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Elevated N1-Acetylspermidine Levels in Doxorubicin-
treated MICF-7 Cancer Cells: Histone Deacetylase 10
Inhibition with an N1-Acetylspermidine Mimetic
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Cancer drug resistance is associated with metabolic adaptation. Cancer cells have been shown to implicate acetylated polyamines
in adaptations during cell death. However, exploring the mimetic of acetylated polyamines as a potential anticancer drug is lacking.
We performed intracellular metabolite profiling of human breast cancer MCF-7 cells treated with doxorubicin (DOX), a well known
anticancer drug. A novel and in-house vertical tube gel electrophoresis assisted procedure followed by LC-HRMS analysis was
employed to detect acetylated polyamines such as N1-acetylspermidine. We designed a mimetic N1-acetylspermidine (MINAS)
which is a known substrate of histone deacetylase 10 (HDAC10). Molecular docking and molecular dynamics (MDs) simulations
were used to evaluate the inhibitory potential of MINAS against HDAC10. The inhibitory potential and the ADMET profile of MINAS
were compared to a known HDAC10 inhibitor Tubastatin A. N1-acetylspermidine, an acetylated form of polyamine, was detected
intracellularly in MCF-7 cells treated with DOX over DMSO-treated MCF-7 cells. We designed and curated MINAS (PubChem CID
162679241). Molecular docking and MD simulations suggested the strong and comparable inhibitory potential of MINAS (-8.2 kcal/
mol) to Tubastatin A (8.4 kcal/mol). MINAS and Tubastatin A share similar binding sites on HDAC10, including Ser138, Ser140,
Tyr183, and Cys184. Additionally, MINAS has a better ADMET profile compared to Tubastatin A, with a high MRTD value and lower
toxicity. In conclusion, the data show that N1-acetylspermidine levels rise during DOX-induced breast cancer cell death. Additional-
ly, MINAS, an N1-acetylspermidine mimetic compound, could be investigated as a potential anticancer drug when combined with
chemotherapy like DOX.
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INTRODUCTION

Global data on cancer incidence and mortality estimated that
breast cancer has exceeded lung cancer as the most com-
monly diagnosed cancer in women, with an estimated 2.3
million new cases (11.7%) [1].

Cancer cells have altered metabolisms compared to nor-
mal healthy cells and these alterations are responsible for
their malignant properties [2,3]. Therefore, intracellular and
extracellular profiles of metabolites such as polyamines, ami-
no acids, peptides, vitamins, lipids, organic acids, carbohy-
drates, and nucleic acids are suggested to provide clues on
metabolic adaptations during drug-induced stress in cancer
cells, which accounts for their drug resistance [4-9]. Besides

a basic understanding of cancer cell metabolism, profiling of
intracellular and extracellular metabolites is considered an
important approach for detection of cancer based on metabo-
lite biomarkers.

In the context of metabolic reprogramming and drug re-
sistance, polyamines such as putrescine, spermidine, and
spermine and their acetylated forms are involved in various
hallmarks of cancer cells including drug resistance [10-12].
Therefore, the depletion of polyamines such as spermidine
and its acetylated form N1-acetylspermidine at the intracellu-
lar levels is associated with cancer cell metabolic adaptations
[10-14]. Existing data suggest that polyamine metabolites
including N1-acetylspermidine are elevated in case of che-
motherapy-induced cell death in cancer cells [10-14]. Due
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to a lack of appropriate methodology, data is scarce to sub-
stantiate the export of acetylated forms of a polyamine such
as N1-acetylspermidine in case of breast cancer cell death
induced by anticancer drugs.

In recent years, the metabolic-epigenetic axis is consid-
ered a crucial pathway that may modulate the cancer meta-
bolic landscape during drug-induced cell death [15,16]. The
various classes of histone deacetylases (HDACs) are known
as important pharmacological anticancer drug targets due
to their implications in apoptotic cell death [16-18]. Different
HDAC enzymes show distinct intracellular localization includ-
ing HDAC1, -2, -3, and -8 (nucleus) and HDAC4, -5, -7, and
-9 (nucleus and cytoplasm) and HDAC10 [6-10] (cytoplasm)
[18,19]. Due to the specific and unique nature of HDAC10
including intracellular localization in the cytoplasm, the mech-
anism unleashed by HDAC10 to support the anti-apoptotic
effects is mediated and linked to acetylated polyamines.

In this direction, among several epigenetic modifiers,
HDAC10 is a distinct form of deacetylase that is referred
to as polyamine deacetylase [17-20]. The role of HDAC10
is considered pro-tumorigenic in the context of cancer cell
survival and induced drug resistance. Therefore, HDAC10
is considered a potential target for anticancer therapies by
reprogramming the metabolic-epigenetic axis from pro-tumor
to anti-tumor. Diminished expression and pharmacological
inhibition of HDAC10 in cancer cells are associated with ge-
nomic instability and sensitization to drug insults [16,21-25].

