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ABSTRACT: Epidermal growth factor receptor (EGFR)-targeted
therapy has been proven vital in the last two decades for the treatment
of multiple cancer types, including nonsmall cell lung cancer,
glioblastoma, breast cancer and head and neck squamous cell carcinoma.
Unfortunately, the majority of approved EGFR inhibitors fall into the
drug resistance category because of continuous mutations and acquired
resistance. Recently, autophagy has surfaced as one of the emerging
underlying mechanisms behind resistance to EGFR-tyrosine kinase
inhibitors (TKIs). Previously, we developed a series of 4″-alkyl EGCG
(4″-Cn EGCG, n = 6, 8, 10, 12, 14, 16, and 18) derivatives with enhanced
anticancer effects and stability. Therefore, the current study hypothesized
that 4″-alkyl EGCG might induce cytoprotective autophagy upon EGFR
inhibition, and inhibition of autophagy may lead to improved
cytotoxicity. In this study, we have observed growth inhibition and caspase-3-dependent apoptosis in 4″-alkyl EGCG derivative-
treated glioblastoma cells (U87-MG). We also confirmed that 4″-alkyl EGCG could inhibit EGFR in the cells, as well as mutant
L858R/T790M EGFR, through an in vitro kinase assay. Furthermore, we have found that EGFR inhibition with 4″-alkyl EGCG
induces cytoprotective autophagic responses, accompanied by the blockage of the AKT/mTOR signaling pathway. In addition,
cytotoxicity caused by 4″-C10 EGCG, 4″-C12 EGCG, and 4″-C14 EGCG was significantly increased after the inhibition of autophagy
by the pharmacological inhibitor chloroquine. These findings enhance our understanding of the autophagic response toward EGFR
inhibitors in glioblastoma cells and suggest a potent combinatorial strategy to increase the therapeutic effectiveness of EGFR-TKIs.

1. INTRODUCTION
Glioblastoma (GBM) is a highly invasive primary malignant
brain cancer of the central nervous system and accounts for 60%
of brain cancer cases in adults.1−3 Kinases have been associated
with the progression of GBM and are considered potential
therapeutic targets.4−6 Protein kinases are enzymes that play a
crucial role in cell signaling pathways, regulating various cellular
processes, including growth, proliferation, and survival.7

Remarkable advancements have been made in the past two
decades for the development of potent and specific small-
molecule kinase inhibitors, and kinase inhibitors hold significant
potential as precise therapeutic agents for cancer treatment.5,8

These kinase inhibitors includes, but are not limited to
epidermal growth factor receptor (EGFR) (gefitinib,9 afatinib,10

and osimertinib11), human epidermal growth factor 2 (HER2/
ERBB2) (lapatinib,12 neratinib,5 and tucatinib5), vascular
endothelial growth factor receptor (VEGFR) (tivozanib and
lenvatinib),13 fibroblast growth factor receptor (erdafitinib),14

Abelson (ABL) tyrosine kinase (imatinib, dasatinib, and
nilotinib),5,15 Bruton’s tyrosine kinase (ibrutinib, acalabrutinib,
and zanubrutinib),16 cyclin/cyclin-dependent kinase 4 and 6
(CDK4/CDK6) (palbociclib and ribociclib),17 etc. Kinase

inhibitors are widely being utilized in clinical settings as
promising cancer therapeutics. Among them, EGFR tyrosine
kinase is one of the key targets for antitumor therapeutic
agents18 and is commonly found upregulated in several types of
cancer, including GBM, lung cancer, breast cancer, and
colorectal cancer;4,19 therefore, EGFR is being considered a
promising central druggable target.8 The autophosphorylation
of EGFR leads to the activation of downstream signaling
pathways, such as Ras/MAPK/ERK and PI3K/Akt/mTOR,
which are crucial for cell differentiation, survival, migration, and
disease regulation, including cancer.20 Therefore, blocking
EGFR with tyrosine kinase inhibitors (TKIs) has become an
important strategy for cancer therapy.21 EGFR-TKIs such as
gefitinib, afatinib, and osimertinib have been developed to
effectively inhibit EGFR and have shown promising clinical
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outcomes in EGFR-active cancer patients.22,23 However, the
development of natural and acquired resistance to EGFR-TKIs
is a major challenge for cancer treatment,8,23,24 and currently,
major efforts are being made to develop a new class of EGFR
blockers to overcome EGFR-TKI-mediated drug resistance.

Various studies have reported that EGFR regulates macro-
autophagy (hereafter referred to as autophagy),25,26 which is an
important lysosomal degradation pathway known for the
regulation of cellular homeostasis and involved in both cancer
progression and suppression.27 By enabling the survival of
cancer cells during unfavorable conditions, autophagy prevents
tumor cells from undergoing apoptosis or necrosis induced by
several anticancer agents and acts as an alternative mode of drug
resistance.28 Notably, the downstream signaling pathway of
EGFR, PI3K/Akt/mTOR, negatively regulates autophagy,
indicating an important link between EGFR inhibition and
autophagy.29,30

(−)-Epigallocatechin-3-O-gallate (EGCG), a major green tea
polyphenol and therapeutically active compound known to elicit
health-beneficial activities against diseases, including can-
cer.31−34 EGCG exhibits its anticancer activity by regulating
various signaling pathways associated with cancer progression.35

However, low bioavailability, poor stability,31,36 and less
membrane permeability minimize the use of EGCG as a
therapeutic agent.37,38 To overcome these shortcomings, various
structural derivatizations of EGCG have been carried out to
enhance its biological activities.31 In this context, monoalkylated
EGCG (C18-EGCG) was already synthesized in 2020 by
Minnelli et al. to improve the lipophilicity and biological activity
of EGCG.39 Previously, we also designed and synthesized a
series of 4″-alkyl derivatives (4″-Cn EGCG) of EGCG, where
4″-C14 EGCG effectively inhibited the EGF-induced phosphor-
ylation of EGFR in A431 cells.40 In recent times, cytoprotective
autophagy has emerged as one of the resistance mechanisms to
EGFR-TKIs.41 This prompted us to investigate whether
inhibition of EGFR by 4″-alkyl EGCG derivatives also leads to
the induction of cytoprotective autophagy in GBM. Hence, we
investigated the inhibitory effect of 4″-alkyl EGCG derivatives
along with the parent compound EGCG against EGFR and the
induction of cytoprotective autophagy upon EGFR inhibition in
the GBM cell line, U87-MG. In this study, we checked the
inhibitory profiles of 4″-alkyl EGCG derivatives and EGCG
against the double mutant EGFR (T790M/L858R) through
Western blot analysis, in vitro kinase assay, and MD simulation
studies. We observed that upon EGFR inhibition, 4″-alkyl
EGCG initiated the autophagic response in U87-MG cells. After,
the blockage of autophagy sensitizes U87-MG against 4″-alkyl
EGCG treatment, suggesting that during this process, autophagy
played a survival role.

2. MATERIAL AND METHODS
2.1. Cell Culture and Materials. U87-MG cells were

purchased from the National Center for Cell Science (Pune,
India). U87-MG cells were grown in Dulbecco’s modified Eagle
medium (DMEM; Gibco), supplemented with 10% fetal bovine
serum (FBS; Gibco), at 37 °C, with 5% CO2 and 90% humidity.

