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Colorectal cancer is a major health problem, and it is the third most diagnosed

cancer in the United States. The current treatment for colorectal cancer

includes irinotecan, a topoisomerase I inhibitor, and other targeted drugs,

such as bevacizumab and regorafenib. The low response rates and incidence of

high toxicity caused by these drugs instigated an evaluation of the anticancer

efficacy of a series of 13 thiazolyl hydrazone derivatives of 1-indanone, and four

compounds among them show favorable anticancer activity against some of

the tested colorectal cancer cell lines with IC50 values ranging from 0.41 ± 0.19

to 6.85 ± 1.44 mM. It is noteworthy that one of the indanone-based thiazolyl

hydrazone (ITH) derivatives, N-Indan-1-ylidene-N’-(4-Biphenyl-4-yl-thiazol-

2-yl)-hydrazine (ITH-6), has a better cytotoxicity profile against p53 mutant

colorectal cancer cells HT-29, COLO 205, and KM 12 than a p53 wild-type

colorectal cancer cell line, such as HCT 116. Mechanistic studies show that ITH-

6 arrests these three cancer cell lines in the G2/M phase and induces apoptosis.

It also causes a rise in the reactive oxygen species level with a remarkable

decrease in the glutathione (GSH) level. Moreover, ITH-6 inhibits the

expression of NF-kB p65 and Bcl-2, which proves its cytotoxic action. In

addition, ITH-6 significantly decreased tumor size, growth rate, and tumor

volume in mice bearing HT-29 and KM 12 tumor xenografts. Moreover,

CRISPR/Cas9 was applied to establish an NF-kB p65 gene knockout HT-29

cell line model to validate the target of ITH-6. Overall, the results suggest that

ITH-6 could be a potential anticancer drug candidate for p53 mutant

colorectal cancers.
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GRAPHICAL ABSTRACT

Narayanan et al. 10.3389/fonc.2022.949868
Introduction

Cancer is the leading disease of human populations regarding the

advancement of treatment strategies (1–3). Despite progress in the

cancer research field that discovered possible treatments for various

cancer types, cancer remains the second leading cause of death after

cardiovascular diseases (4–6). In the United States, among

malignancies, colorectal cancer (CRC) is the third most common

type of cancer, and it consists of a heterogeneous group of tumors,

some with gene mutations. According to the data provided by

American Cancer Society, there were around 104,610 new CRC

cases diagnosed in 2020, and around 53,200 deaths were reported (7).

Studies prove that a positive family history increases the risk of

occurrence of CRC by approximately 15%–20% (8). The current

strategies for the management of primary CRC is the use of a

combination of 5-fluorouracil, leucovorin, and either oxaliplatin

(FOLFOX protocol) or irinotecan (FOLFIRI protocol) (9–11).

These agents exhibit adverse effects, such as vomiting, diarrhea, and

other complications, causing a major drawback of the treatment (12,

13). It is reported that the indanone ring exhibits anticancer activity

(14–17), and some indanone-related compounds have some crucial

bioactivity. Various methods have also been adapted for the synthesis

of indanone derivatives as it is a useful moiety. Among the signaling

pathways associated with tumorigenesis and inflammation, nuclear

factor-kappa B (NF-kB) is a key regulator (18), and the NF-kB family
Frontiers in Oncology 02
consists of five subunits, RelA (p65), RelB, NF-kB1 (p50 and its

precursor p105), NF-kB2 (p52 and its precursor p100), and c-Rel

(19). It is established that there is a positive relationship between

activation of NF-kB in the intestinal epithelial cells and tumor

formation (19), which plays an important role in the occurrence of

CRC. NF-kB signaling is associated with a number of responses,

including cellular immunity, inflammation, cell differentiation,

proliferation, and apoptosis (20–24). This impact on cell

proliferation by NF-kB depends on p53 (tumor suppressor gene)

status. This is one of the many aspects of the crucial relationship

between NF-kB and p53. As studied earlier, wild-type p53 expression

opposes NF-kB function and inhibits tumorigenesis, and around half

of human cancers exhibit p53 mutations (or have lost the wild-type

allele) and, thus, activate the NF-kB pathway during the development

of tumors. Moreover, the NF-kB pathway enhances the transcription

of mouse double minute 2 (Mdm2), which is a ubiquitin E3 ligase

enzyme of p53 and, thus, indirectly helps in regulating the stability of

p53 (25). It is established that ITH-6, one of the most active indanone

derivatives, arrested the cells at the G2/M phase of the cell cycle and

thereby inhibited the proliferation of CRC cells and induced

apoptosis by building reactive oxygen species and decreased the

intracellular glutathione (GSH) level (26). In the current study, we

explore the further mechanism of its anticancer activity by

downregulating NF-kB p65 and Bcl-2 expression in in vitro and

preclinical studies. The current work recognizes the relative part of
frontiersin.org

https://doi.org/10.3389/fonc.2022.949868
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Narayanan et al. 10.3389/fonc.2022.949868
the NF-kB pathway in cancer and its activation and its effect on

downstream target genes, which is crucial for the design and

discovery of novel targeted anticancer agents.
Materials and methods

Chemicals and equipment

The thiazolyl hydrazone derivatives of 1-indanone were

synthesized at the University of Karachi, Pakistan (27).

Irinotecan hydrochloride was procured from Alfa Aesar

(Haverhill, MA). Dulbecco’s modified Eagle’s medium (DMEM,

IX), fetal bovine serum (FBS), phosphate buffered saline (PBS),

and trypsin 0.25% were acquired from Hyclone (Waltham, MA).

