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Abstract

Background Despite the existence of promising outcomes from standard 2D culture systems, these data are

not completely akin to in vivo tumor parenchyma. Therefore, the development and fabrication of various 3D culture
systems can in part mimic intricate cell-to-cell interaction within the real tumor mass. Here, we aimed to evaluate

the tumoricidal impacts of metformin (MTF) on colorectal cancer (CRC) tumoroids in an in vitro system via the modu-
lation of autophagy.

Methods CRC tumoroids were developed using human umbilical vein endothelial cells (HUVECs), adenocarcinoma
HT29 cells, and fibroblasts (HFFF2) in a ratio of 1: 2: 1 and 2.5% methylcellulose. Tumoroids were exposed to different
concentrations of MTF, ranging from 20 to 1000 mM, for 72 h. The survival rate was detected using an LDH release
assay. The expression and protein levels of autophagy-related factors were measured using PCR array and western
blotting, respectively. Using H & E, and immunofluorescence staining (Ki-67), the integrity and proliferation rate of CRC
tumoroids were examined.

Results The current protocol yielded typical compact tumoroids with a dark central region. Despite slight changes
in released LDH contents, no statistically significant differences were achieved in terms of cell toxicity in MTF-exposed
groups compared to the control tumoroids, indicating the insufficiency of MTF in the induction of tumor cell death
(p>0.05). Western blotting indicated that the LC3Il/I ratio was reduced in tumoroids exposed to 120 mM MTF
(p<0.05). These data coincided with the reduction of intracellular p62 content in MTF 120 mM-treated tumoroids
compared to MTF 40 mM and control groups (p < 0.05). PCR array analysis confirmed the up-regulation, and down-
regulation of several genes related to various signaling transduction pathways associated with autophagy machinery
and shared effectors between autophagy and apoptosis in 40 and 120 mM MTF groups compared to the non-treated
control group (p <0.05). These changes were more prominent in tumoroids incubated with 120 mM MTF. Histologi-
cal examination confirmed the loosening integrity of tumoroids in MTF-treated groups, especially 120 mM MTF,

with the increase in cell death via the induction of apoptosis (chromatin marginalization) and necrotic (pyknotic
nuclei) changes. In the 120 mM MTF group, spindle-shaped cells with the remnants of a fibrillar matrix were detected.
Data indicated the reduction of proliferating Ki-67* cells within the tumoroids by increasing the MTF concentration
from 40 to 120 mM.

*Correspondence:

Reza Rahbarghazi

rezarahbardvm@gmail.com; rahbarghazir@tbzmed.ac.ir

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://orcid.org/0000-0003-3864-9166
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-025-04174-z&domain=pdf

Shabkhizan et al. Stem Cell Research & Therapy (2025) 16:45

Page 2 of 12

Conclusions Different shared autophagy/apoptosis genes were modulated in CRC tumoroids after MTF treatment
coinciding with both typical necrotic and apoptotic cells within the tumoroid structure. MTF can inhibit the integrity
and proliferation of CRC tumoroids in dose-dependent manner.
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Introduction

Colorectal cancers (CRCs) are the most debilitating path-
ological conditions of the gastrointestinal tract with high-
rate morbidities and mortalities in clinical settings [1]. To
date, several attempts have been made to find appropriate
therapeutics in cancer patients to reduce the progression
of CRC development to the remote sites. Unfortunately,
most therapeutic strategies are not effective enough
and cause side effects. Therefore, novel therapeutic
approaches should be developed to circumvent the fail-
ure of medication protocols [2]. Unfortunately, most con-
ventional therapeutic regimes have been examined in 2D
culture systems that could not reflect completely in vivo-
like conditions described within the tumor niche [3]. The
direct in vitro incubation of monolayer cells in the 2D
culture systems to the chemotherapeutics can contrib-
ute to rapid cancer cell atresia in doses less than those of
in vivo conditions [4]. Because of physical stromal bar-
riers and stiffened extracellular matrix (ECM) within the
tumor parenchyma, finding the actual tumoricidal doses
is problematic [5].