All the 4″-alkyl EGCG (4″-Cn EGCG, n = 6, 8, 10, 12, 14, 16,
and 18 carbon chain length) derivatives were synthesized and
characterized as per our previously published report.40 Briefly,
the 4″-alkyl EGCG derivatives were obtained from a 2 h
controlled single step reaction between EGCG (0.65 mmol, 1
equivalent) and 1-bromoalkanes (3.25 mmol, 5 equivalent) in
the presence of a weak base, anhydrous sodium acetate

(NaOAc) (1.94 mmol, equivalent), in the solvent N,N′-
dimethyl formamide (DMF) (3 mL) at 85 °C. The progress
of the reaction was monitored using thin-layer chromatography.
The reaction was stopped by the addition of water after 2 h, and
the crude product was extracted using ethyl acetate (three
times), followed by solvent evaporation using a rotary
evaporator. The pure product with high purity (>98%) and
yield (>50%) was obtained from silica gel column chromatog-
raphy with the crude extract. Finally, the structure of the
compounds was characterized and confirmed by various
analytical techniques (ESI-LC-MS, FT-IR, 1H NMR, 13C
NMR, and HMBC NMR).40 EGCG was purchased from
Carbosynth Ltd., UK, and chloroquine (CQ) and gefitinib were
purchased from Sigma-Aldrich.

All of the compounds were dissolved in dimethyl sulfoxide
(DMSO; Sigma-Aldrich). Hoechst 33342 and propidium iodide
(PI) were purchased from Himedia. Anti-pEGFR (Y1068; no.
3777S), pAkt (no. 4060S), Akt (no. 4691S), p-mTOR (no.
5536S), mTOR (no. 2983), LC3B (no. 83506S), SQSTM1/p62
(no. 8025S), BCLXL (no. 2764), Cleaved caspase-3 (no. 9664S),
and antibodies were purchased from Cell Signaling Technology.
Anti-EGFR (sc-373746) and β-actin (sc-47778) were purchased
from Santa-Cruz Biotechnology.

2.2. Antiproliferative Assay. Cell proliferation was
assessed by using a standard CCK-8 assay (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan). Briefly, 1 × 104 cells/
well were seeded in 96-well plates and treated with various
concentrations of 4″-alkyl EGCG derivatives, EGCG and
Gefitinib, for 24 h. Next, 10 μL of the CCK-8 reagent was
added to each well, and the 96-well plates were incubated at 37
°C for 2 h. Then, the absorbance was measured at 450 nm by
using a microplate reader (Synergy H1 microplate reader,
Biotek).

2.3. Fluorescence Staining. To assess the apoptotic cells
upon 4″-alkyl EGCG derivatives treated U87-MG cells, Hoechst
33342/PI double staining was carried out. Briefly, 1 × 105 cells
(U87-MG) were seeded on glass coverslips in 12-well plates for
24 h and then treated with 4″-alkyl EGCG derivatives, EGCG at
50 μM and Gefitinib at 5 μM for the next 24 h. Then, cells were
washed thrice with 1× phosphate buffer saline (PBS), followed
by cells being fixed with 4% paraformaldehyde and stained with
PI (15 μg mL−1) and Hoechst 33342 (10 μg mL−1) for 30 min or
with 20 μg/mL Acridine Orange (Sigma) at 37 °C for 20 min.
Cells were observed under a fluorescence microscope (Olympus
IX83, Tokyo, Japan).

2.4. Flow Cytometry. Cellular apoptosis was measured by
flow cytometry analysis. The experiment was carried out
according to the manufacturer’s protocol (Annexin V-FITC
Apoptosis Detection Kit, Sigma). 4 × 105 cells were seeded in
six-well plates and then treated with 50 μM of 4″-alkyl EGCG
derivatives, EGCG and 5 μM Gefitinib, for 24 h. After the
treatment, cells were harvested, washed three times with 1X
PBS, and resuspended in binding buffer. Then, the cells were
stained with Annexin-V-FITC and PI for 15 min at room
temperature. Apoptosis was quantified using flow cytometry
(BD FACS Aria III) and analyzed by FlowJo software.

2.5. Western Blot. The Western blot experiment was carried
out as per the previously published reports from our
group.40,42,43 Briefly, after washing three times with 1X cold
PBS, cells were lysed in RIPA buffer (1 M Tris pH 7.4, 2 M
NaCl, 0.1 M EDTA, 1 M PMSF100 mM DTT, 1 mM sodium
orthovanadate, Triton-X-100, glycerol and protease inhibitor
cocktail, and phosphatase inhibitor cocktail) and collected. After
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centrifugation at 13,000 rpm for 20 min at 4 °C, the protein
content was determined using a Bradford assay. An equal
amount of protein was loaded for gel electrophoresis at 50 mA,
followed by transfer onto nitrocellulose membranes (120 min,
100 V) (Bio-Rad). Membranes were then blocked using 5%
skimmed milk for 2 h at room temperature and then incubated
overnight at 4 °C with primary antibodies on a rocker.
Subsequently, the membranes were washed three times with
1× PBST and incubated with horseradish peroxidase-
conjugated antirabbit/antimouse IgG secondary antibodies for
2 h and visualized using the Fusion Solo S chemidoc system
(Vilber). Protein band intensities were quantified using Image J
software (NIH) with respect to β-actin.

2.6. In Vitro Kinase Assay. For WT-EGFR and T790M/
L858R EGFR inhibitory activity, the Z′-LYTE Kinase Assay
Kit�tyrosine 4 peptide, procured from Invitrogen Bioservices
India Pvt. Ltd. (PV3193), was used, and the assays were carried
out according to the protocol provided by the manufacturers.
The kinases used, WT EGFR (14-531) and T790M/L858R
EGFR (14-721), were purchased from the EMD Millipore
Corporation, Massachusetts, USA. The 2× EGFR (WT and
T790M/L858R)/ Z′-LYTE Tyr 4 peptide mixture was prepared
in 50 mM HEPES pH 6.5, 0.01% BRIJ-35, 10 mM MgCl2, and 1
mM EGTA. The final 10 μL Kinase Reaction consists of 5 μL of
kinase (25 ng of WT EGFR and 40 ng of T790M/L858R EGFR)
and 2 μM Tyr 4, 2.5 μL of 10 μM ATP, and 2.5 μL of various
concentrations (1 nM to 5 μM) of EGCG and 4″-alkyl EGCG

Figure 1. 4″-alkyl EGCG derivatives induce cytotoxicity in U87-MG cells. (A and B) Structure of EGCG and 4″-alkyl EGCG (4″-Cn EGCG), where n
= 6, 8, 10, 12, 14, 16, and 18. (C) Antiproliferative effects of 4″-alkyl EGCG derivatives against the U87-MG cell line measured by using the CCK-8
assay after 24 h of treatment. The IC50 values are expressed as (mean ± SEM). (D) U87-MG cells treated with 4″-alkyl EGCG (corresponding
concentration of 50 μM, except Gefitinib, which was 5 μM) at 24 h and stained with Hoechst 33342/PI dye. Scale bar is 50 μM (original magnification
20×).
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(4″-C10 EGCG, 4″-C12 EGCG, and 4″-C14 EGCG) dissolved in
DMSO. After 1 h of kinase reaction incubation, 5 μL of
development reagent B was added, and the 15 μL development
reaction was continued for 1 h at room temperature in the dark.
Next, the kinase reaction was stopped by adding 5 μL of stop
reagent. In the last, the fluorescence signals were immediately
measured by using the fluorescence microplate reader, Synergy
H1, Biotek, at 445 and 520 nm for both donor and acceptor
emission, respectively, to calculate the emission ratio.

