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data indicated the least fluctuations (0.5 to 1.8 Å) in the 
regulatory domain (300 to 390 a.a) of the c-Src kinase 
that also serves as the inhibitory binding pocket of these 
inhibitors. MMS showed similar or even lesser fluctuations 
of amino acid residues accountable for potential regulatory 
and inhibitory roles in c-Src kinase. 

We evaluated the c-Src kinase-MMS (Figure 8A) and 
c-Src kinase-luteolin (Figure 8B) contact map to estimate 
the important amino acid residues for their role in the 
stability of complexes. Data appreciably indicated that 
key regulatory amino acid residues including MET341 
contributed to the stable protein-ligand contact and the 
contact map of MMS almost matched with the luteolin 
that is known to bind upon the inhibitory domain of the 
c-Src kinase. 

ADMET profiling 
Given the opposite effects of sphinganine over 

sphingosine and the intent to know the toxicity, 
druglikeness, and leadlikeness of MMS and other 
inhibitors of c-Src kinase, we performed vNN-ADMET 
profiling. ADMET data clearly and surprisingly indicate 
that sphinganine is projected for cytotoxicity and distinct 
over sphingosine (Figure S5). At the same time, MMS 
appears to be safer in terms of lack of cytotoxicity, negative 
AMES, and no drug-induced liver injury. Interestingly, the 
ADMET profile of MMS compared with known inhibitors 
of c-Src kinase suggested better attributes in terms of 
AMES test and MRTD values where MMS showed 
more than ten times acceptable MRTD values (5128 mg/
day) over PP2 (156 mg/day) and luteolin (1475 mg/day) 
(Figure 9, 10). We also analyzed the ADME profile by 
SWISSADME server and attributes such as druglikeness 
and leadlikness were found to be within well-acceptable 
parameters (Figure S6). 

Discussion

Implications of sphingolipids such as sphinganine and 
sphingosine are highlighted in the context of proliferation, 
apoptotic cell death, and drug resistance in cancer cells 
[3- 5, 7, 8- 10]. In essence, possibilities of sphinganine 
and sphingosine as chemical messengers that can modulate 
the action of intracellular transducer kinases are projected 
[7-12, 14-16]. At the same time, data is highly limited to 
linking the extracellular secretion of sphingolipids such 
as sphinganine an inhibitor of intracellular kinases such as 
c-Src in the case of colon cancer cells treated by anticancer 
compositions.

Sphingolipids are known as the complex lipid that 
comprises various forms including organic aliphatic 
amino alcohol sphingosine and sphinganine [5-10]. These 
sphingolipids contribute to various cellular regulation 
of growth, proliferation, and cell death processes in 
cancer cells by making integration with key intracellular 
transducers such as c-Src kinase and PKC [7-12, 14-16]. 

There are views that levels of these sphingolipids 
such as sphingosine and sphinganine are reduced in the 
extracellular fluids such as plasma, saliva, and urine [10- 
18]. At the same time, data is lacking in the context of the 
abundance of sphingosine and sphinganine during drug-

induced cell death in cancer cells such as colon cancer. 
A view is pertinent that the availability of sphingoid 

bases such as sphingosine and sphinganine could be 
linked with the complex dietary sphingolipids that can be 
converted into sphingosine and sphinganine in the colon 
tissue environment [5-10]. At the same time, the de novo 
process of synthesis of sphinganine and sphingosine could 
be limited in the human body. Therefore, the availability 
of sphinganine and sphingosine in the extracellular fluid 
could be a potential factor that can modulate the signaling 
pathways connected with cell death. The attributes of 
sphinganine in the extracellular fluids of cancer cells 
are seen as an indicator of induced cancer cell death by 
anticancer drugs [20-25]. 

The relevance of sphinganine and other forms 
of sphingolipids such as other sphingolipids such as 
C16 sphinganine, phytosphingosine, and ceramide 
(d18:1/14:0) is suggested in the context of pro-apoptotic 
signaling molecules during drug-induced stress and cell 
death in the colon and other cancer cell types [20-25, 
29]. In another way, the possibility of the involvement 
of sphingosine and sphinganine at the intracellular 
levels by acting as modulations of intracellular kinases 
is compelling. However, data is limited on the molecular 
interactions of sphingosine and sphinganine with c-Src 
kinase which is known to contribute to the inhibition of 
apoptosis in cancer cells. 

A pertinent question may be raised regarding the 
relevance of GUDF as a source of anticancer drug 
compositions. In this paper, we have attempted to link 
the relevance of extracellular secretion of sphingolipid 
bases such as sphinganine in the context of drug-induced 
cancer cell death. Since we have earlier shown the 
detailed procedure for the extraction and purification of 
GUDF enriched with tripeptides and further evaluated 
the cell death effects of GUDF upon HCT-116 colon 
cancer cells [43- 45]. Previously, we have standardized 
in-house VTGE-assisted methodology for the profiling 
of intracellular and extracellular metabolites of cancer 
cells treated by drugs such as GUDF. In the present 
paper, therefore, we have extended the observations of 
GUDF-induced cell death in HCT-116 cancer cells with 
the potential metabolic adaptations in the form of the 
secretion of sphingolipid bases such as sphinganine. 
This paper warrants further investigations to employ 
different cancer cells and anticancer drugs that may 
involve the extracellular secretion of sphingolipid bases 
such as sphinganine during cell death. Based on the above 
observations and premises, we explore the molecular 
interactions of sphingolipid bases such as sphinganine 
with intracellular kinases including c-Src kinase, and 
continue with the design of potential inhibitors of the 
c-Src kinase. 