In recent years, the advent and development of sophis-
ticated culture systems, especially spheroids/organoids
are helpful to overcome the limitations of 2D culture
systems [3, 6]. Organoids/spheroids can in part but not
completely mimic in vivo-like conditions with juxtaposed
several cell types compared to conventional culture
systems [7, 8]. Even though, the incubation of patient-
derived tumor organoids, known also tumoroids, with
chemotherapeutics is a high-throughput drug screening
platform in each cancer case [9]. Histological examina-
tions have shown that there are similarities between
spheroids/organoids with human natural tumors in terms
of necrotic and proliferative regions, and certain signal-
ing pathways [10-13].

Autophagy is an early-stage cell response against
external stimuli and insulting conditions [14]. The acti-
vation of autophagy has been shown to help CRC cells
escape stressful conditions by the restoration of injured
organelles and misfolded proteins [15]. Autophagy
consists of multiple effectors such as mammalian tar-
get of rapamycin (mTOR) and autophagy-related genes
(ATGs). The sequential activation of ATGs can lead to
the formation of double-membrane autophagosomes.
The fusion of autophagosomes with lysosomes contrib-
utes to the formation of autophagolysosomes and the

elimination of injured organelles and misfolded biomol-
ecules [16]. However, the overactivation of autophagy
can increase the degradation of subcellular components
and thus sensitize the cells to death under stressful con-
ditions [17]. These data indicate that autophagy func-
tions as a double-edged sword in terms of cell survival
and dynamic growth [18].

It has been shown that metformin (MTF) can reduce
the dynamic growth of tumor cells via the regulation
of mTOR in AMP-activated protein kinase (AMPK)-
dependent and independent manners [19]. In response
to MTF administration, the systemic levels of insulin
and insulin-like growth factor-1 are reduced which
can per se diminish the cancer cell proliferation and
expansion [19]. In terms of CRCs, several studies have
examined the relationship between the MTF adminis-
tration and the probability of CRC development with
conflicting results [20-30]. Most of the data have been
obtained from the effect of MTF on cancer cells in 2D
culture systems and animal models. To the best of our
knowledge, there are few reports targeting the tumori-
cidal effects of MTF on 3D CRC tumoroids. Here, 3D
CRC tumoroids were established using different three-
cell lines, including human colorectal adenocarcinoma
HT-29 cells, fetal foreskin fibroblasts (HFFF2 cells), and
human umbilical vein endothelial cells (HUVECs) and
exposed to different doses of MTF for 72 h. The sur-
vival rate, tumoroid integrity, and autophagy response
were monitored in in vitro conditions. Data from the
present study can help us understand the underlying
tumoricidal properties of MTF in the CRC tumoroid
system.

Methods

Cell culture protocol

Human HT-29, HFFF2 cells, and HUVECs were pur-
chased from the Iranian National Cell Bank (Pasture
institute, Tehran). The cells were cultured in RPMI-
1640 medium (Cat no; 21,875-034; Gibco) with 10%
fetal bovine serum (FBS; Cat no: 26140-079; Gibco)
and 1% Pen-Strep (Cat no; 10,378-016; Gibco) under
standard conditions. To subculture the cells, 0.25%
Trypsin—EDTA (Cat no; R001100; Gibco) solution was
used. Cells that were used at passages 3—6 after reach-
ing 70—-80% confluence for different analyses.
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CRC tumoroid formation

CRC tumoroids were developed using the hanging drop
technique as previously described by our research group
[3]. CRC tumoroids with a total cell number of 1x103
were developed using HT-29, HFFF2, and HUVECs at
a ratio of 2:1:1, respectively in a culture medium (25 pl)
containing 1% FBS and 2.5% methylcellulose (Cat no:
MO512; Sigma-Aldrich). The mixture of cells was care-
fully placed into the inner surface of a 10 cm culture dish
lid (SPL) and kept in standard conditions for 72 h. To
avoid the culture medium evaporation, the bottom sur-
face of the plates was filled with sterile phosphate-buff-
ered saline (PBS) solution.

Cytotoxicity test

Tumoroids were gently transferred onto each well of
96-well plates and exposed to different doses of MTE,
20, 40, 60, 80, 200, 400, 600, 800, and 1000 mM. After 72
h, released lactate dehydrogenase (LDH) contents were
measured in supernatants using LDH Cytotoxicity Assay
kits (Pars Azmun Co. Ltd, Iran) at a wavelength of 340
nm. In the current experiment, MTF at doses of 40 and
120 mM was used for subsequent analyses according to
the previously published data [31].

