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TOP1-binding arginine/serine-rich protein (TOPORS), a really interesting

new gene finger protein, has the ability to bind to a palindromic consensus

DNA sequence that enables it to function as a potential transcriptional

regulator. However, its role in regulating the transcription of cancer-

associated genes is yet to be explored. As Toll-like receptor 4 (TLR4) ago-

nists are known to regress solid tumors, we observed that lipopolysaccha-

ride (LPS) induces TOPORS via a TLR4-TIR domain-containing adapter-

inducing interferon-b-dependent pathway, which in turn modulates the

transcription of tumor suppressor scaffold/matrix attachment region-

binding protein 1 (SMAR1, also known as BANP). ChIP analysis showed

that TOPORS binds on the SMAR1 promoter and its occupancy increases

upon LPS treatment. A previous study from our laboratory revealed that

SMAR1 acts as a repressor of signal transducer and activator of transcrip-

tion 3 (STAT3) transcription. Tumor growth, as well as tumor-associated

macrophage polarization, depends on the status of the STAT1:STAT3

ratio. LPS-induced SMAR1 expression decreases STAT3 expression and

also skews the macrophage polarization toward M1 phenotype. In contrast,

LPS failed to polarize tumor-associated macrophages to M1 phenotype in

a SMAR1-silenced condition, which shows the involvement of SMAR1 in

dictating the fate of colorectal cancer progression. Identification of the

molecular mechanism behind LPS-mediated tumor regression would be

crucial for designing cancer treatment strategies involving bacterial

components.

1. Introduction

Colorectal cancer (CRC) is one of the most frequent

cancer and a leading cause of cancer-associated deaths

worldwide [1]. It arises due to the accumulation of var-

ious genetic and epigenetic chromatin modifications

that results in the inactivation of several important

tumor suppressor genes and reactivation of oncogenes

[2–5]. The progression of CRC is a multistep phenom-

enon that initiates with a somatic driver mutation fol-

lowed by the development of epithelial adenoma that

finally takes shape of a highly malignant and invasive
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adenocarcinoma. Taking into consideration the critical

role played by epigenetic modifications in initiating

CRC, it has been observed that nearly 95% sporadic

cases, that is, people affected by CRC, have no heredi-

tary links to disease development. Therefore, mainte-

nance of an appropriate chromatin architecture is of

utmost importance. Microbial pathogen-associated

molecular pattern (PAMP) recognition by Toll-like

receptors (TLRs) triggers an innate immune response

[6]. The rapid activation of numerous TLR-responsive

genes upon ligand stimulation is due to the involve-

ment of extensive chromatin remodeling [7]. Initially,

it was believed that TLRs are only present on the

immune cells, but later, their presence was also found

on the cancer cells [8,9]. TLR ligands are also known

to exhibit an anticancer response through various

mechanisms [10]. Lipopolysaccharide (LPS) is a spe-

cific ligand of Toll-like receptor 4 (TLR4) and is

known to regress tumors by regulating the cytokine

generation and recruitment of immune cells at the

tumor site [10–14]. TLR4 is the only receptor that uti-

lizes both myeloid differentiation primary response

protein 88 (MyD88) and TIR domain-containing

adapter-inducing interferon-b (TRIF)-dependent path-

way for the production of proinflammatory cytokines

and type I interferons (IFNs), respectively [15]. Active

TLR4 signaling regulates various LPS-inducible genes

via remodeling the chromatin organization [16–18] in a

gene-specific manner; that is, the genes responsible for

providing protection to the host continues to tran-

scribe even under LPS tolerance conditions [19]. Sev-

eral expression profiling studies have also shown that

majority of the LPS-inducible genes are regulated via

TLR4-TRIF-dependent pathway [20,21]. A recent

study involving gene regulation analysis reported that

most of the MyD88-dependent genes were transcrip-

tionally repressed under LPS tolerance condition,

whereas the genes that were actively transcribing con-

tained an IFN regulatory factor 4 (IRF4) and zinc fin-

ger motif on their promoter [22].

TOP1-binding arginine/serine-rich protein (TOPORS)

is a nuclear really interesting new gene (RING) family

zinc finger protein that displays both ubiquitination and

SUMOylation functions [23]. TOPORS was found to be

colocalizing with promyelocytic leukemia nuclear bodies

[24], and its expression was substantially reduced in vari-

ous cancers, implicating it to be a potential tumor sup-

pressor protein [25–29]. A recent study has highlighted

that TOPORS regulates the higher order chromatin archi-

tecture and loss of TOPORS is associated with malignant

transformation of cells [30].

Scaffold/matrix attachment region-binding protein 1

(SMAR1) is a tumor suppressor protein expression of

which is drastically reduced during cancer progression

[31–33]. It is also known to negatively regulate the tran-

scription of genes that are involved in tumorigenesis

[31,34,35]. A study from our laboratory has shown that

SMAR1 represses the transcription of signal transducer

and activator of transcription 3 (STAT3) in T cells by

binding to the matrix attachment region, �229 to �478

and �660 to �840 upstream of transcription start site

(TSS) sequences present on its promoter, whereas upon

interleukin (IL)-6-mediated suppression of SMAR1 or

in the SMAR1 knockdown condition, there is an

enhanced expression of STAT3, which leads to the

development of ulcerative colitis and hence intensifies

the risk of establishment of colorectal cancer [36]. Vari-

ous studies have already highlighted the involvement of

IL-6-STAT3 signaling axis in promoting CRC [37].

Also, an adequate balance between STAT1 and STAT3

is very crucial for shaping the fate of macrophage polar-

ization and tumor progression [38]. LPS is known to

skew the macrophage polarization toward M1 pheno-

type, thereby creating an antitumor microenvironment

[39,40].

Herein, we wanted to explore whether TLR ligands

could regulate the expression of any tumor suppressor

gene apart from the induction of proinflammatory cyto-

kines in order to immunomodulate the tumor microen-

vironment. We observed that LPS treatment resulted in

an enhanced SMAR1 expression via the involvement of

TLR4-TRIF-dependent pathway. In silico analysis

revealed an increase in the occupancy of TOPORS

[25,28] on SMAR1 promoter. TOPORS activates the

transcription of genes by binding to a particular palin-

dromic consensus sequence [41]. SMAR1 promoter har-

bors the identical TOPORS binding sequence. We also

observed that LPS-induced SMAR1 promotes M1 mac-

rophage polarization by modulating the expression of

STAT3. This study reveals an alternate molecular mech-

anism behind LPS-mediated tumor regression that

involves TOPORS-regulated fine-tuning of tumor sup-

pressor SMAR1, which dictates the ultimate fate of

colorectal cancer progression.

2. Materials and methods

2.1. Cell culture and reagents

HCT116, HT29, HEK293T, MCF7, and CT26 cells

were cultured in Dulbecco’s Modified Eagle Medium

(DMEM). All these cell lines were maintained at

37 °C in an incubator with 5% CO2 and 95% relative

humidity. L-15 media were used to culture SW620 and

SW480 cell line at 37 °C without CO2. Caco-2 cells
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were cultured in MEM, whereas RPMI media were

used to culture 4T1 and COLO-205 cells. All the

media were supplemented with 10% FBS, 100 U�mL�1

penicillin, and 100 µg�mL�1 streptomycin (Invitrogen,

Carlsbad, CA, USA). DMEM, L-15, MEM, and

RPMI were purchased from Gibco, Thermo Fisher

Scientific, Waltham, MA, USA. Except for CT26 and

4T1, all the other cell lines were obtained from Cell

Repository, NCCS, Pune, India. CT26 and 4T1 cells

were kindly provided by A. Bajaj, Regional Centre for

Biotechnology, India, and M. Wani, National Centre

for Cell Science, India, respectively. The authentication

of all the cell lines was done using short tandem repeat

(STR) profiling, and a 100% match was found

between the tested cell lines and the ATCC STR pro-

file database. Once revived, the cells were kept in cul-

ture for up to 10 passages. Cells were stimulated

in vitro with LPS/Flagellin/Pam3CSK4 for 24 h prior

to protein and RNA isolation. TLR4 ligand LPS

[Escherichia coli 055:B5 (Cat. no.: L6529-1MG)],

FITC-LPS (Cat. no.: F8666-5MG), TLR5 ligand Fla-

gellin (Cat. no.: SRP8029-10UG), TLR4 inhibitor

TAK-242 (Cat. no.: 614316-5MG), TBK1/IKKε

(downstream of TRIF) inhibitor BX-795 (Cat. no.:
SML0694-5MG), and TLR3 ligand Poly(I:C) (Cat. no.:
I3036-2MG) were procured from Sigma-Aldrich, St.
Louis, MO, USA. Anti-TLR4-neutralizing antibody (HTA
125; Cat. No.: 312808) was procured from BioLegend,
San Diego, CA, USA. TLR1/2 ligand Pam3CSK4 (Cat.
no.: sc-202271) was obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). MyD88 homodimerization
inhibitor peptide set (Cat. no.: NBP2-29328) was pur-
chased from Novus Biologicals, Centennial, CO, USA.
The list of all the antibodies used along with supplier
details is provided in Table S1.