Crystallography and molecular data on c-Src kinase 
also suggest that the regulatory domain of c-Src kinase 
ranges from 270-410 a.a residue. Additionally, several 
reported inhibitors of c-Src kinase including luteolin 
and PPI are known to establish strong binding upon 
key residues such as MET-341 and ASP404 [26- 30]. 
Importantly, MMS displayed specific nature of interactive 
bonds such as H-bonds and binding affinity that almost 
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resembled known inhibitors of c-Src kinase such as 
luteolin and PPI [31-33]. 

The role of sphingosine and its phosphorylated 
form sphingosine 1-phosphate is documented to drive 
the proliferation, survival, and drug resistance of colon 
cancer cells [19- 25]. These forms of sphingolipids such 
as sphingosine and its phosphorylated form sphingosine 
1-phosphate are suggested to exert as an activator of 
various oncoproteins including PKC and COX enzymes 
leading in favor of proliferation and survival of colon and 
other types of cancer cells [5-10]. However, the role of 
sphinganine and sphinganine 1-phosphate is proposed as 
anti-growth and proliferation and at the same time inducer 
of cell death in cancer cells including colon cancer cells 
[5-10]. Sphinganine and its analog are indicated to display 
autophagic and apoptotic cell death in colon cancer cells 
[6- 8]. 

The role of c-Src kinase inhibitors such as luteolin, 
PP2, Ruxolitinib, ZINC3214460, and ZINC1380384 is 
suggested to suppress proliferation and induce cell death 
in various types of cancer cells [19- 25]. However, a link 
between the secretion of sphingolipids such as sphinganine 
and the inhibition of c-Src kinase is entirely lacking. 
Furthermore, mimetic of sphinganine that can inhibit c-Src 
kinase and in turn lead to cancer cell death is not explored.

The analysis of the inhibitory binding pocket of c-Src 
kinase in complex with potential inhibitors indicated 
prominent amino acid residues such as THR340, MET341, 
and ASP404 as a major contributor to the protein-ligand 
stability [26- 33]. In literature, the relevance of inhibitors 
of the c-Src kinase is emphasized as anticancer drugs such 
as Ruxolitinib, PP2, and luteolin that showed specific 
inhibitory amino acid residues such as THR338 and 
MET341 [30-33]. Due to the crucial role of c-Src kinase 
in pro-cancer signaling pathways, therapeutic targeting of 
c-Src is strongly considered [31-33]. 

The involvement of c-Src kinase in the blockade of 
apoptosis is reported in tumors and hence, considered 
a promising target so that induction of apoptosis and 
autophagic cell death in cancer cells could be achieved 
[30-33]. The role of phospholipids such as sphingosine has 
been documented as an inducer of transducer intracellular 
kinases such as PKC and in turn a favorable messenger of 
the growth and proliferation of cancer cells [26- 33]. The 
levels of phospholipids such as Sphinganine are suggested 
to be enhanced during various forms of cancer cell death 
[25- 30]. In a comparative study, sphinganine is shown 
as a potent inducer of cell cycle arrest and cell death in 
breast cancer cells over sphingosine [34- 38].

However, the idea to design the structure of MMS 
is derived from the data derived from the molecular 
interactions of sphinganine within the inhibitory domain of 
the c-Src kinase. But the derived MMS structure needed to 
be evaluated for its ADMET profile including cytotoxicity, 
carcinogenicity, druglikeness, and pharmacokinetics. Data 
projected that MMS has highly comparable and even 
better in terms of some parameters such as MRTD value 
over known inhibitors such as luteolin and PPI. Another 
point needs to be highlighted that sphinganine is predicted 
for cytotoxicity by ADMET profiling. Remarkably, 
MMS derived from sphinganine is predicted to show the 

absence of cytotoxicity, drug-induced liver injury, and 
carcinogenetic. A notable observation from a comparison 
of the ADMET profile of sphingosine and sphinganine 
showed a striking difference in terms of cytotoxicity in the 
case of sphinganine over sphinganine. This observation 
can explain partially the reasons behind the extracellular 
secretion of sphinganine by cancer cells as one of the 
possible metabolic adaptations to avoid the accumulation 
of cytotoxic sphinganine and a potential inhibitor of c-Src 
kinase during drug-mediated cell death and stress. 

In conclusion, extracellular secretion of sphinganine 
and other sphingolipids such as C16 sphinganine, 
phytosphingosine, and ceramide (d18:1/14:0) is reported 
for HCT-116 cancer cells under GUDG-induced stress 
and cell death. Furthermore, sphinganine and sphingosine 
display opposite effects in proliferation and cell death 
attributes of cancer cells possibly by modulating key 
enzymes such as c-Src kinase. This study helped in the 
proposition of MMS as a potent inhibitor of the c-Src 
kinase that is not reported. Molecular docking and MD 
simulations helped to link the biological relevance of 
extracellular sphinganine as an inhibitor of c-Src kinase 
and that finally clued for the development of MMS as 
a potential inhibitor. We propose that MMS could be 
explored as a good c-Src kinase inhibitor and a promising 
anticancer agent. 
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