To explore translational values of metabolic-epigenetic
pathways, mimetic metabolites are conceived as anti-cancer
drugs that can modulate the activity of epigenetic modifiers
such as HDAC10 [26-32]. However, the idea to use a mimet-
ic N1-acetylspermidine (MINAS) as an inhibitor of HDAC10
has not been reported previously. Based on the aforemen-
tioned knowledge, we aim to demonstrate the significance
of N1-acetylspermidine in drug-induced cell death in cancer
cells, specifically with regard to the anticancer drug doxorubi-
cin (DOX). Additionally, we evaluated the inhibitory potential
of MINAS against HDAC10 using molecular docking and mo-
lecular dynamics (MDs) simulations.

MATERIALS AND METHODS

Materials

Cell culture reagents including Dulbecco’s Modified Eagle’s
Medium (DMEM) with high glucose and FBS were purchased
from Invitrogen India Pvt. Ltd. and Himedia Laboratories Pvt.
Ltd. MCF-7 human breast cancer cells were procured from
the National Centre for Cell Science, Pune, India. Dimethyl
sulfoxide (DMSO), acrylamide, DOX, and other chemicals
were of molecular biology grade and obtained from Himedia
Laboratories Pvt. Ltd. and Merck India Pvt. Ltd. This research
was approved by the Institutional Review Board of Dr. D. Y.
Patil Biotechnology and Bioinformatics Institute Pune, India
(IRB/CMRAI-06082022).

MINAS an Inhibitor of HDAC10

Trypan blue dye exclusion assay

MCF-7 breast cancer cells were cultured and maintained in
DMEM with high glucose supplemented with 10% heat-inac-
tivated FBS and penicillin (100 units/mL)/streptomycin (100
ug/mL) at 37°C in a humidified 5% CO, incubator. The MCF-
7 breast cancer cells were cultured at 60%—70% confluence.
MCF-7 cells were plated into six-well plates at a density of
150,000 cells per well. After 16—18 hours of overnight growth,
complete DMEM medium with DMSO (10 ulL) solvent con-
trol and DOX (100 nM) were added in triplicate in respective
wells of the six-well plate. Incubation of MCF-7 breast cancer
cells was allowed for 72 hours. The morphology of cells was
visualized with the help of routine phase contrast microscopy.
Then, MCF-7 breast cancer cells were harvested and collect-
ed using the standard procedure. A routine trypan blue dye
exclusion assay was performed to determine the viable and
dead cells.

Estimation of DOX-induced apoptosis by flow
cytometry

MCF-7 cells were cultured in duplicates into six-well plates
at a seeding density of 1.5 x 10* cells per well. After 16—18
hours, breast cancer cells were treated with DOX (100 nM)
for 72 hours along with a complete DMEM medium. The cells
were then pelleted and resuspended in 1 mL of cold PBS
buffer. Next, Annexin V binding buffer was added to the pellet
obtained after centrifugation of MCF-7 cancer cells. The rest
of the steps were followed according to the manufacturer’s
instructions for using the Annexin V/FITC apoptosis detection
kit (ThermoFisher). Then, the recording of live and dead cells
was done by BD FACSJazz Cytometer (BD Biosciences),
and 10,000 events were measured for each sample [33,34].

Intracellular metabolite profiling

After completion of DOX treatment to MCF-7 breast cancer
cells, cells were harvested by following the routine procedure.
Three washing steps with PBS were performed to remove
the traces of conditioned media. Cell pellets were suspended
in hypotonic buffer (10 mM KCI, 10 mM NaCl, 20 mM Tris, pH
7.4) [35-37], and then lysed using glass homogenizer. Rest
of lysis procedure was adopted from previously published
procedure [35-37]. Furthermore, 250 uL of whole-cell lysate
was diluted to 750 uL by adding hypotonic buffer. Whole-cell
lysate (750 uL) was mixed with 250 uL 4% loading buffer (0.5
M Tris, pH 6.8, and glycerol). Next, whole cell lysate along
with loading buffer was loaded on the vertical tube gel elec-
trophoresis (VTGE) purification system (Fig. S1) with a matrix
of 15% acrylamide gel (acrylamide: bisacrylamide, 30:1). The
fractionated intracellular metabolites were collected in the 5x
running buffer (96 mM glycine of pH at 8.3). Furthermore, lig-
uid chromatography-high resolution mass spectrometry (LC-
HRMS) analysis of VTGE-purified intracellular metabolites
was carried out in a positive mode and analyzed as per the
procedure adopted from the previously reported methodology
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[35-37]. A detailed flow diagram of VTGE is illustrated in Fig-
ure S1.

Molecular docking

The ligand structure was downloaded from the PubChem
database in expanded as structure data file format which was
converted to the protein data bank (PDB) format using the
PyMol software. The Protein Data Bank was used to retrieve
the receptor HDAC10 protein (PDB ID: 5TD7 and PDB ID:
7KUQ)[16]. The heteroatoms were taken out from the protein
before docking. Following the drag-drop step on AutoDock
tool 4.2.1., the HDAC10 protein was stored [38]. After the
initial steps of protein preparation, the water molecule was
eliminated by selecting “edit” and “remove water molecules.”
Next, the bond was corrected by assigning atoms of the AD4
type, adding polar hydrogens, and adding Kollman charges.
N1-acetylspermidine (PubChem CID 496), spermidine (Pub-
Chem ID 1102), N8-acetylspermidine (PubChem ID 123689),
MINAS (PubChem CID 162679241) and Tubastatin A (Pub-
Chem CID 49850262), a known HDAC10 inhibitor, were
molecularly docked with the target HDAC10 protein using
AutoDock Vina software [34]. For the imaging of ligand and
protein complexes, the Discovery Studio Visualizer 3 (DSV3)
software was used.