2.2. Expression vectors, siRNAs, and transfection

Full-length TOPORS was cloned in 3X-FLAG CMV

vector (Sigma-Aldrich) and was used for overexpression

studies in HCT116 cell line. SilencerTM select siRNA

against SMAR1 (s233732), TOPORS (s19912), and

interferon regulatory transcription factor 3 (IRF3;

s79432) were purchased from Thermo Fisher Scientific.

SilencerTM select negative siRNA (Cat. no.: 49390843)

was used as control. Transfection was performed once

the cells reached 70–80% confluency. Lipofectamine

2000 was used for transfecting plasmid DNA, whereas

siRNA transfection was done using RNAi Max (Invi-

trogen) in the ratio of 1 (plasmid/siRNA) : 3 (Lipofec-

tamine 2000/RNAi Max). The cells were cultured for

24 h after transfection and were kept for additional

24 h upon LPS treatment and under control conditions.

2.3. Lentiviral transduction and in vivo tumor

model

BALB/c female mice (6–8 weeks) were acquired from

animal facility at National Centre for Cell Science,

India (Registration No. 7/GO/ReBi/s99/CPCSEA:09/

03/1999). Experiments were performed in accordance

with the CPCSEA guidelines after ethical clearance

from the institutional committee (Project No. IAEC/

EAF/2018/327). The mice were housed in a germ-free

condition throughout the experiment. Tumor model

was generated by injecting 1 9 106 control or SMAR1

knockdown stable CT26 cells subcutaneously in the

BALB/c mice. SMAR1 knockdown stable CT26 cells

were generated by transducing control or Lenti-

SMAR1 (previously described protocol [42]) by mixing

viral supernatant and culture medium in 1 : 1 ratio.

Selection of stable CT26 cells was done using puromy-

cin (1.5 lg�mL�1), which was purchased from Sigma-

Aldrich. Once the tumor volume reached approxi-

mately 5 mm3, LPS (5 µg/100 µL) or PBS (100 µL)
was injected around the tumor site every alternate day

for 12 days. The animals were euthanized using CO2,

and tumors were harvested for further examination.

2.4. Western blotting

Harvested cells were lysed for 30 min in TNN buffer

comprising of 50 mM Tris-Cl (pH 7.5), 1% NP-40,

150 mM NaCl, 1 mM DTT, 1 mM EDTA along with

1 mM PMSF, 1X Protease inhibitor cocktail (Pierce,

Thermo Fisher Scientific, Waltham, MA, USA), and

phosphatase inhibitor, 1X PhosSTOP (Sigma-Aldrich).

The protein extraction was done by centrifuging the

lysed samples for 30 min at 16 000 g at 4 °C. Quantifi-

cation of the protein present in the collected supernatant

was performed using Bradford’s reagent (Bio-Rad, Her-

cules, CA, USA). After quantitation, equal amount of

protein was resolved on 10% SDS/PAGE and was elec-

trotransferred to poly(vinylidene difluoride) membrane

(Millipore, Burlington, MA, USA). Blocking of mem-

brane was done either in 5% skimmed milk or in 5%

BSA (MP Biomedical, Irvine, CA, USA) to prevent any

nonspecific binding. The membranes were incubated

overnight with primary antibody at 4 °C. The primary

antibodies used for immunoblotting were SMAR1

(Bethyl Laboratories, Montgomery, TX, USA); b-actin
and TLR4 (Santa Cruz Biotechnology); STAT1,

STAT3, pSTAT1, pSTAT3, p-p65, p65, pJNK, JNK,

IRF3, p-IRF3, and FLAG (Cell Signaling Technologies,

Beverly, MA, USA); and TOPORS (Santa Cruz Bio-

technology and Novus). The membranes were then incu-

bated for 1 h with horseradish peroxidase (HRP)-
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tagged species-specific secondary antibodies at room

temperature. The signal detection was done by chemilu-

minescence using ECL chemiluminescence substrate

(Thermo Fisher Scientific). Quantitation of all the blots

was done, and the values below the blot represent the

fold change relative to control, which was calculated

after normalization with b-actin.

2.5. Co-immunoprecipitation

Cells were lysed using TNN buffer [50 mM Tris-Cl (pH

7.5), 1% NP-40, 150 mM NaCl, 1 mM DTT, 1 mM

EDTA, 0.5 mM PMSF, 1X Protease inhibitor (PI)

cocktail, and phosphatase inhibitor (1X PhosSTOP)

cocktail], and 500 µg of protein was used for a single

reaction. The whole-cell lysate was precleared with

IgG and protein A/G beads for 1 h at 4 °C. Next, the

precleared cell lysate was incubated overnight with

specific antibody, keeping it on constant (7 r.p.m.)

rotation at 4 °C. The immunoprecipitant complex was

then pulled down using A/G beads (Invitrogen) at

4 °C. After thoroughly washing the beads with IP

buffer, proteins bound to A/G beads were eluted using

2X SDS dye and were detected by western blotting.

2.6. Real-Time PCR

Total RNA extraction from cultured cells was done

using TRIzol reagent (Invitrogen) according to the pre-

scribed protocol, and cDNA was synthesized from 2 µg
RNA using M-MLV RT Master Mix (Invitrogen). The

cDNAs were amplified with iQ SYBR Green Real-Time

PCR Supermix (Bio-Rad Laboratories). The mRNA

transcript expression of the gene of interest was normal-

ized in accordance with the housekeeping gene, that is,

18S rRNA. The calculation of relative fold change

of the test sample was done with respect to the

control condition utilizing the formula 2(�DDCt), where

(�DDCt) = (Ct control � Ct target). The complete

primer list and their sequences are provided in Table S2.

2.7. In silico analysis of SMAR1 promoter for

luciferase reporter assay

Transcription factor binding sites on SMAR1 pro-

moter region were analyzed using online available

TRANSFAC database [43] in order to understand the

fundamentals of transcriptional regulation of SMAR1

upon LPS treatment. Transcription factor LUN1/

TOPORS was showing the maximum binding score.

After thoroughly reviewing the literature, we observed

that SMAR1 promoter harbors the exact consensus

sequence on which TOPORS is known to bind. Hence,

transcription factor TOPORS was shortlisted for fur-

ther in vitro analysis.

2.8. SMAR1 promoter cloning and dual-luciferase

reporter assay

Sequence of SMAR1 promoter was collected from

Eukaryotic Promoter Database (EPD) [44]. The selec-

tion of minimal promoter region for cloning [713bp

(upstream of TSS)] was based on the presence of

TOPORS binding consensus sequence [41] within that

region, along with other regulatory elements such

TATA box. Next, the selected region was amplified by

PCR from human genomic DNA using promoter-

specific forward primer (KpnI restriction site) 50-
GGGGTACCTTTTGCCACGAAGTAACCCA-30 and
reverse primer (HindIII restriction site) 50-CCCAAG

CTTTGTGCGTTTGTGGGTAATCA-30 (IDT, Coral-

ville, IA, USA). It was then inserted in pGL3 basic

luciferase reporter vector (Promega, Madison, WI,

USA) between KpnI and HindIII restriction sites

(New England Biolabs, Ipswich, MA, USA), and the

cloned vector is mentioned as SMAR1 promoter

construct in this study. Control pGL3 basic vector

(2.0 µg�mL�1) or SMAR1 promoter construct

(2.0 µg�mL�1) was transfected in HCT116 cells along

with internal control Renilla luciferase vector

(200 ng�mL�1). The cells were also co-transfected with

negative siControl and siTOPORS (10 pM) wherever

required. After 24 h of transfection, cells were treated

with TLR4 inhibitor (TAK-242) 1 h prior to LPS

(1 µg�mL�1) stimulation if needed and were harvested

24 h post-treatment. Dual-luciferase assay was per-

formed as per the manufacturer’s instructions (Promega).

Modulus II Multi-Mode Plate Reader from Turner Bio-

systems (Promega) was used to measure the relative light

units. Differences in transfection efficiencies of firefly

luciferase activity were corrected with Renilla activity.