Monoclonal antibodies D97JR (selective against ALDH1A1),

E7K2Y (against CD44), D14E12 (against NF-kB p65), E4Z1Q

(against topoisomerase I), D3R6Y (against procaspase-3), 44D4

(against IkBa), 16H1 (against GAPDH), D5C9H (against TBP),

and secondary anti-rabbit/mouse HRP linked antibody were

bought from Cell Signaling (Danvers, MA). A-11005 (alexafluor

594 secondary antibody against NF-kB) and DAPI (catalog #

D3571), which stains the nucleus, were purchased from Invitrogen

(Waltham, MA). The NF-kB p65, Bcl-2, and 18 S TaqMan gene

expression and superscript IV reverse transcription kits were

purchased from Fisher Scientific (Waltham, MA).
Cell lines and cell culture

The human CRC parental cell lines SW620 and S1, ABCB1-

overexpressing drug-resistant subline, SW620/AD300 and

ABCG2-overexpressing drug-resistant cell line, S1-M1-80 were

employed for the ABCB1 and ABCG2 reversal studies,

respectively. SW620/AD300 cells were maintained in complete

medium with 300 ng/ml of doxorubicin (28). S1-M1-80 cells

were expanded in the DMEM medium with the anticancer drug

mitoxantrone, starting with a low concentration, and the

maximum concentration was 80 µg/ml to induce the ABCG2

transporter expression. These cell lines were obtained from Dr.

Susan E. Bates (Columbia University, New York). The cell lines

were cultured in DMEM medium containing 10% FBS and 1%

penicillin/streptomycin at a temperature of 37°C, 5% CO2.
Experimental animals

Male athymic NCR (nu/nu) nude mice (age 5–7 weeks and

weight around 20–25 g) were acquired fromTaconic Farms (Albany,

NY) for the animal study and remained in polycarbonate cages

(four mice/cage) at St. John’s University Animal Care Center. They

were maintained under light/dark cycles, supplied with food and

water, and monitored for tumor growth by measuring the size using

Vernier calipers. The protocol was accepted by the St. John’s
Frontiers in Oncology 03
University’s Institutional Animal Care & Use Committee

(IACUC), protocol #1940. The study was accomplished following

the ARRIVE guidelines and Animal Welfare Act and the Guide for

the Care and Use of Laboratory Animals.
Cytotoxicity of ITH-6 on ABCB1 and
ABCG2 overexpressing cell lines

The cytotoxicity assay was completed using parental (SW620

and S1) and drug-resistant (SW620/AD300 and S1-M1-80) cell

lines that were seeded (6 × 103 cells/well) followed by ITH-6

incubation (with a range of 0–100 µM). After 68 h, the

absorbance was detected at 570 nm by spectrophotometer as

previously described (29, 30) and IC50 values were calculated.
Western blot analysis

The Western blot assay was conducted to observe aldehyde

dehydrogenase 1 family member A1 (ALDH1A1) expression, a

cell surface adhesion receptor protein (CD44), a subunit of

nuclear factor kappa light chain enhancer of activated B cells

(NF-kB p65) (nuclear and cytoplasmic), procaspase-3,

topoisomerase I (TOP 1), and IkBa (nuclear and cytoplasmic)

proteins after incubating HT-29, COLO 205, and KM 12 cells

with three concentrations of ITH-6, 0.3, 1, and 3 µM for 72

hours by a method (31) and further quantified.
mRNA expression

HT-29, COLO 205, and KM 12 cancer cells were incubated

with 0.3, 1, and 3 µM of ITH-6 for 72 hours, and total RNA was

extracted using the RNA extraction trizol reagent as previously

described (32). The target genes were NF-kB p65 and Bcl-2, and

18S was used as the loading control. The results are represented

as relative fold of mRNA expression.
Immunofluorescence

For this experiment, the cells were cultured with ITH-6 (0.3,

1, and 3 µM) for 72 hours and immunofluorescence performed

according to the protocol detailed before (33).
Molecular modeling

A Macintosh operating system (OS Sierra) with Mac Pro 6-

core Intel Xenon E5 processor system was used to perform

docking experiments using the Maestro v12. 3. 012 software

(Schrödinger, LLC, New York, NY, USA, 2019) software. Lig-

prep was used for ITH-6 ligand preparation (34). The heterodimer
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protein model was imported from the Protein data bank. “Protein

Preparation Wizard” was used for protein preparation. Grid

generation was done by selecting residues at 20 Å distance from

bound inhibitors in the model protein (1IKN) (35). The residues

selected were 26, 28, 29, 30, 49, 50, 181, 222, 224, 225, 236, 237,

238, 239, 241, 258, 259, 260, 261, 275. Extra precision docking was

performed with a maximum 10 poses.
Knockout of NF-kB p65 gene in HT-29
cells

A CRISPR/Cas9 system was used to construct the NF-kB
p65 gene knockout subline of HT-29 cells. The custom-designed

mammalian CRISPR vector was obtained from Vector Builder

Inc. (Chicago, IL). The transfection of the NF-kB p65 targeting

vector into HT-29 cells was conducted using Fugene 6

transfection reagent (Promega, Madison, WI) according to the

manufacturer’s instructions. The knockout of the NF-kB p65

gene was further verified by measuring protein expression using

Western blotting and by a cell viability study using MTT.
Nude mouse MDR xenograft model