Tumoroids size and integrity

The integrity of CRC tumoroids was assessed 72 h after
being treated with 40 and 120 mM MTF using bright-
field microscopy and Image]J software (NIH, Ver. 1.4). The
data in MTEF-treated groups were compared to the non-
treated control tumoroids.

Western blotting analysis

Protein levels of autophagy factors, including Beclin-1,
LC3, and p62 were measured using western blotting in
MTE-treated and control tumoroids. After a 72-h incu-
bation period, tumoroids were lysed using lysis buffer,
and centrifuged at 14,000 rpm for 20 min. Protein sam-
ples were loaded and electrophoresed at 10% SDS-PAGE
gel and transferred onto the PVDF membrane. Following
blocking 1% skim milk for one hour, membranes were
incubated with antibodies against target proteins [Bec-
lin-1 (Cat no: sc-48341 Santa Cruz Biotechnology, Inc),
LC3 (Cat no: Cell Signaling Technology, Inc) and p62
(Cat no: sc-10117 Santa Cruz Biotechnology, Inc)] at 4°C
overnight. The membranes were washed three times with
PBST solution and incubated with an HRP-conjugated
secondary antibody (Cat no: sc-2357 Santa Cruz Bio-
technology, Inc) to label the immunoblots. The reactive
bands were detected using X-ray films and ECL solution.
Immunoreactive bands were semi-quantitatively scored
using Image] software (NIH) related to p-actin (Cat no:
sc-47778 Santa Cruz Biotechnology, Inc).
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PCR array analysis

The expression of various autophagy meditators was
quantitated using PCR array analysis (Supplementary
Table 1). Total RNA of CRC tumoroids was extracted
using the Trizol Reagent RNA extraction kit (Cat no:
302-001; RiboExLs) after being exposed to 40 and 120
mM MTF for 72 h. Takara cDNA Synthesis Kit (Cat no:
RRO37A) was used to reverse-transcribed the isolated
RNAs. Transcription levels were monitored using Human
Autophagy RT2 Profiler PCR Array (Cat no: PAHS-084Z;
Qiagen GeneGlobe), and Light Cycler 480 Instrument II
(Roche) using 274€T formula. In this study, transcription
rates exceeding a twofold increase were considered as the
threshold value based on the results of three experimen-
tal trials.

Hematoxylin-eosin (H & E) staining

CRC tumoroids were stained with H & E solution after
being exposed to 40 and 120 mM MTE. To preserve the
integrity and prevent any artifact effects, the treated
CRC tumoroids were incubated in 1% agar solution and
allowed to solidify. Samples were fixed with 10% buffered
formalin solution, dehydrated, and 5 pm thick sections
were prepared. Using the H & E solution, the samples
were imaged and data were compared to the control

group.

Immunofluorescence assay

To monitor whether MTF treatment can alter the pro-
liferation of CRC tumoroids, immunofluorescence (IF)
staining of nuclear Ki-67 was performed. To this end, 5
pum thick sections were permeabilized with 0.1% Triton-
X100 solution for 5 min, washed with PBS, and blocked
using 1% bovine serum albumin (Sigma-Aldrich) for
30 min at room temperature. After that, samples were
incubated with anti-human Ki-67 antibody (Santa Cruz
Biotechnology Inc.) for 1 h at room temperature. The
process was continued with three-time PBS washes and
incubation with FITC-conjugated secondary antibody
(Santa Cruz Biotechnology Inc.) for 30-60 min. In the
next step, the slides were washed with PBS and 1 pg/ml
DAPI solution was used for counterstaining.

Statistical analysis

Data (Mean  SD) were analyzed in the Prism 5.0 (Graph-
Pad) software using a One-way ANOVA with the Tukey
post hoc Multiple Comparison Test. p <0.05 was consid-
ered statistically significant.