2.9. ChIP

Cross-linking of approximately 1 9 106 HCT116 cells

was done using 1% formaldehyde for 15 min at room

temperature. Cells were then thoroughly washed with

1X PBS, and 125 mM glycine was added for 2 min to

quench the cross-linking reaction. Next, the cells were

harvested by centrifugation at 8000 g for 5 min at

4 °C. Cells were then lysed in SDS lysis buffer contain-

ing PI cocktail for 10 min followed by shearing of

genomic DNA by sonicating the lysate in order to

obtain the DNA fragment of ˜ 500 bp. After centrifu-

gation, 20 lL of the supernatant containing sheared

chromatin was kept aside as input. The preclearance
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of sonicated chromatin was done for 1 h by adding

10 lL of Salmon sperm DNA/Protein A agarose beads

(EMD Millipore Corp., Burlington, MA, USA) at

4 °C. Beads were separated by centrifugation at 1400 g

for 1 min, and 2 lg of TOPORS (Novus), H3K9ac

and H3K27me3 (Cell Signaling Technologies) antibody

was added to the respective tube containing diluted

supernatant having 10 lg of chromatin, which was

then incubated overnight at 4 °C. Salmon sperm

DNA/Protein A agarose beads (15 lL) were added for

another 1 h to precipitate the antibody–DNA com-

plex. The beads were collected by gentle centrifugation

at 1400 g for 1 min and were then washed sequen-

tially with low salt, high salt, LiCl, and TE buffer by

rotating at 14 r.p.m. for 5 min followed by bead col-

lection via centrifugation at 1400 g for 1 min each.

Elution of histone complexes from antibody was done

using freshly prepared elution buffer. Reverse cross-

linking was performed in all the samples, as well as

the input using 5 M NaCl at 65 °C for 4 h. After this,

all the proteins present in the sample and input were

degraded by proteinase K treatment for 1 h at 45 °C.
DNA extraction was performed by phenol/chloroform/

isoamyl alcohol, and quantitative PCR was done using

SMAR1 promoter-specific primers, that is, forward:

TTATTGGCAAAAGGGAGTTGGG, reverse: CGA

GGCAGCTATTTTCACTGG.

2.10. Immunocytochemistry and

immunohistochemistry

Cells were seeded in the chamber slides and were treated

with LPS (1 µg�mL�1) for 24 h. Fixation of cells was done

using 4% paraformaldehyde for 10 min at room tempera-

ture. The cells were then thoroughly washed thrice with

1X PBS and permeabilized for 10 min using 0.1% Triton

X-100. The blocking of cells was done in 5% FBS for 1 h

followed by overnight incubation in desired primary anti-

body at 4 °C. Next, fluorescent-labeled secondary anti-

body cocktail was added to the cells for 1 h and

incubation was done in a dark place at room temperature.

The slides were visualized in Olympus FV3000 CLSM

confocal microscope (Olympus, Tokyo, Japan). Tumor

sections were paraffin-embedded for carrying out immu-

nohistochemistry (IHC) and hematoxylin and eosin

(H&E) staining. Observation of H&E slides was done at

209 magnification using a Nikon light microscope

(Nikon, Tokyo, Japan). For IHC, the slides were deparaf-

finized and rehydrated briefly. After antigen retrieval, the

permeabilization of tissue sections was done using 0.1%

Triton X-100 for 15 min. Overnight incubation was done

after adding primary antibody against SMAR1 (1 : 500)

and TOPORS (1 : 200) at 4 °C. Incubation of tissue

sections in secondary antibody cocktail (Life Technolo-

gies, Carlsbad, CA, USA) was done at room temperature

for 1 h. The tissue sections were then mounted in fluor-

oshield media with DAPI (Sigma-Aldrich) and were visu-

alized in Olympus FV3000 CLSM Confocal microscope at

639magnification.

2.11. Macrophage isolation and FACS analysis

Peritoneal macrophages were isolated from BALB/c mice

and cultured in RPMI medium. After they attained mor-

phology, the cells were transfected with siSMAR1

(20 pM). Conditioned media (CM) from CT26 cells (con-

trol and LPS-treated) were added in cultured macrophages

and incubated for 24 h. IFN-b-neutralizing antibody (Cat

no.: 324001, Thermo Fisher Scientific) was also added in

one of the LPS-treated CT26 cells; later, these CM were

added in the cultured macrophages to check the effect of

depletion of IFN-b on macrophage polarization. After

incubation, the cells were stained with F4/80 APC,

CD45R FITC, CD86-PE, and CD 206-PE (eBioscience,

San Diego, CA, USA) antibodies and the macrophage

polarization was analyzed using fluorescence-activated cell

sorting (FACS). FLOWJO version 7 software (BD Biosci-

ence, San Jose, CA, USA) was used for data analysis.

2.12. ELISA

Conditioned media were collected from CT26 cell line

upon LPS treatment at 6, 12, and 24 h. Sandwich

ELISA was carried out according to the manufac-

turer’s defined protocol to measure the levels of IFN-

b, IL-1b, IL-12, and TNF (R&D Systems, Minneapo-

lis, MN, USA) in the collected CM.

2.13. Statistical analysis

The data are represented as mean � standard deviation.

All the in vitro experiments were performed three times

independently. The mean of different conditions was

compared using Student’s t-test or by one/two-way

ANOVA, followed by post hoc Bonferroni test wherever

required. The statistical significance was accepted when

P < 0.05. GRAPHPAD PRISM (v.5.01) (GraphPad, San

Diego, CA, USA) was used to plot the graphs and per-

form all the statistical analyses.

3. Results

3.1. TLR4 agonist, neither TLR1/2 nor TLR5,

upregulates SMAR1 expression

Previous studies have shown that TLR agonists have

the potential to regress tumors by regulating the
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expression of various proinflammatory cytokines,

thereby immunomodulating the tumor microenviron-

ment [45–48]. To investigate whether TLR agonists

exert any effects on the expression of tumor suppressor

SMAR1, HCT116 cells were stimulated with

Pam3CSK4 (TLR1/2 agonist), Flagellin (TLR5 ago-

nist), and LPS (TLR4 agonist) in a concentration-

dependent manner for 24 h. We observed that the

expression of SMAR1 transcript under Pam3CSK4

and Flagellin stimulation was changed by only 1.15-

and 1.2-fold, respectively, as compared to the control

(Fig. 1A,C), which is also being reflected at the protein

level (Fig. 1B,D). In contrast, treatment with

1 µg�mL�1 LPS elevated SMAR1 expression by three-

fold at transcript level (Fig. 1E) that eventually

enhances its protein expression (Fig. 1F). The expres-

sion of TLR4 is also known to upregulate under LPS

stimulation via TLR4-IRAK-NF‑jB pathway [49]. An

enhanced expression of TLR4 was also observed along

with SMAR1 in HCT116 cells. Once activated, TLR

signaling is known to trigger NFj-B and MAP kinase

pathway [50]. In order to confirm the activation of

TLR pathway upon stimulation with specific ligands,

expression of positive controls, that is, total and phos-

phorylated p65 and JNK, was also assessed via west-

ern blotting in HCT116 cells. b-Actin was used as an

internal control. Hence, it can be concluded that

enhanced SMAR1 expression is because of the increase

in its transcription, as no change was observed while

looking for the degradation of SMAR1 by ubiquitina-

tion pathway upon LPS stimulation (Fig. S1A). A

time-dependent study also displayed a gradual

enhancement of SMAR1 expression at protein level

upon increasing the LPS treatment time, which was

observed to be declining at 48-h time point that could

be due to excessive cell death at both protein

(Fig. S1B) and mRNA (Fig. S1C) levels. Immunofluo-

rescence studies highlighted that TLR4 expression also

increases upon LPS treatment (Fig. 1G). In order to

confirm the consistency of SMAR1 expression upon

LPS stimulation, cancer cell lines of different grade

and origin along with HEK293T cells were induced

with LPS in a concentration-dependent manner.

Indeed, LPS was able to induce SMAR1 expression in

all the tested cell lines at protein level (Fig. 1H). Next,

mRNA expression of SMAR1 transcript was checked

in all the tested cell lines and an increase in the

SMAR1 transcript level was observed, which was

finally being reflected at its protein expression

(Fig. S1D). Also, flow cytometry studies revealed an

increase in the surface expression of TLR4 upon LPS

stimulation (1 µg�mL�1) in different colorectal cancer

cell lines (Fig. S1E). These findings suggest that LPS

stimulation universally induce SMAR1 expression

independent of its origin. Hence, it can be concluded

that no other surface TLR agonist apart from LPS

was able to regulate the expression of SMAR1.