The CRC cells, HT-29, and KM 12 xenograft mouse models

were established as previously reported (36, 37). The HT-29 (6 ×

106) and KM 12 cells (7 × 106) were implanted into the mice (right

and left sides, respectively), and when the tumors attained a

diameter of around 0.5 cm (day 0) after one week, the animals

were divided into four groups of six each as follows: (a)

polyethylene glycol 300 as the vehicle, given orally (q3d × 7); (b)

irinotecan (30 mg/kg, q3d × 7), given intraperitoneally (i.p.),

dissolved in normal saline (38); (c) ITH-6 (3 mg/kg) dissolved in

PEG 300 and given orally (q3d × 7); and (d) ITH-6 (6 mg/kg)

dissolved in PEG 300 and given orally (q3d × 7). The treatment

period was 21 days. To determine the drug dosage, the body weights

were noted every third day. Tumor volumes (using the two

diameters of tumors, termed A and B) were recorded every

third day using Vernier calipers using the following formula, V =

p/6(A + B/2)3 (39, 40). Blood was drawn via submandibular

puncture on the last treatment day using isoflurane inhalational

anesthesia, and white blood cell (WBC) and platelet counts were

recorded in all groups.

At the end of the treatment period, the animals were

euthanized, and the tumors were removed and weighed.
Collection of plasma and tumor tissues

Mice bearing HT-29 and KM 12 tumors were grouped into

three categories: (i) mice receiving 3 mg/kg ITH-6 orally, (ii)

6 mg/kg ITH-6 orally, and (iii) 30 mg/kg i.p. irinotecan. Mice
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were anesthetized with isoflurane (3%), and 60 µL of blood was

taken into heparinized tubes by submandibular puncture at various

time points, 5, 30, 60, 120,180, and 240 minutes after the treatment.

Moreover, the tumors were removed, weighed, and stored at -80°C

for further experiments. The samples were analyzed using high-

performance liquid chromatography (HPLC).

Method for Irinotecan: Flow rate: 0.5 ml/min.

Time (min) Solvent A percentage Solvent B percentage
0 60 40

10 98 2

12 98 2

15 60 40
Method for ITH-6: Flow rate: 0.5 ml/min.

Time (min) Solvent A percentage Solvent B percentage
0 60 40

20 98 2

22 98 2

25 60 40
The tR (retention time) for irinotecan was 6.2 minutes and tR for ITH-6 was 17.5 minutes.
The standard curve was created based on dosage: Irinotecan (2 mg/ml, 1 mg/ml, 0.5 mg/
ml, 0.25 mg/ml, 0.125 mg/ml, and 0.625 mg/ml) and ITH-6 (1 mg/ml, 0.5 mg/ml, 0.25
mg/ml, 0.125 mg/ml, 0.625 mg/ml, and 0.313 mg/ml).
Statistical analysis

The experiments were performed at least three times, and

the variations were analyzed using one-way analysis of variance

(ANOVA). The statistical significance was determined at p <.05.

The post hoc analysis was carried out using Tukey’s test. The data

were analyzed using GraphPad Prism, version 6.

Results

ITH-6 is not susceptible to ABCB1- and
ABCG2-mediated drug resistance

In order to know if ITH-6 is a substrate of ABC transporters,

such as ABCB1 and/or ABCG2, an MTT assay was conducted to

determine the susceptibility of ITH-6 to MDR mediated by

ABCB1 and ABCG2 transporters. ABCB1 and ABCG2

transporters have established roles in conferring multidrug

resistance by lowering intracellular drug accumulation resulting

from extrusion of drugs from the tumor cells. Herein, resistance

fold (RF) was used to assess if there was any degree of change in

the resistance to ITH-6 due to the presence of ABCB1or ABCG2
frontiersin.org
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(41). The results indicate that there was no remarkable difference

in the IC50 values of ITH-6 in the ABCB1 overexpressing SW620/

AD300 cell line (Figure 1A) and ABCG2 overexpressing S1-M1-80

cell line (Figure 1B) relative to their corresponding parental cell

lines, hence proving that it is not a substrate of ABCB1 or

ABCG2 transporter.
The effect of ITH-6 on the expression
level of different targets associated with
apoptosis of CRC cells

To figure out the mechanism of the test drug cytotoxicity, we

performed Western blotting on various proteins. The proteins

selected were ALDH1A1, CD44, NF-kB p65 (nuclear and

cytoplasmic), procaspase-3, TOP 1, and IkBa (nuclear and

cytoplasm) as they are important prognostic markers in CRC

cell lines. At a concentration of 3 µM, ITH-6 downregulated the

nuclear NF-kB p65 expression in HT-29 (Figure 2A) and COLO

205 (Figure 2B) cells compared with control, whereas in KM 12

cells, the test compound at concentrations of 0.3, 1, and 3 µM

significantly decreased the nuclear NF-kB p65 expression level

compared with the positive control; resveratrol (20 µM) and KM

12 cells are more sensitive to NF-kB p65 downregulation

following treatment with ITH 6 (Figure 2C). There was no

change in the cytoplasmic NF-kB p65 protein expression in all

cell lines treated with ITH-6 (Figures 2G–I).

Moreover, there was no change in the expression levels of

ALDH1A1 and CD44 (Figures 3A–C), TOP 1 (Figures 4B, G, L),

and IkBa (cytoplasmic) levels (Figures 4A, F, K) on these cell

lines. There was a concentration-dependent decrease in the

procaspase-3 expression in KM 12 (Figures 4G, L) cells
Frontiers in Oncology 05
cultured with ITH-6 at 3 µM for 72 hours, whereas in COLO

205 and HT-29, there was no change in the expression of

procaspase-3 after incubating with ITH-6 (Figures 4B, G).