2.7. Molecular Docking. To investigate the binding
interaction of the 4″-alkyl EGCG with WT-EGFR (PDB ID:
4I23) and T790M/L858R EGFR (PDB ID: 5EDP), a molecular
docking study was conducted using the GLIDE module of the
Schrodinger software suite.44,45 Prior to the docking run, we
utilized MODELLAR46 to reconstruct the missing regions of the
EGFR crystal, specifically the missing loop close to the binding
pocket, encompassing residues 720−724 and 747−750 for the
WT-EGFR, and residues 720−724 and 859−875 for the
T790M/L858R mutant EGFR. The protein preparation wizard
of Maestro was used to perform protein preparation and protein
refinement before docking. After preparation, water molecules

of the crystal structure were removed, and the missing hydrogen
atoms were added to the structure. The OPLS3 forcefield was
used to minimize the complex structures to remove any steric
clashes.47 The binding site of the cocrystallized ligand,
dacomitinib, was used to create a receptor grid, and the docking
was performed by using the extra precision algorithm of GLIDE
(GLIDE-XP) to achieve higher accuracy. A similar docking
protocol was also followed for the mutant EGFR (T790M/
L858R) crystal structure (PDB ID: 5EDP). The best binding
pose was identified by estimating GScore, which includes key
interactions such as hydrophobic interactions, hydrogen bond
interactions, stacking interactions, etc. Furthermore, the
coordinate of the best pose for each ligand complex was used
as the initial input for conventional molecular dynamics (cMD).

2.8. MD Simulation. The thermodynamic stability and
atomistic details of the interaction between ligands and EGFR
kinase were assessed using cMD by the pmemd.cuda module of
AMBER18. The ff14SB48 and GAFF249 forcefields were used for
protein and ligand, respectively, for each complex. All
synthesized ligand parameters were estimated using the
antechamber module of the AMBER18 suite.50 The initial

Figure 2. 4″-Alkyl EGCG derivatives induce apoptosis. (A) U87-MG cells were incubated with 5 μM Gefitinib and 50 μM of EGCG and 4″-alkyl
EGCG derivatives for 24 h; then, the expression level of the antiapoptotic marker BCLXL and cleaved caspase-3 was measured by Western blot analysis.
(B) Flow cytometry analysis was carried out to detect cell apoptosis after 24 h treatment with 5 μM Gefitinib and 50 μM of EGCG and 4″-alkyl EGCG
derivatives. Annexin-V-positive cells were defined as apoptotic cells.
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structures were neutralized and solvated with adequate Na+/Cl−
ions in a TIP3P51 water box with a buffering distance of 10 Å
from all sides of the systems. A two-stage geometric optimization
was performed upon the positions of solvent molecules only,
followed by an unrestrained minimization of all of the atoms.
This was followed by a stepwise temperature increment from 0
to 300 K, and the SHAKE algorithm was used to restrain all
bonds involving hydrogen atoms.52 The long-range electrostatic
interactions were modeled using the particle mesh Ewald
method (PME)53 method with a 10 Å cutoff for all nonbonded
interactions. The system’s temperature and pressure were kept
constant at around 300 K and 1 bar using a Langevin thermostat
and Berendsen barostat, respectively.54,55 A detailed simulation
protocol was discussed in our previous work.56−59 Finally, 2 ×
400 ns long production MD runs were performed for all
complexes under the NPT ensemble with a 2 fs time step, and
the trajectories were analyzed using the Cpptraj module of
AmberTools19.60

2.9. Binding Free Energy Calculation. The molecular
mechanics Poisson−Boltzmann surface area (MMPBSA)
scheme was used to estimate the binding free energy of all
protein−ligand complexes. This method is widely used for
estimating the binding free energy of various biomolecular
complexes.61−63 Frames were used from the last 200 ns of the
trajectories, and the binding energy was estimated using the
following equation.64

G H T S E G T Sbind internal solv= + (1)

The total binding free energy (ΔGbind) comprises internal
energy (ΔEinternal), desolvation-free energy (ΔGsolv), and
configurational entropy (TΔS). Due to the high computational
cost, the estimation of entropy was neglected.

2.10. Statistical Analysis. Statistical analysis was per-
formed using GraphPad Prism 6.0, and the data are presented as
the mean ± SEM. A one-way ANOVA test followed by
Dunnett’s multiple comparison test was applied to test the
difference between the control and treated groups. A level of *p
< 0.1 was considered significant, and **p < 0.05, ***p < 0.01, or
****p < 0.001 was considered extremely significant. A level of p
> 0.1 (ns) was considered not significant.

3. RESULTS
3.1. 4″-Alkyl EGCG Derivatives Inhibit Growth of GBM

Cells. 4″-Alkyl EGCG derivatives (0−200 μM) were evaluated
for their anticancer activities against human GBM cell line U87-
MG after 24 h of treatment using the CCK-8 assay. The IC50 for
each EGCG derivative in U87-MG cells was calculated, and the
results are summarized in Figure 1C. As evident from Figure 1C,
the best IC50 values among the derivatives were observed for 4″-
C14 EGCG, 4″-C8 EGCG, and 4″-C6 EGCG, with IC50 values of
26.07 ± 0.08, 40.79 ± 0.13 μM, and 63.36 ± 0.05 μM,
respectively. EGCG (reference compound) and first-generation
EGFR TKI Gefitinib, which was taken as the positive control,
exhibited IC50 values of 61.36 ± 0.05 and 6.49 ± 0.10 μM,
respectively, in U87-MG.

Hoechst 33342/PI dual staining was carried out to assess the
apoptotic cells upon 4″-alkyl EGCG derivative treatment via
fluorescence microscopy (Figure 1D). Initially, we selected a 25
μM concentration for all the derivatives to carry out the Hoechst
33342/PI double staining, and we observed that except for 4″-
C14 EGCG, none of the derivatives were promising to induce cell
death in U87-MG (data not shown). Thus, we selected a 50 μM
concentration for further experiments. The obtained results are

shown in Figure 1D. In control cells, the nucleus was stained
blue, whereas no red fluorescence was observed. In the presence
of 50 μM 4″-alkyl EGCG derivatives or EGCG, red fluorescence
was observed, which indicated that the cells are undergoing
apoptosis. 4″-C12 EGCG, 4″-C14 EGCG, and 4″-C16 EGCG
treatment groups showed maximum cell death as compared to
other 4″-alkyl EGCG derivatives. A Hoechst 33342/PI
cytological study suggested that 4″-alkyl EGCG derivatives,
along with EGCG and Gefitinib (5 μM), induce cytotoxicity in
U87-MG cells.