3.2. SMAR1 expression is governed by

TLR4-TRIF-dependent pathway

TLR4 is known to trigger the innate immune response

upon LPS recognition [51]. In order to confirm the

involvement of TLR4 pathway in regulating SMAR1

expression, TLR4 signaling was inhibited using a spe-

cific chemical inhibitor TAK-242 (TLR4i) and TLR4-

neutralizing antibody (HTA 125). It has been observed

that LPS stimulation does not affect protein and tran-

script levels of SMAR1 if TLR4 signaling is abrogated

(Fig. 2A,B, Fig. S2A,B). Upon ligand binding, TLR4

relays the downstream signaling via two different

routes, that is, MyD88-dependent and TRIF-

dependent pathways [6]. To further delineate the

pathway, we inhibited TLR4-MyD88 pathway using

MyD88 homodimerization inhibitor peptide set, con-

taining Pepinh-MyD (DRQIKIWFQNRRMKWKK

RDVLPGT) and Pepinh-Control (DRQIKIWFQ

NRRMKWKK) (Cat. no.: NBP2-29328) [52]. We

observed that in spite of MyD88 pathway inhibition,

protein and transcript levels of SMAR1 were elevated

upon LPS stimulation, confirming MyD88 pathway

has no role to play in LPS-induced SMAR1 expression

(Fig. 2C,D). On the contrary, upon TLR4-TRIF path-

way inhibition using BX-795 (Cat. no.: SML0694),

LPS treatment was unable to trigger the expression of

SMAR1 protein and its transcript (Fig. 2E,F). These

observations strongly highlight that enhanced expres-

sion of SMAR1 by LPS stimulation utilizes TLR4-

TRIF-dependent pathway. Apart from TLR4, TLR3 is

the only PRR that signals via TLR4-TRIF pathway.

So, we checked the expression of SMAR1 upon TLR3

pathway stimulation. We found that similar to LPS,

TLR3 ligand Poly(I:C) was also able to enhance the

expression of SMAR1 protein and 2.5-fold increase

in its transcript level in HCT116 cells confirming

the involvement of TLR4-TRIF pathway (Fig. 2G,H).

TLR4-TRIF pathway also results in the generation

of type 1 IFNs by activating transcription factor,

IRF3. Silencing of IRF3 using siRNA (10 pM) resulted

in a decrease in the expression of SMAR1,

implicating that SMAR1 is downstream to IRF3 in

TLR4-TRIF signaling cascade (Fig. S2C). Internaliza-

tion of TLR4 happens at a later stage upon ligand

binding, which is essential for TRIF-dependent signal-

ing to progress. We observed the LPS uptake in a

time-dependent manner using FITC-tagged LPS by
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confocal microscopy. Indeed, FITC-LPS was found to

be located in the cytoplasm after few hours of the

treatment (Fig. S2D). Collectively, these findings

imply that TLR4-TRIF-dependent pathway and not

MyD88-dependent signaling is responsible for regulat-

ing SMAR1 expression.

Fig. 1. SMAR1 expression upon TLR agonist treatment. Western blot showing the expression of SMAR1 during the concentration-dependent

treatment of (A) TLR1/2 ligand, Pam3CSK4, (C) TLR5 ligand, Flagellin, and (E) TLR4 ligand, LPS, in HCT116 cell line. Total and phospho-p65 or

JNK were used as positive controls. b-Actin was used as an endogenous loading control. The graphs represent the fold change relative to

control, which was calculated after normalization with b-actin. Real-time quantification of SMAR1 transcript was also carried out in a dose-

dependent manner upon (B) Pam3CSK4, (D) Flagellin, and (F) LPS treatment in HCT116 cell line. Relative fold change for all the real-time

quantitation was calculated using 18S rRNA. Confocal images representing the (G) time-dependent expression of SMAR1(red) and TLR4 (green)

under LPS (1 lg�mL�1) treatment condition. DAPI was used to stain the nucleus. The scale bar represents 20 lm. (H) Western blot showing

SMAR1 expression upon LPS treatment in different human colon cancer cell lines of increasing grades, human breast cancer cell line, MCF 7, a

mouse breast cancer cell line 4T1 along with a noncancerous cell line HEK293T. Data shown are representative of three independent

experiments. Error bars indicate that all the values are mean � SD, where **P < 0.01, ***P < 0.001 (one-way ANOVA, Bonferroni post-tests).
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3.3. TOPORS positively regulates SMAR1

expression at transcription level

In the current study, through in silico analysis, it has

been found that SMAR1 promoter contains an identi-

cal TOPORS binding consensus sequence (Fig. S3A).

Hence, we speculated that TOPORS might have a role

to play in regulating SMAR1 expression. To verify

that, ChIP was performed in order to find the binding

of TOPORS on SMAR1 promoter. Interestingly,

TOPORS was indeed binding on SMAR1 promoter as

its occupancy was increased by 3.5-fold upon LPS

treatment as compared to the untreated condition.

Silencing of TOPORS using siRNA (10 pM) resulted

in a decrease in immunoprecipitation of chromatin as

compared to treatment condition (Fig. 3A). Next, to

Fig. 2. SMAR1 expression upon LPS treatment after inhibiting TLR4 signaling and its downstream pathways. Western blot analysis showing

SMAR1 expression upon (A) inhibiting TLR4 pathway using TAK-242 (5 lM) in the absence and presence of LPS (1 lg�mL�1) treatment in

HCT116 cell line. Only LPS treatment condition was used as positive control. Total and phospho-p65 were used as positive control (B) Real-

time analysis was carried out to check the transcript levels of SMAR1 in HCT116 cell line upon inhibiting TLR4 pathway. Next, MyD88-

dependent pathway was inhibited using peptide inhibitor against MyD88 (Pepinh-MYD: 10 lM). (C) SMAR1 expression was checked by

western blotting, where pJNK/JNK was used as positive control to track the activation of MyD88 pathway. (D) Real-time quantification of

SMAR1 transcript was also done upon inhibition of MyD88 pathway. TRIF-dependent pathway was inhibited using BX-795 (10 lM). (E)

Expression of SMAR1 was observed using western blot and (F) real-time PCR upon inhibiting TRIF-dependent pathway. TLR3 agonist Poly(I:

C) also uses TRIF-dependent pathway to relay the downstream signals. (G) Western blot showing the expression of SMAR1 upon Poly(I:C)

treatment, where the expression of p-IRF3 was used as positive control. (H) Transcript levels of SMAR1 after Poly(I:C) treatment in HCT116

cell line. b-Actin was used as an endogenous loading control in all the western blots. The values below the blot represent the fold change

relative to control, which was calculated after normalization with b-actin. Relative fold change for all the real-time quantitation was

calculated using 18S rRNA. Data shown are representative of three independent experiments. Error bars indicate that all the values are

mean � SD, where *P < 0.05 **P < 0.01(one-way ANOVA, Bonferroni post-tests).
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check whether LPS stimulation resulted in any changes

in the histone modification pattern, a ChIP analysis

was carried out and it has been observed that the sta-

tus of H3K9ac mark increases by 3.5-fold, whereas

H3K27me3 on SMAR1 promoter decreases by twofold

under the influence of LPS. On the contrary, TOPORS

silencing reversed the histone marks (Fig. 3B). We, for

the first time, observed that the along with SMAR1,

expression of TOPORS (LUN1) is also being enhanced

upon LPS treatment in HCT116 cell line (Fig. 3C and

Fig. 3. Occupancy of TOPORS increases on SMAR1 promoter during LPS treatment. (A) ChIP of SMAR1 promoter by TOPORS in HCT116

cell line after knocking down TOPORS using siRNA (10 pM) upon LPS (1 lg�mL�1) treatment. Histone modifications were also studied by

pulling the DNA with H3K9ac and H3K27me3 mark-specific antibodies where (B) H3K9ac and H3K27me3 marks were analyzed during LPS

treatment. Representative (C) western blot showing the changes in the protein expression of TOPORS, SMAR1, and TLR4 upon LPS

stimulation. (D) FACS plots along with graph showing median fluorescent intensity of SMAR1 and TOPORS in HCT116 cell line. (E)

Immunofluorescence images showing the expression of TOPORS and SMAR1 in the control and LPS-treated condition in HCT116 cell line.