Hence, we can summarize that the possible mechanism behind

ITH-6 induced cytotoxicity in these CRC cells results from

downregulating nuclear NF-kB p65 protein expression.
The effect of ITH-6 on the mRNA level of
NF-kB p65 and Bcl-2 in CRC cell lines

The incubation of these three CRC cell lines with 0.3, 1, and 3

µM of ITH-6 for 72 hours remarkably decreased the NF-kB p65

protein expression compared with the vehicle. Furthermore,

quantitative real-time PCR (RT-PCR) experiments prove that the

treatment of these cell lines with the ITH-6 for 72 hours remarkably

decreased NF-kB p65 mRNA expression (Figures 5A–C).

It was previously indicated that NF-kB p65 transcriptionally

regulates Bcl-2, an anti-apoptotic protein (42). Hence, RT-PCR was

performed to evaluate the effect of ITH-6 on the Bcl-2 (Figures 5D–

F) mRNA level and showed that treatment with ITH-6

downregulated Bcl-2 expression, thereby further proving the role

of ITH-6 on the apoptosis of these CRC cell lines.
Immunofluorescence

An immunofluorescence experiment was conducted to find

out if ITH-6 can downregulate the expression of nuclear NF-kB
p65 in HT-29 (Figure 6A), COLO 205 (Figure 6B), and KM 12

(Figure 6C). Our results confirm that treating these CRC cell

lines with ITH-6 decreased NF-kB p65 expression, which is

consistent with the Western blot and RT-PCR results.
A B

FIGURE 1

Cytotoxicity of ITH-6 on ABCB1- and ABCG2-overexpressing cell lines. Survival fraction (%) was measured after treatment with ITH-6 (µM) for
72 hours on (A) SW620, SW620/AD300 and (B) S1, S1-M1-80 cell lines. Points with error bars represent the mean ± SD for independent
determinations in triplicate. The figures are representative of three independent experiments.
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Interaction analysis of ITH-6-NF-kB p65
docked complex

The previously reported IkBa/NF-kB crystal model (PDB

code: 1IKN) was used for docking analysis. Stimulation

between ITH-6 and the heterodimer complex was performed

using induced fit docking. The docking position of ITH-6

showed an XP docking score of -5.7 kcal mol-1, which shows
Frontiers in Oncology 06
good binding affinity. Figure 6D depicts the docking pose and

interaction between ITH-6 and the IkBa/NF-kB heterodimer

protein. Figure 6E shows H-bonding between the thiazolidine

hydrogen and the carbonyl oxygen of GLY259. The biphenyl

ring resides in the pocket formed by amino acids: GLN 26, LYS

28, GLN 29, ARG 30, whereas the indene ring sits in the pocket

made by amino acids: ARG 236, GLY 237, SER 238, PHE 239,

GLN 241.
A B

D
E

F

G IH

J K L

C

FIGURE 2

Effect of ITH-6 on the expression of the nuclear fraction of NF-kB p65 protein on (A) HT-29, (B) COLO 205, and (C) KM 12 cells and the cytoplasmic
fraction on (G) HT-29, (H) COLO 205, and (I) KM 12 cells. The effect of ITH-6 on the expression of the nuclear and cytoplasmic fraction of NF-kB p65
protein was tested after the cells were treated with 0.3, 1, and 3 mM of ITH-6 for 72 hours. Relative quantification of the effect of ITH-6 on (D–F) the
nuclear and (J–L) cytoplasmic fraction of NF-kB p65 in HT-29, COLO 205, and KM 12 cells. The expression level of NF-kB p65 protein was normalized
to TBP (nucleus) and GAPDH (cytoplasm). Equal amounts of total cell lysates were used for each sample, and a Western blot analysis was performed.
The figures are representative of three independent experiments. * p <.05, ** p <.01 and *** p <.001 compared with the control group.
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Knockout of NF-kB p65 gene in HT-29
cells

The knockout of the NF-kB p65 gene in HT-29-NF-kB
p65ko cells was verified by the NF-kB p65 protein expression

using Western blotting (Figure 7A). The level of NF-kB p65 in

HT-29-NF-kB p65ko cells was remarkably low compared with

that of HT-29 cells (Figure 7B).

To further verify the change in gene expression by targeting

NF-kB p65 using the CRISPR/Cas9 system in HT-29-NF-kB
p65ko cells, MTT assay was performed. RF was used to evaluate

if there is any degree of change in the IC50 values resulting from

the absence of NF-KB p65 expression. Based on the results, the

IC50 value in HT-29-NF-kB p65ko cells is around 180-fold higher

than that of the corresponding HT-29 cell lines (Figure 7C).
The effect of ITH-6 and irinotecan in
mice with HT-29 and KM 12 tumor
xenografts

We chose irinotecan as a positive control drug because

irinotecan is often used for CRC treatment. The two CRC cell

lines, HT-29 and KM 12, were implanted, and when the

palpable tumors developed, the treatment regimen was

started. The mice implanted with HT-29 and KM 12 cells

had a significant reduction in volume (Figures 8B, E) and

weight (Figures 8C, F) of the tumor after treatment with an oral
Frontiers in Oncology 07
dose of ITH-6 6 mg/kg compared with the positive control, 30

mg/kg irinotecan, which was given i.p. (Figures 8A, D). The

doses that were administered suggest that the drug doses did

not produce significant overt toxicity as there was no

significant decrease in body weight (Figure 9A) and blood

cell count (Figures 9B, C).
Concentration of ITH-6 and irinotecan in
the tumor and plasma