3.2. 4″-Alkyl EGCG Derivatives Induce Apoptosis in
GBM Cells. To evaluate the detailed mechanism behind the 4″-
alkyl EGCG derivatives-induced cell death, we performed
Western blot and flow cytometry analysis. Western blot analysis
revealed that the expression level of the antiapoptotic marker
BCLXL was significantly downregulated by 50 μM of 4″-C12
EGCG and 4″-C14 EGCG (Figure 2A). From the obtained
graph, it is evident that 4″-alkyl EGCG derivatives, particularly
4″-C12 EGCG and 4″-C14 EGCG, were able to inhibit cell
growth and apoptosis induction in GBM cells (Figure S1A in
Supporting Information). To further assess whether the
activation of caspase-3 was involved in inducing apoptosis, we
checked the expression of cleaved caspase-3 upon 24 h
treatment of 4″-alkyl EGCG derivatives in U87-MG cells. As
shown in the graph (Figure S1B in Supporting Information),
cleaved caspase-3 expression can be seen in the Gefitinib-,
EGCG-, 4″-C10 EGCG-, 4″-C12 EGCG-, and 4″-C14 EGCG-
treated groups. Interestingly, maximum cleavage of caspase-3
was observed in 4″-C14 EGCG, which also resembled the BCLXL
results.

Next, to support the Western blot results and to unravel the
mechanism of 4″-alkyl EGCG-mediated cell growth inhibition,
the apoptotic rate was measured by annexin V/PI staining.
Fluorescence-activated cell sorting (FACS) analysis showed that
early and late apoptotic cell death occurred after 4″-alkyl EGCG
treatment (Figure 2B). Consistent with Western blot results, the
4″-C12 EGCG (42.82%) and 4″-C14 EGCG (36.89%) treated
groups showed the maximum apoptosis rate among the 4″-alkyl
EGCG derivatives. However, the EGCG- and Gefitinib-treated
group showed the 14.04 and 44.16% apoptosis rate, respectively.
Furthermore, it is well established that during the early phase of
apoptosis, both caspase-3 and BCLXL are actively involved,
which strongly suggests that 4″-alkyl EGCG treatment-induced
apoptosis mainly through the early stage of apoptosis.

3.3. 4″-Alkyl EGCG Derivatives Inhibited the Phos-
phorylation of EGFR. The signaling pathways activated by
EGFR autophosphorylation include activation in the EGFR-
Ras-Raf-c-Jun N-terminal (JNK), EGFR-PI3K/protein kinase B
(AKT)/mechanistic target of rapamycin (mTOR), and EGFR-
Janus kinase (JAK)-signal transducer and activator of tran-
scription-3 (STAT3) signaling pathways, and all of them have
regulatory effects on autophagy.65 EGFR also can trigger the
tyrosine kinase phosphorylation of Beclin1 at Y229, Y233, and
Y352 amino acid residues, leading to the formation of Beclin1
homodimers and thus inhibiting the autophagy.66 In addition,
EGFR also activates the AKT/mTOR pathway, which is also a
negative regulator of autophagy.67

These prompted us to hypothesize that there is a strong link
between EGFR and autophagy, and hence, we went ahead to
explore the inhibitory effect of 4″-alkyl EGCG derivatives
against phospho-EGFR. Wherein, U87-MG cells were exposed
to 50 μM 4″-alkyl EGCG derivatives for 1, 4, and 24 h, followed
by EGF stimulation (50 ng/mL) for 15 min. The phosphor-
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ylation level of EGFR was assessed by Western blot analysis. We
conducted the Western blot analysis to assess the inhibitory
profiling of 4″-alkyl EGCG derivatives at early time points (1
and 4 h). Western blot results indicated that 4″-alkyl EGCG
derivatives (particularly 4″-C12 EGCG and 4″-C14 EGCG) were
able to inhibit the EGF-stimulated phosphorylation of EGFR
after 1 and 4 h of treatment (Figure S2 in Supporting
Information). After 24 h of treatment, we observed that
pEGFR expression was significantly downregulated by 5 μM
of Gefitinib and 50 μM of 4″-C14 EGCG (P < 0.1) treatment
(Figure 3B). In addition, 4″-C10 EGCG and 4″-C12 EGCG also
inhibited the expression of pEGFR in U87-MG cells. However,
these treatments caused no change in the basal EGFR level.

3.4. Analysis of the Binding Mode and the Interaction
Profile of 4″-Alkyl EGCG Derivatives Against EGFR. To
investigate the binding mode and interaction profiles, docking
studies followed by MD were conducted between 4″-alkyl
EGCG derivatives and EGFR. This study follows the same
protocol as our previous study, where we conducted an MD
simulation study on a similar system against 4″-C14 EGCG and
EGCG to determine the binding mode and interaction profile.40

Therefore, we decided to exclude 4″-C14 EGCG and EGCG in
the current investigation. The XP module of the GLIDE module
of the Schrodinger suite was used for the docking to estimate the

primary binding pose of all 4″-alkyl EGCG derivatives with
EGFR. The docking score and the binding pose of the main part
of EGCG were estimated to be the same as found in our previous
study.40 We conducted 2 × 400 ns long MD simulations to
estimate the stability of each docked complex. The root-mean-
square deviation (RMSD) of all six complexes, calculated with
respect to the equilibrium conformation, is shown in Figure 4A.
A similar trend was observed for the replica simulation (data not
shown). The average RMSDs for all complexes were found to
vary between 1.0 and 2.0 Å for both runs. We also estimated the
flexibility of each amino acid for all complexes by calculating the
root-mean-square fluctuations (RMSF) with respect to the Cα
atom, as shown in Figure 4B. The RMSF profiles for all
complexes displayed a similar trend. However, in the presence of
4″-C6 EGCG, EGFR becomes more rigid. However, the binding
region remains stable compared to the flexible C terminal region
and other functional regions, i.e., the P loop, A loop, and αC
helix, indicating stable binding throughout the simulation
length.

The strength of the binding mode was also estimated by
determining the distance between the ligands and the center of
mass of the binding pocket of equilibrated conformation, as
shown in Figure 4C. In the case of 4″-C10 EGCG, the ligand
showed a higher dynamic nature and reoriented from its

Figure 3. 4″-Alkyl EGCG derivatives inhibited the EGF-stimulated phosphorylation of EGFR. (A) U87-MG cells were treated with 5 μM Gefitinib and
50 μM of EGCG and 4″-alkyl EGCG derivatives for 24 h; then, the inhibition of phosphorylation level of EGFR was analyzed by Western blot analysis.
(B) Intensity of pEGFR bands was quantified and shown as a relative expression level after being normalized by β-actin. All these data were represented
as mean ± SEM, where n = 3. (*P < 0.1, **P < 0.05, ***P < 0.01, and ****P < 0.001 versus control).

Figure 4. Structural stability and flexibility of WT EGFR bound with 4″-alkyl EGCG derivatives (A) time evolution of root means squared deviation
(RMSD) of backbone atoms EGFR complexes relative to their respective equilibrated position, (B) root mean squared fluctuations (RMSFs) of Cα
atoms for all six complexes, (C) center of mass distance between the binding pocket of EGFR kinase and the ligand molecules, and (D) RMSD of
backbone atoms the binding pocket residues for all six complexes.
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equilibrium position, and after 200 ns, it shifted from the initial
position and remained unstable throughout the simulation run,
indicating the possibility of less binding affinity among other
molecules. A similar observation was also seen in the time
evolution of the RMSD of the binding pocket (5 Å surrounding
the molecule) (as shown in Figure 4D), where 4″-C6 shows a
higher deviation after 300 ns.