The scale bar represents 20 lm. Western blot representing the (F) expression of SMAR1 upon TOPORS silencing, where p53 was used as

a positive control. SMAR1 promoter luciferase assay was carried out in (G) HCT116 cells using SMAR1 reporter cloned in pGL3 vector. b-

Actin was used as an endogenous loading control in all the western blots. The values below the blot represent the fold change relative to

control, which was calculated after normalization with b-actin. Data shown are representative of three independent experiments. Error bars

indicate that all the values are mean � SD, where *P < 0.05, **P < 0.01, and ***P < 0.001, ns: nonsignificant (two-way ANOVA, Bonferroni

post-tests).
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Fig. S3B), which was also confirmed by FACS analysis

and immunofluorescence studies (Fig. 3D,E) in

HCT116 and SW620 cell line (Fig. S3C,D). Further,

to find the effect of TOPORS on SMAR1 expression,

TOPORS was silenced using siRNA (10 pM). A reduc-

tion in SMAR1 expression has been observed, which

was not replenished even upon LPS treatment, suggest-

ing that the presence of TOPORS is critical for

SMAR1 expression (Fig. 3F and Fig. S3E). As

TOPORS is already known to positively regulate the

expression of p53, p53 was used as a positive control.

Overexpression of TOPORS in HCT116 cells resulted

in an enhanced SMAR1 expression even in the absence

of LPS, which implies that LPS induces SMAR1 via

TOPORS (Fig. S3F). We also observed a sixfold

increase in the relative luciferase activity of SMAR1

promoter region harboring TOPORS binding site upon

LPS treatment as compared to the control condition.

On the contrary, inhibition of TLR4 pathway and

silencing of TOPORS hindered the promoter activity

even upon LPS stimulation, whereas overexpression of

TOPORS alone was able to activate SMAR1 promoter

(Fig. 3G). Hence, it can be speculated that TOPORS

positively regulates SMAR1 expression via regulating

its transcription upon LPS treatment.

3.4. SMAR1 favors M1 macrophage phenotype

by regulating STAT3 expression

We have reported in one of our previous study that

SMAR1 binds at the MAR binding region on STAT3

promoter and thereby represses its transcription in T

cells [36]. Keeping in mind the importance of STAT1

and STAT3 balance during tumorigenesis, the levels of

STAT1 and STAT3 were checked in CT26 and HT29

cell line 24 h post-LPS treatment and a decrease in

STAT3 expression was observed. Additionally, there

was an increase in the expression of pSTAT1 along

with SMAR1 and TOPORS in the presence of LPS

(Fig. 4A and Fig. S4A). Next, a time-dependent study

was carried out and it has been observed that as the

expression of SMAR1 increases, STAT3 expression

gets downregulated under LPS stimulation (Fig. S4B).

Increase in the intracellular expression of SMAR1 and

TOPORS was further confirmed by FACS analysis

and immunofluorescence imaging (Fig. 4B,C). Nuclear

translocation of IRF3 and STAT1 was also observed

in the cells treated with LPS (Fig. 4D). To further

confirm the involvement of SMAR1 in regulating

STAT3 expression, we silenced SMAR1 using siRNA

(20 pM) and observed that under SMAR1-deficit con-

ditions, the expression of STAT3 increases (Fig. 4E

and Fig. S4C). Confocal data also strengthened the

fact that pSTAT1 and pSTAT3, as well as SMAR1

and STAT3, have inverse expression pattern

(Fig. S4D,E). Next, ELISA was performed in order to

check the cytokine levels in the CM collected from

CT26 cells treated with LPS at different time intervals.

We observed a distinct cytokine profile in the CM col-

lected from LPS-treated cells and the untreated condi-

tion (Fig. S4E). Peritoneal macrophages incubated

with LPS displayed an enhanced expression of

SMAR1, TOPORS, and p-STAT (Fig. 4F). There was

a fourfold increase in the transcript levels of SMAR1

in the presence of LPS along with an elevated tran-

scription of proinflammatory cytokines (Fig. S4F). As

SMAR1 increases, the expression of STAT3 decreases,

and under low STAT3 conditions, macrophage polari-

zation is skewed toward M1 phenotype. To investigate

the functional implication of these proinflammatory

cytokines in tumor microenvironment, the CM col-

lected from CT26 cells was used to polarize the perito-

neal macrophages. It has been observed that when

macrophages were cultured with LPS-treated CM, the

population of M1 macrophages was 2.5% more as

compared to the control condition, whereas LPS-

treated CM with depleted IFN-b failed to polarize the

na€ıve macrophage to M1 phenotype; rather, these con-

ditions promoted M2 macrophages. Similarly, CM col-

lected from SMAR1-silenced cells stimulated with LPS

also failed to polarize the macrophage to M1 profile

(Fig. 4G). This suggests that SMAR1 plays a crucial

role in macrophage polarization.

3.5. LPS-induced SMAR1 regresses tumors via

altering TAMs to M1 phenotype

As observed in the previous results, that SMAR1 dic-

tates the differentiation of macrophages into M1 phe-

notype by suppressing STAT3 expression. Next, this

phenomenon was investigated in in vivo tumor model.

To establish an active TLR4 signaling within the host,

the CT26 and CT26shSMAR1 cells were pretreated

with LPS before injecting into the mice. We observed

that LPS treatment drastically decreased the tumor

burden. But it failed to show the same response in

SMAR1-silenced conditions (Fig. 5A). The tumor

weight and volume were observed more in the

untreated group with respect to the LPS-treated group,

while in SMAR1-silenced condition, even LPS -treated

mice displayed an enhanced tumor weight and volume

(Fig. 5B). An enhanced expression of SMAR1 and

TOPORS in tumors harvested from LPS-treated mice

was observed, but SMAR1-silenced tumors were irre-

sponsive to LPS treatment (Fig. 5C). This suggests

that LPS do play an important role in tumor
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regression by inducing SMAR1. An IHC analysis of

these tumor sections revealed that the tumors injected

with LPS were displaying higher expression of SMAR1

and TOPORS as compared to the untreated set. On

the contrary, LPS injection failed to replenish SMAR1

expression in SMAR1-silenced tumors (Fig. 5D). To

further delineate the in vivo tumor regression, the sta-

tus of macrophages in the tumor microenvironment

was analyzed. The homogenized tumor cells were

stained with macrophage markers, that is, CD45R,

F4/80 along with surface markers specific for M1

(CD86) and M2(CD206) phenotype. FACS analyses

Fig. 4. SMAR1-mediated regulation of STAT3 upon LPS treatment. Western blot showing reduced STAT3 expression in (A) CT26 cell line

upon LPS treatment. SMAR1 and TOPORS expressions increase in CT26 (mouse colon cancer) cell line as well. (B) Representative FACS

plot along with graph showing median fluorescent intensity. (C) Immunofluorescence images depicting the expression of SMAR1 and

TOPORS in CT26 cell line. (D) Confocal images showing the expression of IRF3 and STAT1 under LPS-treated conditions in HT29 and CT26

cell lines. The scale bar represents 20 lm. Western blot representing the (E) expression status of pSTAT3 during SMAR1 knockout

conditions in peritoneal macrophages (n = 6) with or without LPS treatment and (F) expression of SMAR1, TOPORS, and STATs in

peritoneal macrophages during dose-dependent LPS treatment. (G) Representative FACS plots of M1 (F4/80+ CD 86+)- and M2 (F4/80+ CD

206+)-polarized peritoneal macrophage (n = 12) using CM collected from CT26 cells with or without LPS. b-Actin was used as an

endogenous loading control in all the western blots. The values below the blot represent the fold change relative to control, which was

calculated after normalization with b-actin. Data shown are representative of three independent experiments. Error bars indicate that all the

values are mean � SD, where *P < 0.05, **P < 0.01, ad ***P < 0.001 (two-way ANOVA, Bonferroni post-tests).
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revealed that tumors treated with LPS displayed 2.5%

more M1 like profile as compared to the control

group. However, M2 population dominated in the

absence of SMAR1 irrespective of LPS treatment.

(Fig. 5E). H&E staining of the tumor sections showed

that LPS-treated tumors exhibit more inflammatory

regions and necrotic areas as compared to the control

group (Fig. 5F). Hence, LPS-induced SMAR1 skews

the macrophage polarization toward anticancer M1

phenotype by regulating STAT3 expression.