The plasma level of irinotecan (i.p.) gradually decreased as

time increased (Figure 9E) and for ITH-6 (given orally), plasma

concentration was gradually increasing and reached a peak at 60

minutes and then decreased (Figure 9D). However, the tumor

concentration of irinotecan (30 mg/kg) was less compared with

ITH-6 (6 mg/kg) (Figure 9F).
Discussion

Our previous study found that the drug ITH-6 has better

IC50 values on the three CRC cell lines than irinotecan, a clinical-

use drug for CRC treatment (26). Indanone-derived compounds

have a broader range of different biological activities (43). The

IC50 values of ITH-6 are 0.44 µM, 0.98 µM, and 0.41 µM on HT-

29, COLO 205, and KM 12 cell lines, respectively. Also, the
A B

D E F

C

FIGURE 3

Effect of ITH-6 on the expression of ALD1HA1 and CD44: The effect of ITH-6 on the expression of ALDHA1 and CD44 on (A) HT-29 (B) COLO
205, and (C) KM 12 cells were tested after the cells were treated with 0.3, 1, and 3 mM of ITH-6 for 72 hours. Relative quantification of the effect
of ITH-6 on (D) CD44 in HT-29 and ALDH1A1 in (E) COLO 205 and (F) KM 12 cells. The expression levels of the target proteins were normalized
to GAPDH. Equal amounts of total cell lysates were used for each sample, and a Western blot analysis was performed. The figures are
representative of three independent experiments.
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A B

D E

F G

IH J

K L

M N

C

O

FIGURE 4

Effect of ITH-6 on the expression of cytoplasmic expression of IkBa, Topoisomerase I, and Procaspase-3 on (A, B) HT-29, (F, G) COLO 205, and (K,
L) KM 12 cells. The effect of ITH-6 on the expression of Topoisomerase I, Procaspase-3, and IkBa (cytoplasmic) was tested after the cells were
treated with 0.3, 1, and 3 mM of ITH-6 for 72 hours. Relative quantification of the effect of ITH-6 on cytoplasmic IkBa on (C) HT-29, (H) COLO 205,
and (M) KM 12 cells, Topoisomerase I on (D) HT-29, (I) COLO 205, and (N) KM 12 cells, and Procaspase-3 on (E) HT-29, (J) COLO 205, and (O) KM
12 cells. The expression levels of the target proteins were normalized to GAPDH. Equal amounts of total cell lysates were used for each sample, and
a Western blot analysis was performed. The figures are representative of three independent experiments. * p <.05 compared with the control group.
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previous data showed the mechanism of ITH-6 on the G2/M cell

cycle phase with little effect on other phases and caused an

increase in apoptosis.

It is already reported that ITH-6 induces intracellular ROS

production and causes a decrease in GSH levels in all three CRC

cell lines with the highest impact at 3 µM (26). Given that the

cytotoxicity on CRC cells could result from an inhibition of

some specific proteins related to the apoptotic pathway, we

conducted Western blotting analysis and RT-PCR to figure out

the mechanism of ITH-6. Our results indicate that the
Frontiers in Oncology 09
incubation of these cancer cells with 3 µM of ITH-6 for 72

hours notably decreased the expression of the nuclear fraction of

NF-kB p65 protein compared with cells incubated with vehicle,

and the downregulation is more predominant compared with 20

µM of the positive control, resveratrol. There was no significant

change in the cytoplasmic level of NF-kB p65 protein (an

inactive form that is bound to IkBa). ITH-6 acts only on the

nuclear fraction of NF-kB p65, thus proving that it is

downregulating the active form of NF-kB p65 protein, which

is responsible for the cytotoxicity of ITH-6 on these cell lines.
A B

D E F

C

FIGURE 5

Effect of ITH-6 on NF-kB p65 and Bcl-2 expression at mRNA levels on HT-29, COLO 205, and KM 12 cells. The effect of ITH-6 on NF-kB p65
mRNA expression on (A) HT-29, (B) COLO 205, (C) KM 12 cells, and Bcl-2 mRNA expression on (D) HT-29, (E) COLO 205, and (F) KM 12 cells
was tested after the cells were treated with 0.3, 1, and 3 µM of ITH-6 different concentrations for 72 hours. Points with error bars represent the
mean ± SD for independent determinations in triplicate. The figures are representative of three independent experiments. * p <.05, ** p <.01,
*** p <.001 and **** p <.0001 compared with the control group.
frontiersin.org

https://doi.org/10.3389/fonc.2022.949868
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Narayanan et al. 10.3389/fonc.2022.949868
Moreover, there was no significant change in the levels of

ALDH1A1, CD44, IkBa (nuclear and cytoplasmic), TOP I protein

upon treatment with ITH-6. The expression of ALDH1A1 was

absent in HT-29 cells, whereas CD44 was absent in COLO 205

and KM 12 cells. CD44 could be a surface marker in CRC, and

some of the CRC cells could be separated into two populations

based on CD44 expression, CD44- and CD44+ (44). ALDH1A1, a

member of ALD1H1 family is a prognostic predictor of many

cancers, including CRC. ALDH1A1 in CRC tissues also has a

heterogeneous expression pattern with differences in the rate and

intensity. This pattern is also observed in a study of 20 cases of

normal colorectal mucosa and 65 cases of CRC and their

corresponding adjacent tissues in which ALDH1A1 was

upregulated in some cases and downregulated in others (45).