To further elucidate the recognition process, we estimated the
overall binding energy (ΔGbind) and its different components by
using the MMPBSA scheme for the last 200 ns of the trajectory.
A summary of the binding free energy and its components,
obtained by averaging both runs, is summarized in Table 1 and
Figure 5. As it can be seen in Figure 5A, the polar solvation
(ΔGpol) disfavors the binding of 4″-alkyl EGCG derivatives,

Table 1. Energetic Components of the Binding Free Energy for EGFR Complexed with Derivatives of EGCG, Estimated Using
the MM-PBSA (kcal/mol) Methoda

system ΔEvdW ΔEelec ΔGpol ΔGnp ΔEMM
b ΔGsolv

c ΔGbind
d

4″-C6 EGCG −25.39 (0.71) −19.89 (7.56) 28.97 (7.91) −3.16 (0.14) −45.29 (6.85) 25.80 (8.05) −19.49 (1.20)
4″-C8 EGCG −55.82 (5.31) −35.22 (15.13) 62.24 (14.18) −5.84 (0.19) −91.04 (9.82) 56.40 (13.99) −34.64 (4.16)
4″-C10 EGCG −48.29 (2.33) −29.86 (3.30) 56.04 (1.32) −5.58 (0.07) −78.15 (0.96) 50.46 (1.39) −27.69 (0.42)
4″-C12 EGCG −62.40 (1.10) −62.96 (2.18) 74.91 (0.45) −6.36 (0.06) −125.36 (1.08) 68.55 (0.50) −56.81 (0.58)
4″-C16 EGCG −56.38 (4.62) −44.36 (2.47) 67.57 (2.05) −6.38 (0.32) −100.74 (2.15) 61.19 (1.74) −39.55 (0.42)
4″-C18 EGCG −61.53 (0.60) −71.29 (9.82) 86.60 (8.97) −7.09 (0.21) −132.81 (9.22) 79.51 (9.17) −53.31 (0.05)

aStandard deviations are provided in parentheses. b=ΔEvdW + ΔEelec.
c=ΔGpol + ΔGnp. d=ΔEvdW + ΔEelec + ΔGpol + ΔGnp.

Figure 5. Energetic component analysis and 2D representation of ligand−protein interactions of different modifications of EGCG against WT EGFR.
(A) Different components of binding free energies for all six different complexes (B) 4″-C6 EGCG/EGFR, (C) 4″-C8 EGCG/EGFR, (D) 4″-C10
EGCG/EGFR, (E) 4″-C12 EGCG/EGFR, (F) 4″-C16 EGCG/EGFR, and (G) 4″-C18 EGCG/EGFR.
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while the rest of the components (ΔEvdW, ΔEelec and ΔGnp)
showed a favorable nature toward bindings. Moreover, Table 1
revealed that 4″-C12 EGCG has the highest binding energy
(−56.81 kcal/mol), and 4″-C6 EGCG showed the lowest

binding free energy (−19.49 kcal/mol). The increase in the
electrostatic and lowering of the nonpolar contribution also
makes 4″-C12 EGCG a better binding partner compared to 4″-
C14 EGCG (−45.06 kcal/mol), as estimated in our previous

Figure 6. 4″-Alkyl EGCG derivatives induce autophagy in U87-MG cells. (A) U87-MG cells were treated with 5 μM Gefitinib and 50 μM of EGCG
and 4″-alkyl EGCG derivatives for 24 h, followed by cells being stained with 10 μg/mL Acridine Orange at 37 °C for 15 min to check the presence of
acridine orange-stained intracellular vesicles by fluorescent microscopy (B) U87-MG cells were treated with 5 μM Gefitinib, 50 μM EGCG, and 4″-
alkyl EGCG derivatives for 24 h. Next, the autophagic markers, LC3 and p62/SQSTM1, were analyzed by Western blot analysis. (C and D) Intensity of
the LC3 and p62/SQSTM1 bands was quantified and shown as a relative expression level after being normalized by β-actin. All these data were
represented as mean ± SEM, where n = 3. (*P < 0.1 versus control).
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work.40 However, the 4″-C18 EGCG compound also showed a
promising binding (−53.31 kcal/mol) in our study, which
contradicts our experimental work. This may be possible
because of its long chain, which may create additional contact
with the protein. In the experimental conditions, the long chain
hinders entry of the molecule into its target location, which
results in decreased affinity in the interaction pattern.

Further, the interaction profiles for all of the complexes were
estimated. Figure 5B−G shows several key interactions along
with different key hydrogen bonds for all complexes. We also
estimated the average occupancy of hydrogen bonds between
protein and ligand and listed it in Table S1 in Supporting
Information. In the case of 4″-C12 EGCG, four major hydrogen
bonds (more than 50%) were observed involving residues E762,
R841, L788, and D855 in the presence of the R842 complex,
which makes it a prominent binding partner. This result also
supports the higher increase of electrostatic contributions from
the MMPBSA. E762 and D855 are the key residues found in
cases of 4″-C12 EGCG, 4″-C16 EGCG, and 4″-C18 EGCG, which
are also critical residues, as shown from the interaction analysis.

On the contrary, smaller alkyl chain derivatives showed
differences in the hydrogen bonding profile regarding residue
location and the strength of the hydrogen occupancy. This may
signify the importance of the tail part, which may help the
molecule reorient in a better way to achieve promising binding.
Altogether, these studies suggest that an increase in the alkyl
chain length provides structural stability for EGCG to interact
with wild-type EGFR.

3.5. 4″-Alkyl EGCG Derivatives Induce Autophagy in
GBM Cells. It has been reported that EGFR TKIs such as
gefitinib, erlotinib, afatinib, and osimertinib treatment trigger

autophagy in several cancer cells, including tongue cancer, lung
cancer, and chronic myeloid leukemia, and more importantly,
this autophagy induction is currently believed to be an important
cause of drug resistance.68,69 From the previous research, it was
confirmed that 4″-C14 EGCG inhibited the autophosphoryla-
tion of EGFR,40 therefore, we hypothesized that autophagy
might be activated in tumor cells that were exposed to 4″-alkyl
EGCG derivatives, as after blockade of EGFR, several TKIs have
induced protective autophagy. Thus, we evaluated whether
autophagy can be induced by the 4″-alkyl EGCG derivatives,
EGCG and Gefitinib, in U87-MG cells. In preliminary studies,
we employed acridine orange (AO), a dye which emits red
fluorescence in acidic vesicles and green fluorescence in
nonacidic vesicles. We have found that treatment of U87-MG
cells with 4″-alkyl EGCG derivatives causes the accumulation of
AO-stained orange-red acidic vesicles resembling autolysosomes
(Figure 6A). Next, to confirm the induction of autophagy by 4″-
alkyl EGCG derivatives, the switch of LC3-I into LC3-II before
and after 4″-alkyl EGCG derivative treatment was determined
by Western blot analysis. LC3 (microtubule-associated protein
1A/1B-light chain 3) and p62/SQSTM1 are the two important
hallmarks of autophagy. LC3 exists in two cellular forms: LC3-I
(cytoplasmic) and LC3-II (membrane-bound). During autoph-
agy, LC3-I converts into LC3-II, and the amount of LC3-II
becomes an important marker to study the formation of
autophagosomes.70 We also determined the expression of the
autophagic flux marker p62/SQSTM1, which gets down-
regulated during autophagy.71 Results from Western blot
analysis (Figure 6B) showed that 4″-C14 EGCG significantly
increased the conversion of LC3-I to the characteristic
autophagy induction marker LC3-II in U87-MG cells after 24