Fig. 5. LPS reduces in vivo tumor growth by regulating SMAR1-mediated macrophage polarization. (A) Comparative tumor sizes of CT26

and CT26shSMAR1 tumors treated with either LPS (5 lg/100 lL) or PBS (100 lL; n = 15/group). (B) Graphical representation of tumor

progression at different days post-LPS treatment. (C) Western blot showing the expression of SMAR1 in tumor lysates. (D) Representative

images of IHC study showing the expression of SMAR1 and TOPORS in tumor tissue upon LPS treatment. The scale bar represents 20 lm

for shControl and 10 lm for shSMAR1 tumor tissue, respectively. (E) Representative FACS plots showing the percentage of TAM

polarization in the presence and absence of LPS injection in tumor-bearing mice (F) Representative images of H& E staining of tumor tissue

section showing the morphological differences upon LPS treatment [neoplastic cells (N), necrosis (NC), mitotic figures (M),

neovascularization (NV), inflammation (I), and stroma (S)]. The scale bar represents 20 lm. b-Actin was used as an endogenous loading

control in all the western blots. The values below the blot represent the fold change relative to control, which was calculated after

normalization with b-actin. Data shown are representative of three independent experiments. Error bars indicate that all the values are

mean � SD, where *P < 0.05, **P < 0.01, and ***P < 0.001 (two-way ANOVA, Bonferroni post-tests).
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4. Discussion

The ability of TLR4 ligands to remodulate the chroma-

tin architecture for generating an antitumor immune

response has led to numerous efforts for designing

bacterial components based on cancer therapeutics.

The current study highlights that LPS-induced tumor

regression, in part, occurs via regulation of tumor sup-

pressor SMAR1 protein, which eventually dictates the

macrophage polarization by reprogramming tumor-

Fig. 6. Working model showing the regulation of SMAR1 upon LPS treatment. TLR4 upon recognizing LPS initiates the signaling cascade.

This leads to the activation of transcription factor IRF3 via TLR4-TRIF-dependent pathway. IRF3 upon phosphorylation translocates to the

nucleus, where it regulates the expression of various type I interferons including IFN-b. It could also induce the expression of zinc finger

protein TOPORS, which further controls the transcription of tumor suppressor SMAR1 via binding to the consensus region present on its

promoter. LPS-induced SMAR1 in return represses the transcription of STAT3 and hence shifts the TAMs toward antitumor M1 profile,

whereas upon inhibiting TLR4 pathway using a chemical inhibitor (TAK-242), the downstream adapter proteins fail to bind to the TIR domain

of TLR4. Under such circumstances, even LPS stimulation fails to enhance the expression of TOPORS and SMAR1. In the absence of

effective SMAR1 concentration, the repression on STAT3 promoter is released. In excess STAT3 conditions, most of the TAMs tend to

polarize to M2 phenotype, which is associated with cancer growth and progression.
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associated macrophages (TAMs) to M1 phenotype via

TLR4-TRIF-dependent pathway.

Several studies have been undertaken over the past

few decades signifying the role of TLR4 ligands in eli-

citing antitumor immunity [53–56]. Numerous reports

suggest that TLR4 mutations and its silencing result in

tumor progression, which confirm that TLR4 signaling

provides protection against cancer [40,57,58]. Different

TLR ligands failed to enhance SMAR1 expression,

whereas Poly(I:C) and LPS were able to induce SMAR1

expression. Precisely, TRIF-dependent pathway is

responsible for modulating SMAR1 expression, because

inhibition of TLR4-MyD88-dependent signaling did not

affect the potential of LPS to induce SMAR1. There are

studies that support the fact that signaling via TLR4 is

biased toward TRIF-dependent route rather than

MyD88 pathway [59–61]. Various previous reports also

indicate that LPS stimulation favors the induction of

TLR4-MyD88-independent gene expression [20].

In silico studies revealed that TOPORS was occupy-

ing SMAR1 promoter region containing the palin-

dromic consensus sequence [41]. Similar to SMAR1,

TOPORS is also involved in chromatin modification

and thereby refines the chromosomal architecture

[30,62]. ChIP analysis confirmed the presence of

TOPORS on SMAR1 promoter. Histone marks usu-

ally reflect whether a gene is transcriptionally active or

inactive by virtue of its acetylation and methylation

status. Histone H3 lysine 9 acetylation (H3K9Ac)

mark denotes a transcriptionally active gene, whereas

H3K27me3 is associated with transcriptional repres-

sion [63]. We observed an enhancement in H3K9Ac

mark on SMAR1 promoter upon LPS stimulation,

which indicates that the gene is actively transcribing.

Upon inhibiting TLR4 signaling, LPS treatment failed

to increase the occupancy of TOPORS on SMAR1

promoter, suggesting that TOPORS expression is also

regulated by LPS. Like TOPORS, there are few other

LPS-inducible zinc finger proteins that are involved in

different biological phenomena [64,65]. Hence, it can

be concluded that TOPORS acts as a potential tran-

scription factor and helps in regulating the expression

of tumor suppressor SMAR1 under LPS stimulation.

The adequate balance between STAT1 and STAT3

expression is very crucial for driving the macrophage

polarization and tumor progression [66]. TLR4 ligands

are already well known to skew the polarization of

TAMs toward M1 phenotype and hence create an anti-

tumor microenvironment [67]. SMAR1 is known to

downregulate the transcription of STAT3 in T cells

[36]. We observed that LPS-induced SMAR1 was able

to regress the transcription of STAT3 also in cancer

cells. It has been seen that in the SMAR1-silenced

condition, LPS treatment was not effective enough to

skew the macrophage polarization toward M1 pheno-

type. This indicates the importance of SMAR1 in

maintaining the population of M1 macrophage.

Altogether, our study revealed the molecular mech-

anism behind LPS-mediated chromatin modification

that regulates the expression of tumor suppressor

SMAR1 (Fig. 6). Therefore, TLR4 ligands such as

LPS and other modified chemical ligands [68] could

be used to modify the global chromatin architecture

in the tumor microenvironment and could regulate

the expression of potential tumor suppressors in order

to improve the overall clinical outcomes in cancer

patients.

5. Conclusion

Our study demonstrated a novel molecular mechanism

behind LPS-mediated tumor regression that involves

the transcriptional regulation of tumor suppressor

SMAR1 by TOPORS, a zinc finger binding transcrip-

tion factor via TLR4-TRIF axis.

Acknowledgments

We are thankful to National Centre for Cell Science,

Pune and CSIR-Indian Institute of Chemical Biology,

Jadavpur, Kolkata, for providing infrastructure facili-

ties. We would like to acknowledge Dr. Avinash

Bajaj, Regional Centre for Biotechnology, for provid-

ing us CT26 cell line for our experiments and Dr.

Mohan Wani, National Centre for Cell Science, for

giving us 4T1 cell line. We are thankful to Depart-

ment of Biotechnology for fellowship. We would

also like to acknowledge J. C. Bose fellowship-SERB

(Science and Engineering Research Board) to SC, for

the financial support. This study was supported by

the Department of Biotechnology and J. C. Bose

fellowship-SERB (Science and Engineering Research

Board) to SC.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

PF, VKS, and SC conceptualized, planned, and

designed the project. PF, VKS, and RP performed the

experiments and acquired the data. PF, VKS, and SC

analyzed the data. PF wrote the manuscript. PF, VKS,

RP, and SC provided intellectual inputs and helped in

preparing the manuscript.

1536 Molecular Oncology 16 (2022) 1523–1540 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

Tumor suppressor SMAR1 induction by TLR4 P. Firmal et al.



Data accessibility

The data that support the findings of this study are

available from the corresponding author upon reason-

able request.

Peer Review

The peer review history for this article is available at

https://publons.com/publon/10.1002/1878-0261.13126.

References

1 Siegel RL, Miller KD, Fuchs HE & Jemal A (2021)

Cancer statistics. CA Cancer J Clin 71, 7–33.
2 Baretti M & Azad NS (2018) The role of epigenetic

therapies in colorectal cancer. Curr Probl Cancer 42,

530–547.
3 Herceg Z & Hainaut P (2007) Genetic and epigenetic

alterations as biomarkers for cancer detection, diagnosis

and prognosis. Mol Oncol 1, 26–41.
4 Kazanets A, Shorstova T, Hilmi K, Marques M &

Witcher M (2016) Epigenetic silencing of tumor

suppressor genes: paradigms, puzzles, and potential.