Results

Tumoroid morphology

In this study, an in vitro 3D CRC tumoroid was devel-
oped using the hanging drop method to evaluate the
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tumoricidal properties of MTF after 72 h. According to
bright-field images, CRC tumoroids showed a center dark
zone enclosed by a relatively bright peripheral area (outer
layer). The outer layer consists of numerous proliferat-
ing round cells and flattened spindle cells at the external
surface (Fig. 1A). These data show the efficiency of our
protocol in the development of CRC tumoroids consist-
ing of three cell lineages including HT-29, HFFF2 cells,
and HUVECs.
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MTF did not influence the survival rate of CRC tumoroids

The viability of MTF-treated CRC tumoroids was deter-
mined using an LDH release assay after being exposed
to different doses of MTF, ranging from 20 to 1000 mM
(Fig. 1B). Data indicated the lack of significant cytotox-
icity of MTF on CRC tumoroids related to the control
group after 72 h (p>0.05; Fig. 1B). Despite the slight
reduction of released LDH content in 1000 mM MTE,
these values did not reach statistically significant levels
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Fig. 1 Typical CRC tumoroid structure developed using three cell lines, including HT-29, HFFF2 cells, and HUVECs at the ratio of 2: 1: 1. Three
distinct layers, central dark, quiescent, and outermost regions can be detected in CRC tumoroids (A). Analyzing the viability of cells within the CRC
tumoroids after being exposed to different doses of MTF (20, 40, 60, 80, 200, 400, 600, 800, and 1000 mM) for 72 h (B; n=4). Data indicated the lack
of significant data between the MTF-treated tumoroids and the control group (p=0.2460; df=27). Monitoring mean CRC tumoroid diameter

after being exposed to 40 and 120 mM MTF in 10 randomly selected microscopic fields compared to the control group (C and D). Incubation

of CRC tumoroids with 40 mM MTF led to an increase in mean size compared to control and 120 mM MTF-treated tumoroids (Pcontrol vs. 40

um= <0.0007; Peonmrolvs. 120y = 0-1367; Pag i vs. 120 = < 0.0001). One-way ANOVA with Tukey post hoc analysis. ****p < 0.0001
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(p>0.05). Based on the results, increasing doses of MTF
cannot affect the survival rate of cells within the CRC
tumoroids in in vitro conditions.

MTF influenced CRC tumoroid size

Based on the LDH release assay, 40 and 120 mM MTF
were selected for subsequent analyses (Fig. 1C-D). We
noted that the mean CRC tumoroids diameter was
increased in the 40 mM MTF group compared to the
non-treated control CRC tumoroids (p<0.0001). By
increasing the MTF concentration to 120 mM, the
size of CRC tumoroids was close to the size of control
tumoroids (p>0.05). Similarly, the size of tumoroids
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was increased in the 40 mM MTF as compared to the
120 mM MTF group (p<0.0001). Bright-field data con-
firmed the existence of numerous single cells and small
cell aggregates on the surface of the culture plate in the
120 mM MTF group. This effect would be associated
with the tumoricidal effects of MTF leading to surface
cell disaggregation.

MTF stimulated autophagy response in CRC tumoroids

To assess whether 40 and 120 mM MTF can regulate
the autophagy response in CRC tumoroids, protein lev-
els of Beclin-1, LC3, and p62 were assessed using west-
ern blotting (Fig. 2). Data indicated that protein levels
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Fig. 2 Western blot analysis of autophagy-related mediators (Beclin-1, total LC3, LC3-II/I ratio, and p62) in CRC tumoroids after treatment with 40
and 120 mM MTF for 72 h. Samples were pooled from three separate replicates for each blot (total n=6). Data indicated the lack of significant
differences in protein levels of Beclin-1 (0coniro vs. mrr 4o mmy = 0-3866; Peontrol vs, MTF (120 miy = 0-1085; Pite (a0 m vs. MTF (120 iy = 0-5895; df=6).

The incubation of tumoroids with MTF led to a significant increase of total LC3 in 120 mM MTF compared to the control group (Peontrof vs mTe
@ormvy = 0:4516; Pyt aomm vs. Mt (120 mv) = 0-0144; Peontrol vs. mr (120 iy = 0-0039; df=6). Along with these changes, the LC3-II/l was reduced in 120 mM
MTF-treated tumoroids compared to the 40 mM MTF-treated group (Pcontro vs, MTF o mm) = 0-7727; Peontrol vs. MTF (120 mit) = 0-0684; Prte (40 mi) vs. MTF (120
mw 0.0181; df=15). The levels of p62 were reduced in 120 mM MTF groups compared to 40 mM MTF-treated and control groups (Peopyol vs MTF 4o
vy = 064815 Deontrol vs. mrr (120 mi) = 0-0022; Dyt (a0 mivy vs. MTF (120 mivy = 0-0052; df =6). One-way ANOVA with Tukey post hoc test. **p < 0.01; ***p <0.001,