MDs simulations

To confirm the binding stability and strength of the complex,
based on the molecular docking data, 20 ns MDs simulations
for the complexes of MINAS (PubChem CID 162679241)
and Tubastatin A (PubChem CID 49850262) with the struc-
ture of a HDAC10 (PDB ID: 5TD7 and PDB ID: 7KUQ) were
performed with the assistance of Desmond software. Des-
mond has inbuilt functions to add pressure, volume system,
temperature, and many functionalities to accomplish the pro-
tein-ligand binding. Molecules respectively within the cubic
box of 10 A spacing were selected using periodic boundary
conditions. The conformational changes upon binding of
metabolites with HDAC10 were recorded by using 1,000 tra-
jectory frames generated during the 20 ns MD simulation and
the root mean square deviation (RMSD) was calculated to
reveal the binding with HDAC10.

The steepest descent method was used to minimize the
complex system energetically with the OPLS-2005 force
field. The 20 ns time scale MD simulations for each complex
were performed at a constant NPT (N, number of atoms; P,
pressure; T, temperature) ensemble. Throughout the equil-
ibrations, systems were coupled with the Martyna—Tobias—
Klein barostat method for controlling pressure at 1 atm, and
the temperature was regulated by using the velocity resca-
ling Nose Hoover chain thermostat method at 300 K. The
M-SHAKE algorithm was used to constrain the bond length
of hydrogen atoms. The cut-off for short-range electrostatics
and van der Waals interactions is maintained at 1 nm. Also,
the long-range Coulomb electrostatic interactions were cal-
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ibrated through particle mesh Ewald summation. The leap-
frog algorithm was used to compute the equation of motion
with a time step stamp of 2 fs. The conformational changes in
HDAC C-o backbone atoms after the binding of metabolites
were compared with the initial conformations of HDAC10 in
terms of RMSD. Also, the fluctuations in the amino acids of
HDAC10 after binding of the ligands such as MINAS and
Tubastatin A were computed using the trajectories generat-
ed during the 10 ns MD simulation and presented as a root
mean square fluctuation (RMSF) graph.

Toxicity prediction

MINAS and Tubastatin A were tested for drug-induced liver in-
jury, a substrate of P-glycoprotein (P-gp), cell toxicity, carcino-
genicity, maximal recommended therapeutic dose (MRTD),
and druglikeness using VNN-ADMET and SWISS-ADMET
web servers [39,40].

Statistical analysis

The experiments were independently conducted three times.
The results are expressed as the mean + SD. Data were sta-
tistically analyzed in Microsoft Excel statistical package (Mi-
crosoft) using the student’s t-test. Statistical significance was
accepted at a level of P < 0.05.

RESULTS

The heightened status of polyamines metabolism is linked
to the tumor hallmarks including high proliferation and drug
resistance in breast cancer cells [5-10]. Given the impor-
tance of polyamines in the metabolic-epigenomic landscape,
acetylated polyamines such as N1-acetylspermidine and
N1-acetylputrescine are thought to be intracellular indicators
of drug-induced stress and death in cancer cell growth and
proliferation [11-14].

As a result, it is proposed that the elevation of intracellular
polyamines and their acetylated forms may serve as metab-
olite biomarkers in breast cancer cells treated by an antican-
cer drug such as DOX. At the same time, an idea to explore
mimetic of acetylated polyamines is significantly lacking that
could potentiate the DOX mediated cancer cell death.

Intracellular metabolite profiling

We used DOX as a source of anticancer drug compositions
to explore the intracellular metabolites of breast cancer cells
under drug-induced cell death. A simple and routine trypan
blue dye exclusion assay was performed to demonstrate
DOX-mediated cell death in MCF-7 breast cancer cells. The
microscopy photographs revealed that compared with the
DMSO control (Fig. 1A), there was pronounced death and
loss of viability of MCF-7 cells treated with DOX (Fig. 1B).
Quantitative data indicated a clear and profound decrease in
the total number of MCF-7 cells due to DOX treatment over
the DMSO control (Fig. 1C). Concomitantly, data showed a
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A B DOX
Figure 1. Doxorubicin (DOX) induc-
es loss of cell viability in MCF-7
breast cancer cells. (A) MCF-7 breast
cancer cells were treated by dimethyl
sulfoxide (DMSO) and DOX (100 nM)
for 72 hours. Routine microscopy was
performed at 100x to observe the
(o D cell number and cellular morphology.
o 1007 100 7 (B) MCF-7 cancer cells were treated
T £ 80- £, 80- by DMSO and DOX (100 nM) for 72
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Figure 2. Doxorubicin (DOX) treatment for MCF-7 breast cancer cells displays apoptotic cell death. MCF-7 cancer cells were treated with
dimethyl sulfoxide (DMSO) and DOX (100 nM) for 72 hours. At the end of treatment, harvested MCF-7 cells were subjected to Pl/annexin V staining
and analyzed by a flow cytometer. The scatter plots of cells were stained with Pl and Annexin V conjugated with FITC for analysis of apoptotic cells in
MCF-7 breast cancer cells. (A) DMSO control, (B) DOX. (C) The percentage of apoptotic cells was calculated based on the number of cells in quad-
rants 3 and 4 stained with Annexin V and Pl divided by the total number of cells. Data are represented as mean + SD. Each experiment was conduct-
ed independently three times. ***Significantly different from the DMSO control at a P-value < 0.001.

significant loss of more than 90% in DOX treated MCF-7 cells
compared to the DMSO control (Fig. 1D).