Biochim Biophys Acta Rev Cancer 1865, 275–288.
5 Takeshima H & Ushijima T (2019) Accumulation of

genetic and epigenetic alterations in normal cells and

cancer risk. NPJ Precis Oncol 3, 1–7.
6 Kawai T & Akira S (2010) The role of pattern-

recognition receptors in innate immunity: update on

Toll-like receptors. Nat Immunol 11, 373–384.
7 Smale ST, Tarakhovsky A & Natoli G (2014)

Chromatin contributions to the regulation of innate

immunity. Annu Rev Immunol 32, 489–511.
8 Shime H, Matsumoto M, Oshiumi H, Tanaka S,

Nakane A, Iwakura Y, Tahara H, Inoue N & Seya T

(2012) Toll-like receptor 3 signaling converts tumor

supporting myeloid cells to tumoricidal effectors. Proc

Natl Acad Sci USA 109, 2066–2071.
9 Ye J, Ma C, Hsueh EC, Dou J, MoW, Liu S, Han B,

Huang Y, Zhang Y, Varvares MA et al. (2014) TLR 8

signaling enhances tumor immunity by preventing tumor-

induced T-cell senescence. EMBOMol Med 6, 1294–1311.
10 Zitvogel L, Daill�ere R, Roberti MP, Routy B &

Kroemer G (2017) Anticancer effects of the

microbiome and its products. Nat Rev Microbiol 15,

465–478.
11 Baldridge JR, McGowan P, Evans JT, Cluff C,

Mossman S, Johnson D & Persing D (2004) Taking a

toll on human disease: toll-like receptor 4 agonists as

vaccine adjuvants and monotherapeutic agents. Expert

Opin Biol Ther 4, 1129–1138.
12 Coley WB (1910) The treatment of inoperable sarcoma

by bacterial toxins (the mixed toxins of the

Streptococcus erysipelas and the Bacillus prodigiosus). J

Am Med Assoc 3, 1–48.
13 Shear BMJ & Turner FC (1943) Chemical treatment of

tumors: V. Isolation of the hemorrhage-producing

fraction from Serratia marcescens (Bacillus prodigiosus)

culture filtrate. J Natl Cancer Inst 4, 81–97.
14 N�u~nez NG, Andreani V, Crespo MI, Nocera DA,

Breser ML, Mor�on G, Dejager L, Libert C, Rivero V &

Maccioni M (2012) IFNb produced by TLR4-activated

tumor cells is involved in improving the antitumoral

immune response. Can Res 72, 592–603.
15 Akira S, Uematsu S & Takeuchi O (2006) Pathogen

recognition and innate immunity. Cell 124, 783–801.
16 Weinmann AS, Mitchell DM, Sanjabi S, Bradley MN,

Hoffmann A, Liou HC & Smale ST (2001) Nucleosome

remodeling at the IL-12 p40 promoter is a TLR-

dependent, Rel-independent event. Nat Immunol 2, 51–
57.

17 Aung HT, Schroder K, Himes SR, Brion K, Van

Zuylen W, Trieu A, Suzuki H, Hayashizaki Y, Hume

DA, Sweet MJ et al. (2006) LPS regulates

proinflammatory gene expression in macrophages by

altering histone deacetylase expression. FASEB J 20,

1315–1327.
18 Vandenbon A, Kumagai Y, Lin M, Suzuki Y & Nakai

K (2018) Waves of chromatin modifications in mouse

dendritic cells in response to LPS stimulation. Genome

Biol 19, 1–15.
19 Foster SL, Hargreaves DC & Medzhitov R (2007)

Gene-specific control of inflammation by TLR-induced

chromatin modifications. Nature 447, 972–978.
20 Bj€orkbacka H, Fitzgerald KA, Huet F, Li X, Gregory

JA, Lee MA, Ordija CM, Dowley NE, Golenbock DT

& Freeman MW (2004) The induction of macrophage

gene expression by LPS predominantly utilizes Myd88-

independent signaling cascades. Physiol Genomics 19,

319–330.
21 Weighardt H, Jusek G, Mages J, Lang R, Hoebe K,

Beutler B & Holzmann B (2004) Identification of a

TLR4- and TRIF-dependent activation program of

dendritic cells. Eur J Immunol 34, 558–564.
22 Butcher SK, O’Carroll CE, Wells CA & Carmody RJ

(2018) Toll-like receptors drive specific patterns of

tolerance and training on restimulation of macrophages.

Front Immunol 9, 1–11.
23 Hammer E, Heilbronn R & Weger S (2007) The E3

ligase Topors induces the accumulation of

polysumoylated forms of DNA topoisomerase I in vitro

and in vivo. FEBS Lett 581, 5418–5424.
24 Rasheed ZA, Saleem A, Ravee Y, Pandolfi PP & Rubin

EH (2002) The topoisomerase I-binding RING protein,

topors, is associated with promyelocytic leukemia

nuclear bodies. Exp Cell Res 277, 152–160.
25 Saleem A, Dutta J, Malegaonkar D, Rasheed F,

Rasheed Z, Rajendra R, Marshall H, Luo M, Li H &

1537Molecular Oncology 16 (2022) 1523–1540 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

P. Firmal et al. Tumor suppressor SMAR1 induction by TLR4

https://publons.com/publon/10.1002/1878-0261.13126


Rubin EH (2004) The topoisomerase I- and p53-

binding protein topors is differentially expressed in

normal and malignant human tissues and may function

as a tumor suppressor. Oncogene 23, 5293–5300.
26 Oyanagi H, Takenaka K, Ishikawa S, Kawano Y,

Adachi Y, Ueda K, Wada H & Tanaka F (2004)

Expression of LUN gene that encodes a novel RING

finger protein is correlated with development and

progression of non-small cell lung cancer. Lung Cancer

46, 21–28.
27 Bredel M, Bredel C, Juric D, Harsh GR, Vogel H,

Recht LD & Sikic BI (2005) High-resolution genome-

wide mapping of genetic alterations in human glial

brain tumors. Can Res 65, 4088–4096.
28 Lin L, Ozaki T, Takada Y, Kageyama H, Nakamura

Y, Hata A, Zhang JH, Simonds WF, Nakagawara A &

Koseki H (2005) Topors, a p53 and topoisomerase I-

binding RING finger protein, is a coactivator of p53 in

growth suppression induced by DNA damage.

Oncogene 24, 3385–3396.
29 Marshall H, Bhaumik M, Aviv H, Moore D, Yao M,

Dutta J, Rahim H, Gounder M, Ganesan S, Saleem A

et al. (2010) Deficiency of the dual ubiquitin/SUMO

ligase Topors results in genetic instability and an

increased rate of malignancy in mice. BMC Mol Biol

11, 1–14.
30 Ji L, Huo X, Zhang Y, Yan Z, Wang Q & Wen B

(2020) TOPORS, a tumor suppressor protein,

contributes to the maintenance of higher-order

chromatin architecture. Biochim Biophys Acta Gene

Regul Mech 1863, 194518.

31 Singh K, Mogare D, Giridharagopalan RO, Gogiraju

R, Pande G & Chattopadhyay S (2007) p53 target

gene SMAR1 is dysregulated in breast cancer: Its role

in cancer cell migration and invasion. PLoS One 2,

1–16.
32 Taye N, Alam A, Ghorai S, Chatterji DG, Parulekar

A, Mogare D, Singh S, Sengupta P, Chatterjee S, Bhat

MK et al. (2018) SMAR1 inhibits Wnt/b-catenin
signaling and prevents colorectal cancer progression.

Oncotarget 9, 21322–21336.
33 Bhattacharya A, Mukherjee S, Khan P, Banerjee S,

Dutta A, Banerjee N, Sengupta D, Basak U,

Chakraborty S, Dutta A et al. (2020) SMAR1

repression by pluripotency factors and consequent

chemoresistance in breast cancer stem-like cells is

reversed by aspirin. Sci Signal 13, 1–18.
34 Rampalli S, Pavithra L, Bhatt A, Kundu TK &

Chattopadhyay S (2005) Tumor suppressor SMAR1

mediates Cyclin D1 repression by recruitment of the

SIN3/Histone deacetylase 1 complex. Mol Cell Biol 25,

8415–8429.
35 Singh K, Sinha S, Malonia SK, Bist P, Tergaonkar V &

Chattopadhyay S (2009) Tumor suppressor SMAR1

represses IjBa expression and inhibits p65

transactivation through matrix attachment regions. J

Biol Chem 284, 1267–1278.
36 Mirlekar B, Ghorai S, Khetmalas M, Bopanna R &

Chattopadhyay S (2015) Nuclear matrix protein

SMAR1 control regulatory T-cell fate during

inflammatory bowel disease (IBD). Mucosal Immunol 8,

1184–1200.
37 Ye X, Wu H, Sheng L, Liu Y-X, Ye F, Wang M, Zhou

H, Su Y & Zhang X-K (2019) Oncogenic potential of

truncated RXRa during colitis-associated colorectal

tumorigenesis by promoting IL-6-STAT3 signaling. Nat

Commun 10, 1–15.
38 Regis G, Pensa S, Boselli D, Novelli F & Poli V (2008)

Ups and downs: The STAT1:STAT3 seesaw of

Interferon and gp130 receptor signalling. Semin Cell

Dev Biol 19, 351–359.
39 Stout RD, Jiang C, Matta B, Tietzel I, Watkins SK &

Suttles J (2005) Macrophages sequentially change their

functional phenotype in response to changes in

microenvironmental influences. J Immunol 175, 342–
349.