***%p <0.0001
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of Beclin-1 were slightly increased by changing the con-
centration of MTF from 40 to 120 mM. However, these
values did not reach significant levels compared to the
control group (p>0.05; Fig. 2). It was noted that total
levels of LC3 were significantly increased in the 120 mM
MTF group compared to 40 mM MTF-treated (p <0.05)
and control tumoroids (p<0.01). Of note, the treatment
of CRC tumoroids with MTF at a dose of 120 mM led to
a significant reduction of the LC3-II/I ratio, indicating
the inhibition of autophagy flux (p>0.05; Fig. 2). There
is no significant difference related to the LC3-II/I ratio
between the control and 40 mM MTF groups. Along with
these changes, the intracellular levels of p62 were dimin-
ished only in the 120 mM MTF group compared to the
non-treated tumoroids (p <0.05; Fig. 2). These data dem-
onstrate that MTF can influence the autophagy status in
CRC tumoroids in higher doses.

MTF altered the expression of autophagy-related genes

To evaluate the gene expression of the autophagy signal-
ing pathway genes, a PCR array analysis was conducted
(Table 1, Fig. 3, and Supplementary Fig. 1). The volcano
plot revealed the identification of significant changes in
gene expression across treatment conditions. The results
showed the changes in the expression of various genes
in 40 and 120 mM MTF groups after 72 h. Data showed
that the expression of genes related to vacuole forma-
tion, ATG4A (13.42-fold and 23.82-fold), ATG4B (3.31-
fold and 6.25-fold), ATG9A (14.99-fold and 44.14-fold),
IRGM (21.35-fold and 8.08-fold), MAP1LC3A (26.83-fold
and 12.41-fold), MAP1LC3B (9.62-fold and 15.71-fold),
ULK1 (732.15-fold and 767.49-fold), WIPI1 (32.36-fold
and 68.31-fold) were up-regulated in 40 and 120 mM
MTF groups compared to control tumoroids, respec-
tively. ATG4D (—2.08-fold and —3.52-fold), and BECN1
(—2.21-fold and —4.49-fold) were also down-regulated in
doses of 40 and 120 Mm MTFE, respectively. Based on our
data, ATG12 exhibited a strong down-regulation in the
120 mM MTF group (—64,009.57-fold) compared to CRC
tumoroids exposed to 40 mM MTF (15.1-fold). Changes
in the expression of ATG4C (4.68-fold), ATG5 (2.36-fold),
RGS19 (7.6-fold) were observed in the dose of 40 mM
and AMBRA1 (—3.42), GABARAP (2.49-fold) at the dose
of 120 mM MTE. Genes such as ATG4A, B, C, D, and
GABARAP are involved in vacuole targeting and pro-
tein transport signaling transduction pathways. Of note,
40 and 120 mM MTF altered the expression of genes
ATG9A, ATG10 (4.46-fold and 6.89-fold), ATG16L2
(7945.93-fold and 26,140.52-fold), ATG3 (6.17-fold and
3.57-fold), and RAB24 (—2.47-fold and —2.63-fold) com-
pared to the control group. It was suggested that ATG4A,
B, C, and D mediators exhibit proteolytic activity and can
affect the autophagy flux through their interaction with
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Table 1 PCR array analysis of human autophagy signaling
pathway in CRC tumoroids treated with 40 and 120 mM MTF for
72h