There are 14 caspases in mammals. The caspases 8, 9, and 10 are
Frontiers in Oncology 10
activated by apoptotic stimulation, which activates further effector

caspases. Moreover, many studies show that active caspase-3 is

needed to induce apoptosis in response to chemotherapeutic

treatments. Caspase-3 is synthesized as a 32-kDa proenzyme

(procasoase-3), which is cleaved into two subunits and

reassociated to form the functionally active caspase-3 enzyme

(46). The enzyme TOP1 has a specific role in carcinogenesis.

Topoisomerase I (TOP1) cuts one strand in the double-stranded

DNA, independent of ATP, and topoisomerase II (TOP2) cuts

both strands in DNA and is dependent on ATP for its activity.

There are two types of topoisomerases, type I and type II

topoisomerase inhibitors interfere with the DNA replication.

Topotecan and irinotecan are TOP1 inhibitors and currently

used in the treatment of cervical and CRC (47). Inhibitors-of-

kappaB (IkB) is an inhibitor of NF-kB and includes various
A B

D E
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FIGURE 6

The effect of ITH-6 on the expression of NF-kB p65. (A) HT-29, (B) COLO 205, and (C) KM 12 cells were incubated for 72 hours with 0.3, 1, and
3 µM of ITH-6. The red color represents the presence of NF-kB p65, and the blue color represents the nucleus. (D) Docking pose of ITH-6
within the binding pocket of IkBa/NF-kB heterodimer. The protein is represented as multicolored ribbons. Amino acid residues are shown as
follows: nitrogen in blue, hydrogen in white, carbon in gray, and oxygen in red. The ligand is represented by the ball and stick model with
carbon atoms represented as carbon in green, nitrogen in blue, hydrogen in white, and sulfur in yellow. The yellow dashes represent the
hydrogen bonding. (E) 2-D ligand interaction between ITH-6 and the IkBa/NF-kB heterodimer. Magenta arrow represents hydrogen bonding
with amino acid residues within 5 Å of the ligand.
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isoforms, such as IkBa, IkBb, and IkBϵ. IkBa binds to NF-kB in

the cytoplasm and blocks the nuclear localization and

transcriptional activity of p65. It is only degraded if it is

phosphorylated, then ubiquitinated, and finally degraded by the

proteasome in a ubiquitin-dependent fashion (48).

The effect of ITH-6 may be on either a transcriptional or

translational level. The incubation of the abovementioned cancer

cells at various concentrations of ITH-6 for 72 hours decreased the

mRNA level of NF-kB p65 significantly compared with cells

incubated with vehicle. There was a considerable reduction in

the mRNA expression of Bcl-2, which is an anti-apoptotic protein

and a downstream molecule of the NF-kB pathway and variety of

cancers exhibit a higher expression of Bcl-2 and confer resistance

to the apoptotic effect of chemo- and radiotherapy (49).

Subsequently, an in vitro immunofluorescent experiment

showed that incubation with ITH-6 for a time point of 72 hours

decreased NF-kB p65 expression, which is consistent with the

Western blot and mRNA expression results. Furthermore,
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cytotoxicity assays on ABCB1- and ABCG2- overexpressing

cell lines showed that there was no significant difference in the

IC50 values of ITH-6, and it proves that it is not a substrate of

ABCB1 or ABCG2 transporter. If a drug is a substrate of ABC

transporter, it is more likely to extrude from cells, and that

affects the bioavailability of the drug. The results from the gene

knockout studies suggest that the NF-kB p65 gene knockout in

the HT-29-NF-kB p65ko cell line can be useful in investigating

whether ITH-6–induced cytotoxicity is related to the

downregulation of the target, NF-KB p65, which is highly

expressed in p53 mutant CRCs.

Finally, based on our in vitro results, preclinical studies in

the athymic nude mice models were conducted to determine

the effect of the anticancer effect of ITH-6 on tumor growth on

mice implanted with HT-29 and KM 12 cells. The oral

administration of 6 mg/kg of ITH-6 reduced the tumor

growth remarkably compared with mice that received

irinotecan (30 mg/kg i.p.). In addition, no marked change in
A

B

C

FIGURE 7

Confirmation of NF-kB p65 knockout in HT-29-NF-kB p65ko cells. (A) Western blotting result of NF-kB p65 protein expression level and (B)
relative quantification of NF-kB p65 in HT-29 and HT-29-NF-kB p65ko cells. The expression level of the target protein was normalized to
GAPDH. (C) Survival fraction (%) was measured after treatment with ITH-6 (µM) for 72 hours on HT-29 and HT-29-NF-kB p65ko cells. Points
with error bars represent the mean ± SD for independent determinations in triplicate. The figures are representative of three independent
experiments. ** p <.01 compared with the control group.
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body weight, WBC, and platelet counts were noted, suggesting

that ITH-6 can be well-tolerated at this dose and may be a

successful drug candidate for treating p53 mutant CRCs.

Furthermore, the anticancer efficacy of ITH-6 is better than

the positive control, irinotecan, which can be further proved by

its increased tumor concentration compared with irinotecan.

These data suggest that ITH-6 has a remarkable anticancer

activity in mice with HT-29/KM 12 xenografts at a dose that

does not produce notable toxic effects.