40 Wanderley CW, Col�on DF, Luiz JPM, Oliveira FF,

Viacava PR, Leite CA, Pereira JA, Silva CM, Silva CR,

Silva RL et al. (2018) Paclitaxel reduces tumor growth

by reprogramming tumor-associated macrophages to an

M1 profile in a TLR4-dependent manner. Can Res 78,

5891–5900.
41 Chu D, Kakazu N, Gorrin-Rivas MJ, Lu HP,

Kawata M, Abe T, Ueda K & Adachi Y (2001)

Cloning and characterization of LUN, a novel RING

finger protein that is highly expressed in lung and

specifically binds to a palindromic sequence. J Biol

Chem 276, 14004–14013.
42 Nakka KK, Chaudhary N, Joshi S, Bhat J, Singh K,

Chatterjee S, Malhotra R, De A, Santra MK, Dilworth

FJ et al. (2015) Nuclear matrix-associated protein

SMAR1 regulates alternative splicing via HDAC6-

mediated deacetylation of Sam68. Proc Natl Acad Sci

USA 112, 3374–3383.
43 Matys V, Kel-Margoulis OV, Fricke E, Liebich I, Land

S, Barre-Dirrie A, Reuter I, Chekmenev D, Krull M,

Hornischer K et al. (2006) TRANSFAC and its module

TRANSCompel: transcriptional gene regulation in

eukaryotes. Nucleic Acids Res 34, 108–110.
44 Dreos R, Ambrosini G, P�erier RC & Bucher P (2015)

The eukaryotic promoter database: expansion of

EPDnew and new promoter analysis tools. Nucleic

Acids Res 43, 92–96.
45 Zheng JH, Nguyen VH, Jiang SN, Park SH, Tan W,

Hong SH, Shin MG, Chung IJ, Hong Y, Bom HS

et al. (2017) Two-step enhanced cancer immunotherapy

with engineered Salmonella typhimurium secreting

heterologous flagellin. Sci Transl Med 9, 1–11.
46 Bhatia S, Miller NJ, Lu H, Longino NV, Ibrani D,

Shinohara MM, Byrd DR, Parvathaneni U,

1538 Molecular Oncology 16 (2022) 1523–1540 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

Tumor suppressor SMAR1 induction by TLR4 P. Firmal et al.



Kulikauskas R, ter Meulen J et al. (2019) Intratumoral

G100, a TLR4 agonist, induces antitumor immune

responses and tumor regression in patients with Merkel

cell carcinoma. Clin Cancer Res 25, 1185–1195.
47 Deng Y, Yang J, Qian J, Liu R, Huang E, Wang Y,

Luo F & Chu Y (2019) TLR1/TLR2 signaling blocks

the suppression of monocytic myeloid-derived

suppressor cell by promoting its differentiation into

M1-type macrophage. Mol Immunol 112, 266–273.
48 Liu Z, Xie Y, Xiong Y, Liu S, Qiu C, Zhu Z, Mao H,

Yu M & Wang X (2020) TLR 7/8 agonist reverses

oxaliplatin resistance in colorectal cancer via directing

the myeloid-derived suppressor cells to tumoricidal M1-

macrophages. Cancer Lett 469, 173–185.
49 Wang P, Han X, Mo B, Huang G & Wang C (2017)

LPS enhances TLR4 expression and IFN -c production

via the TLR4 / IRAK / NF -j B signaling pathway in

rat pulmonary arterial smooth muscle cells. Mol Med

Rep 16, 3111–3116.
50 Akira S & Takeda K (2004) Toll-like receptor

signalling. Nat Rev Immunol 4, 499–511.
51 Park BS & Lee J-O (2013) Recognition of

lipopolysaccharide pattern by TLR4 complexes. Exp

Mol Med 45, 1–9.
52 Loiarro M, Sette C, Gallo G, Ciacci A, Fant�o N,

Mastroianni D, Carminati P & Ruggiero V (2005)

Peptide-mediated interference of TIR domain

dimerization in MyD88 inhibits interleukin-1-

dependent activation of NF-jB. J Biol Chem 280,

15809–15814.
53 Davis MB, Vasquez-Dunddel D, Fu J, Albesiano E,

Pardoll D & Kim YJ (2011) Intratumoral

administration of TLR4 agonist absorbed into a

cellular vector improves antitumor responses. Clin

Cancer Res 17, 3984–3992.
54 Fang H, Ang B, Xu X, Huang X, Wu Y, Sun Y,

Wang W, Li N, Cao X & Wan T (2014) TLR4 is

essential for dendritic cell activation and anti-tumor

T-cell response enhancement by DAMPs released from

chemically stressed cancer cells. Cell Mol Immunol 11,

150–159.
55 Albershardt TC, Leleux J, Parsons AJ, Krull JE,

Berglund P & ter Meulen J (2020) Intratumoral

immune activation with TLR4 agonist synergizes with

effector T cells to eradicate established murine tumors.

NPJ Vaccines 5, 1–9.
56 Andreani V, Gatti G, Simonella L, Rivero V &

Maccioni M (2007) Activation of toll-like receptor 4 on

tumor cells in vitro inhibits subsequent tumor growth

in vivo. Can Res 67, 10519–10527.
57 Yusuf N, Nasti TH, Long JA, Naseemuddin M,

Lucas AP, Xu H & Elmets CA (2008) Protective role

of toll-like receptor 4 during the initiation stage of

cutaneous chemical carcinogenesis. Can Res 68, 615–
622.

58 Ahmed A, Wang JH & Redmond HP (2013) Silencing

of TLR4 increases tumor progression and lung

metastasis in a murine model of breast cancer. Ann

Surg Oncol 20, 389–396.
59 Mata-Haro V, Cekic C, Martin M, Chilton PM,

Casella CR & Mitchell TC (2007) The vaccine adjuvant

monophosphoryl lipid A as a TRIF-biased agonist of

TLR4. Science 316, 1628–1632.
60 Kolb JP, Casella CR, SenGupta S, Chilton PM &

Mitchell TC (2014) Type I interferon signaling

contributes to the bias that Toll-like receptor 4 exhibits

for signaling mediated by the adaptor protein TRIF.

Sci Signal 7, 1–14.
61 Gandhapudi SK, Chilton PM & Mitchell TC (2013)

TRIF is required for TLR4 mediated adjuvant effects

on T cell clonal expansion. PLoS One 8, 1–11.
62 Nakka KK & Chattopadhyay S (2010) Modulation of

chromatin by MARs and MAR binding oncogenic

transcription factor SMAR1. Mol Cell Biochem 336,

75–84.
63 Hamon MA & Cossart P (2008) Histone modifications

and chromatin remodeling during bacterial infections.

Cell Host Microbe 4, 100–109.
64 Matsushita K, Takeuchi O, Standley DM, Kumagai Y,

Kawagoe T, Miyake T, Satoh T, Kato H, Tsujimura T,

Nakamura H et al. (2009) Zc3h12a is an RNase

essential for controlling immune responses by regulating

mRNA decay. Nature 458, 1185–1190.
65 Noman ASM, Koide N, Iftakhar-E-Khuda I,

Dagvadorj J, Tumurkhuu G, Naiki Y, Komatsu T,

Yoshida T & Yokochi T (2010) Retinoblastoma

protein-interacting zinc finger 1, a tumor

suppressor, augments lipopolysaccharide-induced

proinflammatory cytokine production via enhancing

nuclear factor-jB activation. Cell Immunol 264,

114–118.
66 Avalle L, Pensa S, Regis G, Novelli F & Poli V (2012)

STAT1 and STAT3 in tumorigenesis. Jak-Stat 1,

65–72.
67 M€uller E, Christopoulos PF, Halder S, Lunde A,

Beraki K, Speth M, Øynebr�aten I & Corthay A (2017)

Toll-like receptor ligands and interferon-c synergize for

induction of antitumor M1 macrophages. Front

Immunol 8, 1–16.
68 Awasthi S (2014) Toll-like receptor-4 modulation for

cancer immunotherapy. Front Immunol 5, 1–5.

Supporting information
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online in the Supporting Information section at the end
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Fig. S1. SMAR1 is induced in a time-dependent man-

ner upon LPS stimulation.
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Fig. S2. LPS induction triggers TLR4 internalizes to

initiate TRIF signaling.

Fig. S3. LPS enhances TOPORS occupancy on

SMAR1 promoter.

Fig. S4. SMAR1 has an inverse correlation with STAT3.

Table S1. List of antibodies used for western blot and

IHC/Confocal studies.

Table S2. List of primer sets used for quantitative real

time PCR studies for determining the transcript levels

of various genes.
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