Gene Met (40) Met(120) Gene Met (40) Met (120)
AKT1 433 6.16 GABARAPL2  —1.30 —-1.56
AMBRAT -1.07 —3.42 HDACI -1.25 256.71
APP 2646 77.92 HDAC6 5.60 7.03
ATGI10 446 6.89 HGS -1.13 —72,014.51
ATG12 1510  —64,009.57 HSP90OAAT ~ —1.25 531.53
ATGI6L1 143 1.95 HSPA8 465 2.94
ATGI6L2 794593 26,140.52 HTT 6.00 484
ATG3 6.17 3.57 IFNG 24391180 —242
ATG4A 1342 23.82 IGF1 2.69 —-5.05
ATG4B 331 6.25 INS 82,72295  548,069.76
ATG4C 4.68 —-1.95 IRGM 2135 8.08
ATG4D -2.08 —3.52 LAMP1 430 2.09
ATGS 236 1.27 MAPTLC3A  26.83 1241
ATG7 -1.01 —1.17 MAPILC3B  9.62 15.71
ATG9A 14.99 44.14 MAPK14 6.80 5.63
ATG9B 1.72 1.61 MAPK8 9.69 3.26
BAD 6.80 5.22 MTOR 43233 746.50
BAK1 -146 —1.07 NFKBT 393 1.35
BAX -1.19 148 NPC1 —141 -3.65
BCL2 1.97 1.56 PIK3C3 -1.99 —-13.60
BCL2LT 17,755.77 —242 PIK3CG 15.10 11097
BECN1 -2.21 —4.49 PIK3R4 317 11.58
BID 362 10.59 PRKAAT -3.72 -3.15
BNIP3 -1.25 71.70 PTEN 14.18 247
CASP3 8.85 19.75 RAB24 —247 -2.63
CASP8 18.97 30.36 RBI 84.80 159.12
CDKN1B 244 4.58 RGS19 7.60 144
CDKN2A 1531 15.82 RPS6KBIT 236 141
CLN3 236 3.19 SNCA 15.96 56.65
CTSB 547.23 5382.27 SQSTM1 1.16 1.26
CTSD 10.10 14.76 TGFBI 362 8.90
CTSS 1.95 3.59 TGM2 261 -1.38
CXCR4 —2.05 —3.47 TMEM74 313 17.68
DAPK1 —-1.48 —3.62 TNF 55.56 80.11
DRAM1 51.84 88.28 TNFSF10 843 6.70
DRAM2 -261 —8.73 TP53 644 9.03
EIF2AK3 -1.05 —2.40 ULK1 73215 76749
EIF4GT 3.96 3843 ULK2 27.02 12.50
ESR1 18.08 28.92 UVRAG 11,31540 4159147
FADD 6.17 2.90 WIPI1 3236 6831
FAS 1.24 -1.22 ACTB —-1.55 -1.99
GAA 144 144 B2M -1.05 -3.09
GABARAP 1.26 249 GAPDH —4.61 -1.09
GABARAPL1 151 1.65 HPRT1 491 278
RPLPO 153 242

Fold-change values in doses of 40 and 120 mM of MTF were calculated using the
2724Ct formula and normalized to the values in the control group. Differences in
expression more than twofold were accepted as the cut-off value. Values greater
than 2 are indicated in red, and fold-regulation values less than —2 are indicated
in green
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genes facilitating the fusion of autophagosomes with lys-
osomes. The expression of genes such as DRAM1(51.84-
fold and 88.28-fold) and LAMP1(4.30-fold and 2.09-fold)
was increased in 40 and 120 mM MTF groups while the
expression of GABARAP and NPC1 (—3.65-fold) was
altered only in CRC tumoroids exposed to 120 mM MTE.
Genes related to ubiquitination of autophagy flux such as
ATG3 and HDACS6 (5.60-fold and 7.03-fold) were upreg-
ulated in 40 and 120 mM MTF groups.

We noted that 40 and 120 mM MTF changed the
expression of ATG12, ATG5, BECN1, AKT1 (4.33-
fold and 6.16-fold), APP (26.46-fold and 77.92-fold),
BAD (6.80-fold and 5.22-fold), BID (3.62-fold and
10.59-fold), CASP3 (8.85-fold and 19.75-fold), CASPS
(18.97-fold and 30.36), CDKN1B (2.44-fold and 4.58),
CDKN2A (15.31-fold and 15.82-fold), CLN3 (2.36-
fold and 3.19-fold), CTSB (547.23-fold and 5382.27-
fold), DRAMI(51.84-fold and 88.28-fold), FADD
(6.17-fold and 2.90-fold), HTT (sixfold and 4.84-fold),
INS(82,722.95-fold and 548,069.76), MAPKS8 (9.69-fold
and 3.26-fold) (JNK1), MTOR (432.33-fold and 746.50-
fold), PIK3CG (15.10-fold and 110.97-fold), PTEN
(14.18-fold and 2.47-fold), SNCA (15.96-fold and 56.65-
fold), TGFB1(3.62-fold and 8.90-fold), TNF(55.56-fold
and 80.11-fold), TNFSF10 (8.43-fold and 6.70-fold),
TP53 (6.44-fold and 9.03-fold), IEFNG (243,911.80-
fold and -2.42-fold), BCL2L1 (17,755.77-fold and
—2.42-fold), IGF1 (2.69-fold and —5.05-fold), CXCR4
(=2.05-fold and —3.47-fold), PRKAA1 (—3.72-fold and
—3.15-fold) are touted as co-regulators of apoptosis
and autophagy signaling transduction pathways. In this
signaling transduction pathway, NFKB1 (3.93-fold), and
TGM2 (2.61-fold) were up-regulated in the presence of