Figure 7. 4″-Alkyl EGCG derivatives activated autophagy by blocking the phosphorylation of the AKT/mTOR signaling pathway in U87-MG cells.
(A)U87-MG cells were exposed to 5 μM Gefitinib and 50 μM of EGCG and 4″-alkyl EGCG derivatives for 24 h. Next, the expression of pAKT and p-
mTOR was determined by Western blot analysis. (B and C) Intensity of pAKT and p-mTOR bands was quantified and shown as a relative expression
level after being normalized by β-actin. All these data are represented as the mean ± SEM, where n = 3. (*P < 0.1, **P < 0.05, versus control).
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h of treatment. Moreover, 4″-C10 EGCG, 4″-C12 EGCG, and
Gefitinib (positive control) were also able to induce autophagy
through the transformation of LC3-I to LC3-II. As can be seen
from Figure 6C, no conversion of LC3-I to LC3-II was observed
in U87-MG cells treated by EGCG, 4″-C6 EGCG, and 4″-C8
EGCG but comparatively increased conversion of LC3-II can be
seen from 50 μM of 4″-C10 EGCG to 4″-C14 EGCG treatment
group, where 4″-C14 EGCG showed the maximum conversion.
Interestingly, increasing chain length at the 4″ position of EGCG
could be the plausible reason for this result.

To deeply uncover the underlying mechanism behind
autophagy induction by 4″-alkyl EGCG derivatives in U87-
MG cells, we determined the autophagic flux by checking the
expression of p62/SQSTM1, a specific protein for autophagy
degradation, in the course of 4″-alkyl EGCG derivative
treatment. Western blot analysis showed that 50 μM of 4″-C14
EGCG markedly suppressed the expression of p62 in the U87-
MG cell line (Figure 6D). In addition, Gefitinib, 4″-C10 EGCG,
and 4″-C12 EGCG were also able to partially downregulate p62
expression. All the above results strongly suggest that autophagy
can be triggered by Gefitinib, 4″-C10 EGCG, 4″-C12 EGCG, and
4″-C14 EGCG in U87-MG cells, while these compounds also
inhibited the autophosphorylation of EGFR. These findings
indicated that autophagy induction in the U87-MG cell line is
associated with EGFR inhibition by 4″-alkyl EGCG derivatives.

3.6. 4″-Alkyl EGCG-Induced Autophagy Associated
with the Inhibition of AKT/mTOR Signaling Cascade.
Apart from the effect on cancer cell proliferation, the AKT/
mTOR pathway is also involved in the regulation of
autophagy.30 Earlier studies have also confirmed that the
AKT/mTOR signaling pathway acts as a negative regulator of
autophagy.29 To unravel the molecular mechanism behind 4″-
alkyl EGCG derivatives-mediated autophagy induction, we
investigated the activation status of this autophagy suppressive
signaling pathway. As evident from Figure 7, phosphorylation of
AKT and mTOR significantly decreased in U87-MG upon 24 h
treatment with mainly 4″-C12 EGCG and 4″-C14 EGCG (P <
0.1). However, Gefitinib and 4″-C16 EGCG were also potent in
inhibiting p-mTOR and p-AKT. On the other hand, 50 μM
concentrations of 4″-C12 EGCG (P < 0.1) and 4″-C14 EGCG
inhibited the EGF-stimulated phosphorylation of mTOR.
Gefitinib and 4″-C16 EGCG were also able to downregulate p-
mTOR expression in U87-MG cells (Figure 7). The decreased
phosphorylation of AKT and mTOR provides compelling
evidence that 4″-alkyl EGCG derivatives induce autophagy
through the AKT/mTOR pathway.

3.7. 4″-Alkyl EGCG Derivatives Selectively Inhibited
the Kinase Activity of Mutant EGFR over WT EGFR. The
therapeutic efficacy of EGFR-TKIs has been restricted due to
their acquired drug resistance. The common mechanism behind
the acquired drug resistance is a gatekeeper mutation T790M,
which further leads to a cancer initiation mutation, L858R.72

Clinical investigations have revealed that the T790M/L858R
resulted in reduced therapeutic benefits of EGFR-TKIs.24 We
were interested in validating the effectiveness of 4″-alkyl EGCG
toward T790M/L858R EGFR. To elucidate the inhibition
ability of 4″-alkyl EGCG against EGFR T790M/L858R and WT
EGFR was carried out with three best 4″-alkyl EGCG derivatives
(4″-C10 EGCG, 4″-C12 EGCG, and 4″-C14 EGCG) which were
able to inhibit the EGF-stimulated autophosphorylation of
EGFR in the U87-MG. In this experiment, EGCG was used as a
reference compound, and gefitinib and WZ4002 were taken as
positive controls. The obtained results are shown in Table 2 and

Figure S3A−L in Supporting Information. Among the screened
compounds, 4″-C12 EGCG and 4″-C14 EGCG potently
inhibited the kinase activity of L858R/T790M and WT EGFR
with IC50 values of 18.39, 33.33, and 21.46 nM, 49.90,
respectively. Additionally, 4″-C10 EGCG also showed promising
kinase inhibitory activity for T790M/L858R EGFR (IC50 =
103.8 nM), compared to that of WT EGFR (IC50 = 169.1 nM).
However, EGCG showed an almost similar inhibitory profile
against T790M/L858R and WT EGFR, with IC50 values of 118
and 115.2 nM. Obtained results from the kinase assay indicated
that the introduction of an alkyl chain at the 4″ position of
EGCG enhanced the structural framework of EGCG, resulting
in selectivity indexes of 1.69, 1.16, and 1.49 for 4″-C10 EGCG,
4″-C12 EGCG, and 4″-C14 EGCG, respectively, toward mutant
EGFR (T790M/L858R) over WT EGFR.

3.8. 4″-Alkyl EGCG Showed Increased Binding Affinity
with Mutant EGFR. In addition to the kinase assay, we also
used the same computational protocol to determine the binding
strength of the T790M/L858R EGFR with 4″-alkyl EGCG (4″-
C10 EGCG, 4″-C12 EGCG, and 4″-C14 EGCG) and EGCG. The
location of the mutant residues (T790 M and L858R) is shown
in the crystal structure in ribbon style (Figure 8A). The
structural stability and flexibility of all complexes were assessed
over a 400 ns simulation period by calculating the root-mean-
square deviation (RMSD) and root-mean-square flexibility
(RMSF) (Figure 8B,C). All four complexes remained stable
throughout the simulation period, enabling us to calculate the
binding free energy. The stability of the ligands within the
binding cavity was evaluated by measuring the center of mass
distance between T790M/L858R EGFR and 4″-alkyl EGCG
derivatives, and it was found to be maintained in all the cases.
However, among complexes, 4″-C12 EGCG and 4″-C14 EGCG
displayed greater stability. In the case of T790M/L858R EGFR,
the ATP binding pocket showed greater flexibility compared to
the WT EGFR conformation (Figure 8). The binding pockets
showed stability in their flexibility after 100 ns, and 4″-C12
EGCG and 4″-C14 EGCG demonstrated comparatively lower
conformational deviation compared to EGCG and 4″-C10
EGCG.