We performed a PIl-Annexin V staining assay to evaluate
the extent of apoptosis in MCF-7 cancer cells. Data collected
from the flow cytometer indicated a significant increase in the
Q2-gated MCF-7 cell population upon DOX treatment (Fig.
2A) compared to the DMSO control (Fig. 2B). The bar graph
of the percentage of apoptotic MCF-7 cancer cells treated
with DOX is more than 80% over DMSO control (Fig. 2C). It
is important to note that the efficacy of DOX in MCF-7 cancer
cells is well-known, and our observations are in line with ex-
isting views. An approach to explore alterations in intracellular

metabolites specifically in the context of acetylated polyam-
ines is crucial, and DOX-treated MCF-7 cancer cells are used
as one of the suitable study models.

Intracellular lysates of MCF-7 cells treated by DMSO and
DOX were purified by a novel and in-house VTGE tool and
analyzed by LC-HRMS. Literature hints that the detection of
intracellular polyamines and their acetylated forms at the in-
tracellular level is faced with sensitivity issues due to relative-
ly low concentrations of polyamines. However, we showed
the strikingly elevated presence of N1-acetylspermidine in
the case of DOX-treated breast cancer cells over the DMSO
control; the MS and MS/MS spectra in +ESI mode were ex-
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Compound label Name m/z RT Algorithm Mass
N1-Acetylspermidine | N1-Acetylspermidine | 188.1732 | 0.858 | Auto MS/MS | 187.166
MS spectrum
«10° | N1-Acetylspermidine: + ESI scan (0.846 min) Frag = 175.0 V DPU-1.d MS/MS spectrum peak list
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Figure 3. The levels of N1-acetylspermidine is elevated in MCF-7 breast cancer cells treated with doxorubicin (DOX). Intracellular metabolite
profiling of MCF-7 cancer cells treated with DOX is assisted by vertical tube gel electrophoresis and liquid chromatography-high resolution mass
spectrometry (LC-HRMS). MS and MS/MS derived product ion spectra of N1-acetylspermidine were collected in the positive electrospray ionization

(ESI) mode.

tracted from LC-HRMS of purified intracellular lysates (Fig.
3). Product ion spectra of N1-acetylspermidine (m/z188.1732.
RT-0.838, mass-187.166) in the +ESI mode showed the
presence of characteristic mass ions such as 144.0604,
174.1577, 188.1728, and 265.2568 (Fig. 3).

The identified acetylated polyamine N1-acetylspermidine
is highly convincing in terms of metabolite characteristics
and abundance in the case of DOX-treated MCF-7 cancer
cells. As a piece of evidence, intracellular metabolite profil-
ing showed the accumulation of an aglycan form of DOX as
adriamycinone in MCF-7 cancer cells treated with DOX (Fig.
4). It is expected that DOX-treated MCF-7 cancer cells will
have the intracellular abundance of DOX and its metabolized
products such as adriamycinone (m/z-419.082, RT-17.103,
mass-414.1034). The observed intracellular adriamycinone in
MCF-7 cancer cells showed desired +ESI product ions such
as 230.1370, 326.0276, and 419.0820.

Previously, we have employed the standardized in-house
VTGE-assisted methodology for the profiling of intracellular
metabolites of cancer cells treated by anticancer drugs and
compositions such as DOX, CUDF, and GUDF [32,35-37].

36 J Cancer Prev 2024;29(2):32-44

In the present study, we have extended the observations of
DOX-induced cell death in breast cancer cells with the poten-
tial metabolic adaptations in the form of intracellular acetylat-
ed forms of polyamines.

This paper warrants further investigations to employ dif-
ferent cancer cells and anticancer drugs that may involve al-
terations of acetylated polyamines as metabolic adaptations
in response to drug-induced cell death. Based on the above
observations and premises, we explored the biological rele-
vance of intracellular acetylated polyamines such as N1-ace-
tylspermidine and MINAS as a potential inhibitor of HDAC10
and eventually a future candidate that can promote cell death
in breast cancer cells.