MTF 40 mM

log10(P-value)
° -
o
°
°

10
Log2 Fold Change
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40 mM MTE. The expression of genes such as BNIP3
(71.70-fold), HDAC1 (256.71-fold), DAPK1 (—3.62-
fold), and EIF2AK3 (—2.40), were down-regulated in
CRC tumoroids when treated with 120 mM MTE.

The transcription of genes related to intracellu-
lar signals like CTSD (10.10-fold and 14.76-fold),
EIF4G1 (3.96-fold and 38.43-fold), ESR1 (18.08-fold
and 28.92-fold), MAPK14 (6.80-fold and 5.63-fold),
PIK3R4 (3.17-fold and 11.58-fold), TMEM74 (3.13-
fold and 17.68-fold), ULK2 (27.02-fold and 12.50-
fold), UVRAG (11,315.4-fold and 41,591.47-fold) was
also stimulated. Meanwhile, DRAM2 (—2.61-fold and
—8.73-fold) was inhibited in 40 and 120 mM MTF
groups compared to the control group. Changes were
achieved after treatment with MTF for genes RPS6KB1
(2.36-fold) in 40 mM MTF group and CTSS (3.59-fold),
HGS (-72,014.51-fold), and PIK3C3 (—13.60-fold) in
120 mM MTF treated CRC tumoroids. Genes associ-
ated with the cell cycles such as CDKN1B, CDKN2A,
IENG, PTEN, TGFB1, TP53, and RB1 (84.80-fold and
159.12-fold) were up-regulated after the modulation
of autophagy using 40 and 120 mM MTE. The expres-
sion of mediators associated with intracellular patho-
gens such as IFNG, EIF2AK3, and LAMP1 was also
altered. Chaperone-mediated autophagy (CMA) media-
tors, especially HSPA8, were stimulated (4.65-fold and
2.94-fold) in both the 40 and 120 mM MTF groups, and
HSP90AA1 was highly up-regulated (531.53-fold) in
the CRC tumoroids treated with 120 mM MTFE.

MTF altered the integrity of CRC tumoroids

Using H & E staining, it was noted that the central zone
of control CRC tumoroids contains several necrotic cells

MTF 120 mM

-log10(P-value)

5 10
Log2 Fold Change

Fig. 3 Volcano plots indicate up-regulated and down-regulated genes generated in RStudio. The expressed genes are plotted based on the log2
fold change values in MTF 40 mM and MTF 120 mM groups. Red indicates upregulated genes, blue indicates downregulated genes, and gray

represents statistically non-significant gene expression
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with fragmented nuclei (Fig. 4A). Some cells with intra-
cellular vacuoles were also evident in this region, indi-
cating a typical hypoxic central zone. Bright-field images
indicated the existence of numerous flattened cells at the
external surface of CRC tumoroids. In the 40 mM MTF
group, the number of necrotic (pyknotic nuclei) and
apoptotic (subnuclear distribution of condensed chro-
matin) was also increased (Fig. 4A). In contrast to these
changes, the integrity of 120 mM MTF-treated CRC
tumoroids was completely lost and numerous apoptotic
cells with marginated and condensed chromatin can be
observed. Of note, the remanent of isolated tumoroid
cells with spindle-shaped morphologies and intercel-
lular fibers was also detected in the group that received
120 mM MTE. These features indicate that increasing

Control MTF 40 mM

" -r ‘5"."

:‘Zf' E ASH o
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Control

TF 120 mM  MTF 40 mM

M

Fig. 4 H & E staining of CRC tumoroids exposed to 40 and 120 mM MTF for 72 h (A
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doses of MTF can affect the integrity of CRC tumoroids
in vitro.