Anticancer drug discovery and development are one of the

great advancements, and in this manuscript, we demonstrate that
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ITH-6 is a potent cytotoxic agent against p53 mutant CRC cells

and has a preferable cytotoxic profile compared with other drugs

that are already approved for CRC. ITH-6 acts on the specific cell

cycle phase, causing G2/M phase arrest, and induces apoptosis by

elevating the intracellular ROS and decreasing the GSH levels. It

also inhibits tubulin polymerization and downregulates the

expression of the NF-kB p65 and Bcl-2 in these cell lines, which

further proves its role in the cytotoxicity of CRC cell lines. ITH-6

at a dose of 6 mg/kg p.o., did not produce any observable toxic

effects in the in vivo tumor xenografted mice during the treatment

period. It significantly decreased tumor size, growth rate, and
A

B

D

E
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FIGURE 8

ITH-6 inhibits tumor growth, volume, and weight in xenograft mouse model. NCR nude mice were inoculated with subcutaneous implantation
of HT-29 and KM 12 cells. During a 21-day treatment period, ITH-6 (6 mg/kg) significantly inhibited the growth, volume, and weight of (A–C)
HT-29 and (D–F) KM 12 tumor xenografts compared with the vehicle control and irinotecan group. Values represent the median ± SD of six
animals per group. Similar results were obtained in two independent experiments. * p <.05 and ** p <.01 compared with the control group.
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tumor volume in mice bearing HT-29 and KM 12 tumor

xenografts compared with irinotecan. Together with its

mechanism of action, ITH-6 could be a potential anticancer

drug candidate for p53 mutant CRC treatment.
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FIGURE 9

(A) Changes in mean body weight before and after treatment for xenograft model are shown. (B) The changes in mean white blood cells in
nude mice (n = 6) at the end of the 21-day treatment period and (C) the changes in mean platelets in nude mice (n = 6) at the end of the 21-
day treatment period. Plasma concentrations of (D) ITH-6 and (E) irinotecan in nude athymic mice at 5, 30, 60, 120, 180, and 240 minutes
following administration of ITH-6 (3 and 6 mg/kg) given orally and irinotecan (30 mg/kg) given intraperitoneally. (F) Intratumoral concentrations
of irinotecan and ITH-6 in KM 12 (n = 6) and HT-29 tumors (n = 6) following administration of these drugs. Points with error bars represent the
mean ± SD.
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K. Evaluation of the toxicity of anticancer chemotherapy in patients with colon
cancer. Adv Clin Exp Med (2015) 24:103–11. doi: 10.17219/acem/38154

14. Ganellin C. Indane and indene derivatives of biological interest. Adv Drug
Res (1967) 4:163–249.

15. Klaus M. Tetrahydronaphthalene and indane compounds useful as anti-
tumor agents. Google Patents (1983) 1:396–553.

16. Vilums M, Heuberger J, Heitman LH, IJzerman AP. Indanes–properties,
preparation, and presence in ligands for G protein coupled receptors. Med Res Rev
(2015) 35:1097–126. doi: 10.1002/med.21352
17. Yao S-W, Lopes V, Fernández F, Garcıa-Mera X, Morales M, Rodrıguez-
Borges J, et al. Synthesis and QSAR study of the anticancer activity of some novel
indane carbocyclic nucleosides. Bioorg Med Chem (2003) 11:4999–5006. doi:
10.1016/j.bmc.2003.09.005

18. Merga YJ, O’Hara A, Burkitt MD, Duckworth CA, Probert CS, Campbell BJ,
et al. Importance of the alternative NF-kB activation pathway in inflammation-
associated gastrointestinal carcinogenesis. Am J Physiol Liver Physiol (2016) 310:
G1081–90. doi: 10.1152/ajpgi.00026.2016

19. Pereira SG, Oakley F. Nuclear factor-kappaB1: regulation and function. Int J
Biochem Cell Biol (2008) 40:1425–30. doi: 10.1016/j.biocel.2007.05.004

20. Song W, Mazzieri R, Yang T, Gobe GC. Translational significance for tumor
metastasis of tumor-associated macrophages and epithelial-mesenchymal
transition. Front Immunol (2017) 8:1106. doi: 10.3389/fimmu.2017.01106

21. Zhong L, Chen X-F, Wang T, Wang Z, Liao C, Wang Z, et al. Soluble
TREM2 induces inflammatory responses and enhances microglial survival. J Exp
Med (2017) 214:597–607. doi: 10.1084/jem.20160844

22. Vlantis K, Wullaert A, Polykratis A, Kondylis V, Dannappel M, Schwarzer
R, et al. NEMO prevents RIP kinase 1-mediated epithelial cell death and chronic
intestinal inflammation by NF-kB-Dependent and -independent functions.
Immunity (2016) 44:553–67. doi: 10.1016/j.immuni.2016.02.020

23. Tosello V, Bordin F, Yu J, Agnusdei V, Indraccolo S, Basso G, et al.
Calcineurin and GSK-3 inhibition sensitizes T-cell acute lymphoblastic leukemia
cells to apoptosis through X-linked inhibitor of apoptosis protein degradation.
Leukemia (2016) 30:812–22. doi: 10.1038/leu.2015.335

24. Kwon H-J, Choi G-E, Ryu S, Kwon SJ, Kim SC, Booth C, et al. Stepwise
phosphorylation of p65 promotes NF-kB activation and NK cell responses during
target cell recognition. Nat Commun (2016) 7:11686. doi: 10.1038/ncomms11686

25. Tergaonkar V, Pando M, Vafa O, Wahl G, Verma I. p53 stabilization is
decreased upon NFkappaB activation: a role for NFkappaB in acquisition of
resistance to chemotherapy. Cancer Cell (2002) 1:493–503. doi: 10.1016/s1535-
6108(02)00068-5

26. Narayanan S, Gupta P, Nazim U, Ali M, Karadkhelkar N, Ahmad M, et al.
Anti-cancer effect of indanone-based thiazolyl hydrazone derivative on colon cancer
cell lines. Int J Biochem Cell Biol (2019) 110:21–8. doi: 10.1016/j.biocel.2019.02.004