Molecular docking

After identification of intracellular acetylated polyamines in
DOX-treated MCF-7 breast cancer, we further asked ques-
tions about the relevance of elevated levels of N1-acetyl-
spermidine in anticancer drug-induced cell death in breast
cancer cells. To answer this question, we initially performed
molecular docking to know the binding affinity and molecular
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Compound label | Name m/z RT

Algorithm | Mass

Adriamycinone Adriamycinone | 419.082 | 17.103

Auto MS/MS | 414.1034

MS spectrum
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Figure 4. Doxorubincinone, an aglycan form of doxorubicin (DOX), is present in DOX-treated MCF-7 breast cancer cells. Intracellular metab-
olite profiling of MCF-7 cancer cells treated by DOX is assisted by vertical tube gel electrophoresis and liquid chromatography-high resolution mass
spectrometry (LC-HRMS). MS and MS/MS-derived product ion spectra of doxorubicinone were collected in the positive electrospray ionization (ESI)

mode. RT, retention time.

interactions with a known polyamine deacetylase HDAC10.
Molecular docking and DSV3 indicated that N1-acetylsper-
midine (6.5 kcal/mol) showed comparatively higher binding
affinity and more importantly, interactions with amino acid
residues ranging from His136-Ser141 (Fig. S2, Tables 1, 2)
were seen. The binding of N1-acetylspermidine within the
catalytic residues of HDAC10 is supported by the presence of
conventional hydrogen bonds with amino acid residues such
as Ala24, His136, and Asp174.

This observation encouraged the design of MINAS as a
potential inhibitor of HDAC10. Initially, we screened for vari-
ous designs of a MINAS (Table S1). By considering various
parameters such as binding affinity (Table S2), interacting
inhibitory amino acid residues, and ADMET profiles (Ta-
ble S3), we focused on a potential MINAS compound that
was submitted to PubChem for curation, and a PubChem
ID: 162679241 was received (Table 2). Molecular docking
and visualization data suggest that the binding affinity of
MINAS (-8.2 kcal/mol) is significantly comparable to a known
HDAC10 inhibitor Tubastatin A (-8.4 kcal/mol). Detailed mo-

Table 1. Among various polyamines, N1-acetylspermidine
displays high binding affinity for HDAC10

Name of Binding  pvsp  RMsD
Si A polyamines/ligands energy (value I.b.) (value u.b.)
(—kcal/mol) e e
1 N1-Acetylspermidine -6.5 0.000 0.000
(PubChem CID 496)
2  Spermidine -5.7 0.000 0.000
(PubChem ID 1102)
3. N1-Acetylputrescine 4.7 0.000 0.000
(PubChem ID
122356)
4 N8-Acetylspermidine 4.9 0.000 0.000
(PubChem ID
123689)

These polyamines including N1-acetylspermidine are detected at
the intracellular and extracellular levels and studied with the help
of AutoDock Vina. HDAC10, histone deacetylase 10; RMSD, root
mean square deviation; |.b., lower bound; u.b., upper bound.
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Table 2. Mimetic N1-acetylspermidine is predicted as an inhibitor of HDAC10

Sr. No. Name of polyamines/ligands B'?_dllzgver:slr;’y blizzliﬁgorrgs?cljt:s No. of H-bonds  Distance of H-bonds (A)

1 N1-Acetylspermidine -6.5 Ala24 3 2.00
(PubChem CID 496) Asp174 2.0

His136 2.16

2 MINAS (PubChem CID 162679241) -8.2 Cys184 5 2.00
Tyr183 2.0

Ser140 3.15

Ser141 2.09
GIn139 2.5

3. Tubastatin A (PubChem CID 49850262) -84 Ser138 4 3.02
(a known inhibitor of HDAC10) Ser140 1.2

Tyr183 2.10

Cys184 217

The binding affinity and nature of inhibitory site amino acid residues are analyzed with the help of AutoDock Vina and Discovery Studio
software. HDAC10, histone deacetylase 10; MINAS, mimetic N1-acetylspermidine; H-bonds, hydrogen bonds.

YR
A:183 H SER.
wi3g

[ van der Waals Il Pi-Sigma Studio Visualizer assisted 2D image of
[l Conventional hydrogen bond [ Amide-Pi Stacked docked molecular structure between
[ Carbon hydrogen bond [ Pi-Alkyl Tubastatin A and HDAC10.

Interactions

lecular interaction showed an overlapping inhibitory binding
pocket between MINAS (Fig. 5A) and Tubastatin A (Fig. 5B).
Data also indicate key inhibitory amino acid residues includ-
ing His136, GIn139 Ser140, Ser141, Tyr183, and Cys184
are shared between MINAS (Fig. 5C) and a known HDAC10
inhibitor Tubastatin A (Fig. 5D). The nature and number of
interacting bonds including hydrogen bonds, van der Waals,
and alkyl interactions are found to be similar between MINAS
and Tubastatin A (Table 2).