The MMPBSA estimation scheme supports the observation
that the 4″-C10 EGCG, 4″-C12 EGCG, and 4″-C14 EGCG
strongly bind to the T790M/L858R EGFR, with binding free
energies of −43.18, −48.17, and −49.37 kcal/mol, respectively
(Table 3). Contrarily, EGCG showed weak interaction toward
the T790M/L858R EGFR complex with a binding free energy of
−26.13 kcal/mol. Overall in silico results is also in agreement

Table 2. Kinase Inhibitory Activity of 4″-Alkyl EGCG
Derivatives on WT EGFR and T790M/L858R EGFR In
Vitroa

compound name
IC50 (nM)
EGFR-WT

IC50 (nM) EGFR
(T790M/L858R)

selectivity
index

Gefitinib (1st
generation EGFR-
TKI)

44.69 ± 0.07 59.21 ± 0.05 0.75

WZ4002 (3rd
generation EGFR-
TKI)

51.32 ± 0.12 7.98 ± 0.06 6.43

EGCG 115.2 ± 0.07 118.0 ± 0.07 0.97
4″-C10 EGCG 169.1 ± 0.15 103.8 ± 0.08 1.62
4″-C12 EGCG 21.46 ± 0.05 18.39 ± 0.09 1.16
4″-C14 EGCG 49.90 ± 0.05 33.33 ± 0.08 1.49
aThe IC50 values are expressed as (mean ± SEM).
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with the experimental findings and suggest that 4″-alkyl EGCG
derivatives are mutant selective EGFR-TKIs. The interaction
profiles for all of the complexes were estimated. Figure S4A−D
in the Supporting Information shows several key interactions
along with different key hydrogen bonds for all the complexes.

3.9. Inhibition of Cytoprotective Autophagy by CQ
Sensitizes 4″-Alkyl EGCG Derivatives-Induced GBM Cell
Death. Studies have proven that autophagy plays a protective
role in cancer cells during antitumor drug administration,
including TKIs, DNA-damaging agents, and radiation thera-
pies.73 However, suppression of protective autophagy can
increase drug-induced cancer cell death through apoptosis.73

To investigate the role of autophagy triggered by 4″-C10 EGCG,
4″-C12 EGCG, and 4″-C14 EGCG, a well-established autophagy
inhibitor CQ was employed to cotreat U87-MG cells. We
assessed the effect of cotreatment on U87-MG growth
inhibition. It is well known that CQ inhibits downstream
autophagy and enhances LC3-II expression levels by aggregation
of the autophagosome.68 It is evident from Figure 9A that CQ
significantly increases Gefitinib and 4″-C14 EGCG-mediated
conversion of LC3-II. Co-incubation of CQ with 4″-C12 EGCG
also led to enhanced transformation of LC3-II, while no
alteration was observed in the 4″-C10 EGCG and CQ treatment
group.

We also examined the cytotoxicity effect of EGCG, 4″-C10
EGCG, 4″-C12 EGCG, and 4″-C14 EGCG with and without
autophagy inhibition by CQ using the CCK-8 assay. It can be
seen from Figure 9C, CQ, along with the aforementioned 4″-
alkyl EGCG derivatives, significantly augmented U87-MG cell
death. Consistent with Western blot results, a maximum growth

inhibitory effect was observed at 50 μM of 4″-C14 EGCG
cotreated with the CQ group with 77.08%, while alone it showed
45.18% cytotoxicity after 24 h of treatment (P < 0.001). CCK-8
assay results revealed that blocking autophagy by CQ further
significantly enhanced the EGCG (66.82%)- and 4″-C10 EGCG
(54.80%)-mediated cell death compared to being treated alone,
where it showed 39.10 and 13.89% cell death, respectively.
While Gefitinib and 4″-C12 EGCG, along with CQ, showed only
2.09 and 4.3% increase in cell death as compared with the treated
alone group (Figure 9C), respectively. From these results, it was
confirmed that blockage of autophagy significantly improves the
anticancer activity of 4″-alkyl EGCG derivatives and EGCG.

3.10. 4″-Alkyl EGCG Exhibited Strong Binding with the
Drug Transporter Protein HSA. Human serum albumin
(HSA) is the most abundant monomeric multidomain protein
found in plasma and plays a crucial role in drug transportation
via the bloodstream to the target cells.74,75 The interaction of the
drugs with HSA leads to a change in their metabolism,
distribution, and concentration.76 Moreover, HSA also enhances
the solubility of the medications in plasma, minimizes toxicity,
and prevents from oxidation.77 Fluorescence spectrophotometry
techniques have commonly been used to study the molecular
interaction of compounds with albumins.78,79 Tyrosine,
tryptophan, and phenylalanine are the three residues responsible
for the autofluorescence activity of HSA. HSA consists of 585
amino acids, including a single tryptophan residue (Trp 214),
which is responsible for generating fluorescence.80

Therefore, we decided to study the interaction profile of the
three best 4″-alkyl EGCG derivatives (4″-C10 EGCG, 4″-C12
EGCG, and 4″-C14 EGCG) and EGCG with the drug

Figure 8. Structural stability and flexibility of T790M/L858R EGFR complexed with 4″-alkyl EGCG derivatives. (A) Location of the mutant residues
(T790M and L858R) in EGFR, (B) time evolution of root means squared deviation (RMSD) of backbone atoms mutant EGFR complexes relative to
their respective equilibrated position, (C) root mean squared fluctuations (RMSFs) of Cα atoms for all four complexes, (D) center of mass distance
between the binding pocket of EGFR kinase and the ligand molecules, and (E) RMSDpocket of backbone atoms, the binding pocket residues for all four
complexes.

Table 3. Energetic Components of the Binding Free Energy for T790M/L858R EGFR Bound with 4″-Alkyl EGCG Derivatives,
Estimated Using the MM-PBSA (kcal/mol) Methoda

system ΔEvdW ΔEelec ΔGpol ΔGnp ΔEMM
b ΔGsolv

c ΔGbind
d

EGCG −41.66 (5.01) −34.05 (9.69) 53.87 (3.37) −4.48 (0.13) −75.72 (4.68) 49.39 (3.25) −26.33 (1.43)
4″-C10 EGCG −53.32 (11.12) −62.52 (12.82) 78.81 (4.48) −6.15 (0.18) −115.84 (1.70) 72.66 (4.67) −43.18 (2.97)
4″-C12 EGCG −60.72 (10.93) −59.08 (18.22) 78.14 (4.99) −6.5 (0.28) −119.81 (7.28) 71.64 (5.27) −48.17 (2.01)
4″-C14 EGCG −62.78 (5.73) −56.45 (27.87) 77.01 (22.28) −7.16 (0.13) −119.23 (22.14) 69.85 (22.41) −49.37 (0.27)
aStandard deviations are provided in parentheses. b=ΔEvdW + ΔEelec.