27. Nazim U, Narayanan S, Ali M, Khan K, Ali B, Li J, et al. Synthesis,
characterization and cytotoxic effect of some new thiazolyl hydrazone derivatives
of 1-indanone. J Chem Soc Pakistan (2021) 43:244. doi: 10.52568/000564/JCSP/
43.02.2021

28. Lai GM, Chen YN, Mickley LA, Fojo AT, Bates SE. P-glycoprotein
expression and schedule dependence of adriamycin cytotoxicity in human colon
carcinoma cell lines. Int J Cancer (1991) 49:696–703. doi: 10.1002/ijc.2910490512

29. Carmichael J, DeGraff WG, Gazdar AF, Minna JD, Mitchell JB. Evaluation
of a tetrazolium-based semiautomated colorimetric assay: Assessment of
chemosensitivity testing. Cancer Res (1987) 47(4):936–42.

30. Bahuguna A, Khan I, Bajpai VK, Chul S. MTT assay to evaluate the
cytotoxic potential of a drug. Bangladesh J Pharmacol (2017) 12:8. doi: 10.3329/
bjp.v12i2.30892

31. Zhang Y-K, Zhang G-N, Wang Y-J, Patel BA, Talele TT, Yang D-H, et al.
Bafetinib (INNO-406) reverses multidrug resistance by inhibiting the efflux
frontiersin.org

https://doi.org/10.18632/oncotarget.5747
https://doi.org/10.2174/1574892814666190116111827
https://doi.org/10.2174/1574892814666190116111827
https://doi.org/10.1016/j.canlet.2018.10.020
https://doi.org/10.1002/jcb.25975
https://doi.org/10.3389/fcell.2021.697927
https://doi.org/10.3389/fcell.2021.697927
https://doi.org/10.1016/j.drup.2019.100663
https://doi.org/10.3322/caac.21590
https://doi.org/10.1038/nrdp.2015.65
https://doi.org/10.1038/nrdp.2015.65
https://doi.org/10.1016/B978-0-12-816435-8.00001-8
https://doi.org/10.1016/B978-0-12-816435-8.00009-2
https://doi.org/10.1093/annonc/mdu260
https://doi.org/10.1038/sj.bjc.6602783
https://doi.org/10.17219/acem/38154
https://doi.org/10.1002/med.21352
https://doi.org/10.1016/j.bmc.2003.09.005
https://doi.org/10.1152/ajpgi.00026.2016
https://doi.org/10.1016/j.biocel.2007.05.004
https://doi.org/10.3389/fimmu.2017.01106
https://doi.org/10.1084/jem.20160844
https://doi.org/10.1016/j.immuni.2016.02.020
https://doi.org/10.1038/leu.2015.335
https://doi.org/10.1038/ncomms11686
https://doi.org/10.1016/s1535-6108(02)00068-5
https://doi.org/10.1016/s1535-6108(02)00068-5
https://doi.org/10.1016/j.biocel.2019.02.004
https://doi.org/10.52568/000564/JCSP/43.02.2021
https://doi.org/10.52568/000564/JCSP/43.02.2021
https://doi.org/10.1002/ijc.2910490512
https://doi.org/10.3329/bjp.v12i2.30892
https://doi.org/10.3329/bjp.v12i2.30892
https://doi.org/10.3389/fonc.2022.949868
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Narayanan et al. 10.3389/fonc.2022.949868
function of ABCB1 and ABCG2 transporters. Sci Rep (2016) 6:25694. doi: 10.1038/
srep25694

32. Shukla S, Jhamtani R, Dahiya M, Agarwal DR. A novel method to achieve
high yield of total RNA from zebrafish for expression studies. International J.
Bioassays (2017) 6:5383–85. doi: 10.21746/ijbio.2017.05.004

33. Wang Y-J, Zhang Y-K, Zhang G-N, Al Rihani SB, Wei M-N, Gupta P, et al.
Regorafenib overcomes chemotherapeutic multidrug resistance mediated by
ABCB1 transporter in colorectal cancer: In vitro and in vivo study. Cancer Lett
(2017) 396:145–54. doi: 10.1016/j.canlet.2017.03.011

34. Patel BA, Abel B, Barbuti AM, Velagapudi UK, Chen Z-S, Ambudkar SV,
et al. Comprehensive synthesis of amino acid-derived thiazole peptidomimetic
analogues to understand the enigmatic Drug/Substrate-binding site of p-
g lycopro te in . J Med Chem (2018) 61 :834–64 . do i : 10 .1021/acs .
jmedchem.7b01340

35. Wu Z-X, Yang Y, Teng Q-X, Wang J-Q, Lei Z-N, Wang J-Q, et al.
Tivantinib, a c-met inhibitor in clinical trials, is susceptible to ABCG2-mediated
drug resistance. Cancers (Basel) (2020) 12:186. doi: 10.3390/cancers12010186

36. Narayanan S, Fan Y-F, Gujarati NA, Teng Q-X, Wang J-Q, Cai C-Y, et al.
VKNG-1 antagonizes ABCG2-mediated multidrug resistance via p-AKT and bcl-2
pathway in colon cancer: In vitro and In vivo study. Cancers (Basel) (2021) 13:1–22.
doi: 10.3390/cancers13184675

37. Bunting KD. ABC Transporters as phenotypic markers and functional
regulators of stem cells. Stem Cells (2002) 20:274. doi: 10.1634/stemcells.20-3-274
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