Further, we performed MD simulations of MINAS and
Tubastatin A with HDAC10 for the evaluation of the stability
of the complex. A 20 ns RMSD plot obtained for MINAS and
Tubastatin A against HDAC10 revealed similar RMSD val-
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Figure 5. Mimetic N1-acetylspermi-
dine (MINAS) shows strong binding
to the inhibitory site of histone
deacetylase 10 (HDAC10) and is
highly comparable to a known inhib-
itor Tubastatin A. Molecular docking
and inhibitory interaction by MINAS
and Tubastatin A against HDAC10
E a5 were studied with the help of AutoDock
Vina. (A) A ribbon structure with a full
three-dimensional (3D) view between
MINAS and HDAC10. (B) A ribbon

structure with a full 3D view between
e Tubastatin A and HDAC10. (C) Discov-
ery Studio Visualizer assisted 2D image
of docked molecular structure between
MINAS and HDAC10. (D) Discovery

ues in the range of 1-3 A. At the end of the simulation, the
RMSD values remained stable for both MINAS and Tubas-
tatin A (Fig. 6). RMSD plot hints at the stable complex be-
tween MINAS and HDAC10 and is almost similar to a known
HDAC10 inhibitor Tubastatin A. Additionally, a comparison of
the RMSF plot of MINAS and Tubastatin A revealed minimal
fluctuations within the desirable range of inhibitory amino acid
residues (120—200) of HDAC10 during simulations. This sug-
gested the strong and stable complex between MINAS and
HDAC10, and RMSF plot was similar to Tubastatin A (Fig. 7).

We compared the ligand-protein contact maps of MINAS
(Fig. 8A) and Tubastatin A (Fig. 8B) with HDAC10, and the
data indicated similar ligand contact maps with specific



amino acid residues notably Glu24, Asn93, His136, His137,
Trp205, PRO Pro207, and GLU Glu274. The range for amino
acid residues interaction fraction is estimated from 0.0 to 0.6
scales for both MINAS and Tubastatin A (Fig. 8). Altogether,
MINAS and Tubastatin A appear to share a similar inhibitory
binding pocket with identical binding affinity and protein com-
plex.

ADMET profiling
Furthermore, we intended to know the ADMET profile and

Tubastatin A, a known

RMSD (A)

18 20

0 2 4 6 8 10 12 14 16

Time (nsec)
HDAC10 (Ca) plot

Figure 6. Mimetic N1-acetylspermidine (MINAS) and Tubastatin A
show similar and stable inhibitory complex within acceptable root
mean square deviation (RMSD) values. MD simulations for 20 ns de-
rived RMSD plot of histone deacetylase 10 (HDAC10) in complex with
MINAS and Tubastatin A.
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druglikeness and its comparison with Tubastatin A. ADMET
data indicate that MINAS has certain advantages in terms of
the high MRTD value, lack of liver toxicity, lack of affinity to
P-gp transporter and the negative mutagenicity in the Ames
test over Tubastatin A (Fig. 9). Evaluation of MINAS for drug-
likeness is encouraging with a bioavailability score of 0.55
and no violations for various parameters including Lipinski
(Fig. S3). In summary, the ADMET and druglikeness profile of
MINAS is favorable for the future possibilities of exploration
as an HDAC10 inhibitor and a good candidate for anticancer
agents.

12
10
s g Tubastatin A, a known
'-(0'- 4 inhibitor of HDAC10
S |
0 100 200 300 400 500 600 700 800

Residue index
HDAC10 (Ca.) plot

Figure 7. Mimetic N1-acetylspermidine (MINAS) and Tubastatin A
display minimal fluctuations of protein complex. Molecular dynam-
ics simulations for 20 ns derived root mean square fluctuation (RMSF)
plot of histone deacetylase 10 (HDAC10) in complex with MINAS and
Tubastatin A.
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Mimetic N1-acetylspermidine (MINAS)
PubChem CID: 162679241

Metabolism
Liver Toxicity Membrane Transporters Others
Qtiery Cyp Inhibitors for FORITCE :
DILI t:z‘;y HLM 1A2 3A4 206 2c0 2¢19 BBB In:;gl‘:m s:l;:’:’rm E’:::f:r MMP g AMES E (:;;:y)
No No Yes No No No No No No No No No No No & 315
Tubastatin A (a known inhibitor of HDAC10)
PubChem CID: 49850262 . i
pr— Figure 9. Reduced drug-induced
oy Liver Toxicity ey Inmbiors for Membrane Transporters Others Iivel: inrj:ll:ry andlcytotO).(:.:ity bI%I;AmSL
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oy i Bl : : M) over Tubastatin A. ADMET profile is
Yes No Yes No No Yes No No No Yes Yes Yes No 5 ves E 132 generated using VNN-ADMET server.
A (A) MINAS and (B) Tubastatin A.
DISCUSSION orectal cancer [10-14]. However, normal tissues are found to

In the context of various types of malignancies including
breast cancer, altered levels of polyamines and their acetylat-
ed forms are noticed at the intracellular levels and extracellu-
lar environment including biological fluids such as serum and
urine [5-14]. There is limited cell-based, in vivo, and clinical
data on the nature and extent of the abundance of polyam-
ines and their acetylated products including N1-acetylspermi-
dine and N1-acetylputrescine in the context of drug-induced
cell death in breast cancer cells.

Moreover, identifications of polyamines and their acetylated
forms such as N1-acetylspermidine and N1-acetylputrescine
are related to the metabolically driven epigenetic landscape
of cancer cells during various stresses including drug-in-
duced cell death [10-14]. The exploration of polyamines and
their acetylated forms including N1-acetylspermidine and
N1-acetylputrescine is encouraged to develop mimetics of
these acetylated polyamines as inhibitors of the key enzyme
HDAC10 that play an important role in the metabolisms of
cancer cells.