c=ΔGpol + ΔGnp. d=ΔEvdW + ΔEelec + ΔGpol + ΔGnp.
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transporter protein HSA. Herein, we carried out the emission-
quenching assay by gradually increasing the concentration (12.5
to 125 μM) of the 4″-alkyl EGCG derivatives to a fixed amount
of HSA (10 μM) and observed a strong decrease in the emission-
maxima at 345 nm with respect to increasing the concentration.
The quenching constants for EGCG, 4″-C10 EGCG, 4″-C12

EGCG, and 4″-C14 EGCG were found to be 1.2 × 104, 1.6 × 104,
1.8 × 104, and 3.2 × 104, respectively, and these results indicate
the interaction profile of HSA with EGCG and 4″-alkyl EGCG
derivatives (Table S2 in Supporting Information). Additionally,
we also determined the bimolecular quenching rate constant
(Kq) of HSA with 4″-alkyl EGCG derivatives by using the

Figure 9. Blockade of autophagy increases the cytotoxicity of 4″-alkyl EGCG derivatives in GBM cells. (A) U87-MG cells were treated with 5 μM
Gefitinib and 50 μM of EGCG and 4″-C10 EGCG, 4″-C12 EGCG, and 4″-C14 EGCG for 24 h with or without 20 μM CQ. Next, the autophagic markers,
LC3, were analyzed by Western blot analysis. (B) Intensity of LC3 bands was quantified and shown as the relative expression level after being
normalized by β-actin. (C) Viability of U87-MG cells incubated with 5 μM Gefitinib and 50 μM of EGCG and 4″-C10 EGCG, 4″-C12 EGCG, and 4″-
C14 EGCG for 24 h with or without 20 μM CQ determined by the CCK-8 assay. All these data are represented as mean ± SEM, where n = 3. (*P < 0.1,
**P < 0.05, ***P < 0.01, and ****P < 0.001 versus control).

Figure 10. Fluorescence quenching spectra of HSA upon gradual addition of 4″-alkyl EGCG (A) 4″-C10 EGCG, (B) 4″-C12 EGCG, (C) 4″-C14
EGCG, and (D) EGCG. Inset: Stern-Volmer plot of HSA interacting with 4″-alkyl EGCG.
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equation KSV = Kq × τ0, where τ0 stands for the average decay
lifetime of HSA in the absence of a quencher. The obtained Kq
values for EGCG, 4″-C10 EGCG, 4″-C12 EGCG, and 4″-C14
EGCG were observed to be 1.9 × 1012, 2.6 × 1012, 2.9 × 1012,
and 5.17 × 1012, respectively. Hypsochromic shift was observed
in all four complexes, as can be seen from Figure 10; this could
be due to the association of these compounds with the Trp
residue of HSA. Among the tested derivatives, maximum
binding affinity was observed for the 4″-C14 EGCG.

4. DISCUSSION
EGFR, upstream of the PI3K/AKT/mTOR pathway, plays a
vital role in the cell proliferation, differentiation, and migration
of cancer cells.65 Thus, targeting EGFR by TKIs or monoclonal
antibodies (mAbs) has become an important strategy for
anticancer therapy. Several first, second, third, and now fourth-
generation EGFR TKIs have been developed to block the
EGFR. But the continuous mutation in EGFR (T790M, L858R,
and C797S) causes acquired and natural resistance against the
targeted therapy; however, other mechanisms of resistance are
still being investigated.65 Signaling pathways downstream of
EGFR, such as PI3K/AKT/mTOR, are well-known to be
associated in the regulation of autophagy, suggesting an
important cross talk between EGFR inhibition and autophagy.67

Thus, pharmacological or genetic inhibition of autophagy
became an important approach to overcome drug resistance.
In this study, we explored the efficacy of 4″-alkyl EGCG in
inhibiting EGF-stimulated phosphorylation of the EGFR/AKT/
mTOR signaling pathway by Western blot analysis. From the
Western blot analysis, we observed that two derivatives of
EGCG, namely, 4″-C12 EGCG and 4″-C14 EGCG, markedly
inhibited the expression of pEGFR, pAKT, and p-mTOR in the
U87-MG cell line. We found that 4″-C12 EGCG and 4″-C14
EGCG were more selective against inhibiting the kinase activity
of double mutant EGFR (L858R/T790M) over WT EGFR
through an in vitro kinase assay. By utilizing molecular docking
and MD simulation studies, we also investigated the binding
mode of these derivatives against WT EGFR and mutant EGFR
(L858R/T790M) and found that an increase in the alkyl chain
length provides structural stability for EGCG to interact with
EGFR. Taken together, our study demonstrated that EGFR/
Akt/mTOR pathway inhibition might contribute to 4″-alkyl
EGCG-induced autophagy in U87-MG. These derivatives were
also potent in augmenting cell death and apoptosis induction.

Autophagy plays a vital role in cancer cells for the
transportation of degraded cellular organelles and aggregated
proteins, while it is also involved in the maintenance of energy
production, which causes cancer progression and resistance to
therapy.81 Antitumor therapies such as chemotherapy and
radiotherapy have been found to activate autophagy in GBM.82

From the currently available studies, it is evident that cancer cell
autophagy causes adaptive response mediating resistance to
several first, second, and third generations of EGFR TKIs, such
as gefitinib,41,83 erlotinib,84 afatinib,68 osimertinib,85 and
inhibition of cytoprotective autophagy results in enhanced
sensitivity and effectiveness of these EGFR-TKIs. On the other
hand, several plant-derived natural compounds have been
proposed for drug discovery for many years as potent anticancer
agents. Among them, multiple natural compounds have already
shown great therapeutic response in reversing drug resistance
caused by induction of cytoprotective autophagy.86,87 Regu-
lation of autophagy by natural compounds can be a potential
therapeutic approach for overcoming the drug resistance.86 In

the present study, we showed that LC3-I to LC3-II conversion
and p62/SQSTM1 inhibition in 4″-alkyl EGCG-treated U87-
MG cells were observed with respect to untreated cells. These
findings provide an important insight that 4″-alkyl EGCG
treatment induces autophagy in GBM cells upon EGFR
blockade.

Numerous preclinical research works demonstrate that the
blockade of autophagy by CQ or 3-MA is recently being
considered as a new therapeutic strategy for anticancer agents.88

The blockage of autophagy improves the effectiveness of EGFR-
TKIs.88 We have found that cotreatment of GBM cells with
Gefitinib, EGCG, 4″-C10 EGCG, 4″-C12 EGCG, or 4″-C14
EGCG, along with CQ, resulted in increased cytotoxicity of
these compounds.

5. CONCLUSIONS
In conclusion, these findings provide an insightful result that
tumor cells may survive in stress conditions following blockage
of the EGFR-mediated signaling pathways by inducing
autophagy. But, in combination with a pharmacological
inhibitor of autophagy, it can again inhibit cancer cell growth
with enhanced efficacy. Our study also provides a separate
strategy of EGFR inhibition by natural compound-based
derivatives with improved anticancer efficacy, wherein 4″-alkyl
EGCG derivatives also resulted in the mutant EGFR (T790M/
L858R) inhibition. Taken together, our findings highlight that
the combination of 4″-alkyl EGCG and the autophagy inhibitor
can be a promising approach to overcome the autophagy-
mediated drug resistance and improve sensitivity against cancer
cells.
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