In this study, we have shown the clear abundance of
N1-acetylspermidine in the intracellular compartment of MCF-
7 breast cancer cells treated with DOX. The antiproliferative
and pro-cell death effects of DOX have been reported earlier
[35,36]. The novelty of this study extends beyond the ability
of DOX to cause cell death in MCF-7 cancer cells. In reality,
DOX-induced cell death in MCF-7 cancer cells is just one
model used to investigate the significance of intracellular
polyamines and their acetylated forms in the context of cell
death, as well as the implications with HDAC10.

Importantly, the biological relevance of polyamines and
their acetylated forms such as N1-acetylspermidine and
N1-acetylputrescine is well supported by in vitro and preclin-
ical evidence on the secretion of polyamines and acetylated
forms in the cells, tissues, and biological fluids [10-14]. Pre-
vious studies have provided insights into the relevance of
high levels of N1-acetylated derivatives of spermidine and
spermine in various types of tumors including breast and col-
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contain lower amounts of N1-acetylated derivatives of sper-
midine and spermine compared to tumor tissues. Consider-
ing this, the significance of N1-acetylspermidine detection at
intracellular levels and their secretion into extracellular fluids
could serve as markers for drug responsiveness in cellular,
preclinical, and clinical models. In other words, elevated lev-
els of N1-acetylspermidine could be a potential indicator for
drug-induced cell death in breast cancer cells.

Besides the relevance of intracellular N1-acetylspermidine
in breast cancer cell death, the molecular interactions of
N1-acetylspermidine, N1-acetylputrescine, and polyamines
provided a clue on the efficient binding of N1-acetylsper-
midine within the catalytic residues of HDAC10, a form of
polyamine deacetylase [15,16]. In the literature, sufficient
views support the link between N1-acetylspermidine and
HDAC10 [17-20]. At the same time, HDAC10 is reported as
the pro-cancer cytoplasmic protein that creates a favorable
metabolic-epigenomic landscape for cancer cells’ growth
and proliferation. Therefore, data supporting the molecular
interactions of N1-acetylspermidine with HDAC10 clued for
the potential design of MINAS against HDAC10 which can
be a potential inhibitor. Molecular docking and MD simula-
tions indicated the strong and stable complex with HDAC10
inhibitory site. Prominent amino acid residues including
Glu24, Asn93, His136, His137, Trp205, Pro207, and Glu274
complexed by MINAS overlapped with the inhibitory complex
by a known inhibitor Tubastatin A [16,21-24]. Tubastatin A,
piperidine-4-acrylhydroxamates, and forms of pharmaco-
logical inhibitors are reported as selective inhibitor against
HDAC10 that forms a molecular complex in the same amino
acid residues such as Glu24, Asn93, His136, His137, Trp205,
Pro207, and Glu274 [24-32].

Recent structural studies revealed the importance of cat-
alytic amino acid residues such as His136 and His137 in the
interaction of acetylated polyamines such as N1-acetylsper-
midine with HDAC10 [16,21-24]. In other ways, interacting
amino acid residues including His136 and His137 could be
instrumental in the evaluation of potent inhibitors of HDAC10.



In a similar context, MINAS showed strong binding to the in-
hibitory pocket residues such as His136 and His137. There-
fore, MINAS could be explored as a potential anticancer
agent.

Some selective inhibitors of HDAC10 including Tubastatin
A, MC1575, MC1568, and hydroxamic acid derivatives have
been alleviate resistance to chemotherapeutic drugs, sug-
gesting their potential as combinatorial anticancer agents [24-
32]. Such observations support the claim of our paper on the
relevance of MINAS, a new class of an HDAC10 inhibitor,
similar to others including Tubastatin A. In other ways, specif-
ic inhibitors of HDAC10 and other class Il HDACs are poten-
tial candidates for future combinatorial classes of anticancer
drugs.

The RMSD and RMSF pattern’s compelling similarity to
that of a popular HDAC10 inhibitor Tubastatin A is notewor-
thy. Based on recent clinical data, pieces of evidence suggest
that polyamines play a role in mitochondria-based apoptotic
death of cancer cells [28-32]. Tubastatin A, an HDAC10 inhib-
itor, has pro-cancer cell death effects. Therefore, the potential
of MINAS as an HDAC10 inhibitor could be linked to the cur-
rent understanding that combinatorial treatment could be a
better avenue for certain cancer cells with altered polyamine
metabolism. The future scope of MINAS falls in the current
needs of reduction of doses of cytotoxic drugs and achieving
combinatorial drug treatment through the use of metabolite
mimics like MINAS.

It is suggested that a significant intracellular buildup of
N1-acetylspermidine and N1-acetylputrescine could be a
potential metabolic environment for cancer cells under stress
[10-14]. The possibility of breast cancer cells exporting acetyl-
ated polyamines to an extracellular milieu may be considered
from therapeutic and diagnostic perspectives. Another propo-
sition is that the elevation of an intracellular and extracellular
pool of acetylated polyamines may reduce the pool of ace-
tyl-CoA intracellularly and could be favorable metabolic ad-
aptations by breast cancer cells during drug-induced stress.
In our study, molecular and MD simulations indicate that
N1-acetylspermidine can occupy the inhibitory binding pocket
of HDAC10. This observation led to the idea of designing
MINAS as a potential inhibitor of HDAC10. Hence, the im-
plications of MINAS as an inhibitor of HDAC10 are compat-
ible with the current efforts by highlighting the relevance of
HDAC10 inhibitors in cancer therapeutics [29]. Some findings
link the role of polyamines in mitochondria-based pro-apop-
totic death in cancer cells [41-43]. Future work will be nec-
essary to explore the link between the intracellular level of
N1-acetylspermidine and mitochondrial functionality during
drug-induced cell death.

A recent study highlighted the relevance of elevated lev-
els of acetylated polyamines such as diacetylspermine and
N1-acetylspermdime in the case of DOX-treated TNBC
patient-derived xenograft models. Besides breast cancer,
the significance of acetylated forms of polyamines such as

MINAS an Inhibitor of HDAC10

N1-acetylspermidine is linked with non-small-cell lung cancer
and colorectal cancer [44-49]. Our observation of the elevated
intracellular presence of N1-acetylspermidine in DOX-treated
breast cancer cells is in line with the existing views of drug-in-
duced metabolic adaptations and polyamines.

The role of SAT1 has been explored in the drug-induced
metabolic adaptations in breast cancer cells [46-50]. Con-
versely, tumor suppressor SAT1, known for the acetylation
of polyamines such as spermidine, could be implicated in
drug-induced cell death in cancer cells [44-49]. In this way, an
abundance of SAT1 and SAT 1-catalyzed polyamine products
such as N1-acetylspermdine could be an indicator of reduced
proliferation and drug-induced cell death. Our observations
suggest the same proposition that DOX treatment could have
induced metabolic reprogramming by activating the expres-
sion of SAT1, and this could lead to the elevation of intra-
cellular levels of N1-acetylspermidine in breast cancer cells
compared to DMSO control.

Additionally, analogs of polyamines such as N1, N11-dieth-
ylnorspermine (DENSpm) are reported to induce apoptosis in
melanoma, breast, prostate, and colon cancer cells [50,51].
In essence, various enzymes that regulate the polyam-
ine-epigenetic axis are shown as potential anticancer targets
[51]. Polyamine analogs are explored for their ability to inhibit
various deacetylases and demethylases and these analogs
are considered one of the new forms of anticancer agents
[52-56]. Hence, MINAS as an inhibitor of HDAC10 could be
a valuable combinatorial approach in chemotherapy-induced
cell death.

A relevant question is raised regarding the toxicity and
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Figure 10. A proposed model on the role of acetylated polyamines
in drug-induced cell death in cancer cells. A mimetic N1-acetylsper-
midine (MINAS) is illustrated as an inhibitor of histone deacetylase 10
(HDAC10), and its potential role in cancer cell death is proposed. DOX,
doxorubicin.
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other drug characteristics profile of MINAS. To address these
concerns, VNN-ADMET and SWISS-ADMET prediction
web servers were employed, and the results suggested that
MINAS did not have liver toxicity or carcinogenicity and it is
not a substrate of the P-gp transporter. It's crucial to note that
MINAS performs substantially better in terms of toxicity and
other drug candidate profiles than Tubastatin A, a well-known
HDAC10 inhibitor.

The potential applications of MINAS at preclinical and clin-
ical levels for cancer patients could be exploited as a compo-
nent of combinatorial treatment options along with a low dose
of conventional chemotherapy drugs. Majority of chemothera-
py drugs at a high dose are known to display noticeable side
effects such as cardiotoxicity and muscle weakness. There-
fore, MINAS along with conventional anticancer drugs could
be a better option to achieve desired cancer cell death and
at the same time less side effects. A flow model on the rele-
vance of MINAS in drug-induced cell death in breast cancer
cells is presented (Fig. 10).

In conclusion, this study provides evidence for elevated
intracellular levels of N1-acetylspermidine in breast cancer
cells undergoing drug-induced cell death. Based on the im-
portance of N1-acetylspermidine in this process, we designed
MINAS, a potential inhibitor of HDAC10, using molecular
docking and MD simulations. Our results demonstrate that
MINAS forms stable complexes with HDAC10 with binding
affinity similar to that of the known inhibitor, Tubastatin A.
Moreover, MINAS exhibits better characteristics such as
lower toxicity, higher MRTD value, and improved druglike-
ness compared to Tubastatin A. These findings suggest that
MINAS may be a promising anticancer drug candidate that
can modulate HDAC10. The study also proposes the explo-
ration of intracellular metabolite profiling, specifically the lev-
els of acetylated polyamines such as N1-acetylspermidine,
as indirect evidence of DOX-induced cell death in breast
cancer cells. We suggest that N1-acetylspermidine could act
as a modulator of the metabolic-epigenomic axis in cancer
cells, affecting their survival and response to drug-induced
stress. Acetylated polyamines may also serve as biomarkers
to assess drug responsiveness in breast cancer patients, and
mimetics of acetylated polyamines could potentially be used
in combinatorial anticancer approaches.
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