MTF influenced the proliferation rate of cells within CRC
tumoroids

Using IF staining, it was shown that numerous green-
colored Ki-67" cells are distributed in the structure of
CRC tumoroids (Fig. 4B). These features indicated that
CRC tumoroids harbor cells with the proliferation capac-
ity. Notably, the number of Ki-67" cells was reduced in
tumoroids that received 40 mM MTF while in the MTF
120 mM group, only the remaining cells expressed Ki-67
factor. These data indicated that MTF had the potential to
influence the proliferation rate in human CRC tumoroids
via changing protein levels of Ki-67 in a dose-dependent

MTF 120 mM
5
P

A

. 55 o
LA Y S s
o R e X

Merge

). MTF treatment can lead to the disintegration of cells

within the CRC tumoroids in which the number of pyknotic cells (black arrows; 40 mM MTF groups), and swollen cells (asterisks) were increased.
Treatment of CRC tumoroids with 120 mM MTF led to an increase of apoptotic cells with marginated chromatin appearance (black arrows)

and the existence of spindle-shaped cells. In the control group, central necrotic cells can be detected. Peripheral flattened cells located

at the external surface of tumoroids (arrowheads) can be visualized in bright-field images. Immunofluorescence staining of Ki-677 cells (B). Data
showed that the number of green-colored Ki-67* cells with proliferation potential was decreased in the MTF-treated CRC tumoroids. These changes

were more evident with the increase of MTF doses from 40 to 120 mM
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manner in which the higher doses (120 MTF) can effi-
ciently inhibit the Ki-67 factor and thus proliferation rate.

Discussion

The present study aimed to evaluate the possible tumori-
cidal properties of MTF on human CRC tumoroids con-
sisting of HT-29, HFFF2 cells, and HUVECs in vitro. The
development and application of 3D culture systems such
as organoids with dense cell-to-cell interactions have
been extensively used in in vitro settings for mimicking
the real tumor niche [32]. Here, the bright-field micro-
scopic images revealed a dense and hypoxic inner central
dark zone with numerous necrotic and apoptotic cells.
The existence of a hypoxic central region is crucial in
solid tumor masses inside the body because of the rapid
dynamic growth of cells and depletion of oxygen, glyco-
lytic activity, and acidic pH [33]. These features led to an
increase of hypoxia-inducible factor 1 alpha (HIF-1la)
and activation of several resistance mechanisms such as
aldehyde dehydrogenase (ADH), etc. in cells exposed to
the proximity of the hypoxic zone [33]. In the paracorti-
cal zone, the layer located between the central zone and
peripheral layer, a dense cell population was achieved
which is enclosed by outer highly proliferative cells. It is
believed that these structures can successfully mimic the
in vivo-like tumor mass structure.

LDH release assay indicated the lack of MTF cytotoxic
effects used at the range between 20 to 1000 puM related
to the control CRC tumoroids. In several 2D culture sys-
tems, lower concentrations of MTF have been examined
in various tumor cells in in vitro conditions with promi-
nent tumoricidal properties [34, 35]. Higher doses of
MTF used in the current study were not effective in pro-
moting tumoricidal effects on CRC tumoroids. Based on
the LDH release assay, 40 and 120 mM MTF doses were
selected and used for subsequent analyses. According to
our data, the exposure of CRC tumoroids to 40 mM MTF
led to the increase of tumoroids diameter while these val-
ues were relatively similar in control and 120 mM MTE-
treated CRC tumoroids. In the 120 mM MTF groups,
several sloughed single cells can be detected on the sur-
face of culture plates indicating the possible cytotoxic
properties of a high dose of MTF on proliferative cells
located at the outermost tumoroid layer. Along with these
data, IF staining indicated the reduction of Ki-67" cells
with the proliferation capacity in the MTF-treated groups
especially in the 120 mM MTF group. It has been indi-
cated that MTF can inhibit mitochondrial oxidation via
the suppression of NADH-coenzyme Q oxidoreductase
and reduction of AY, leading to tumoricidal effects [36].
Such effects can reduce the activity of enzymes belong-
ing to the tricarboxylic cycle and inhibit cell growth in
the tumoroid system, especially in the periphery zone.
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The increase of the AMP/ATP ratio provokes the activ-
ity of AMPK kinase, inhibits mTOR, and activates sev-
eral signaling pathways especially autophagy response
[36, 37]. Thus, it is postulated that the lack of significant
differences in terms of tumoroid diameter between the
control and 120 mM MTF-treated CRC tumoroids is
related to the existence of a compact cell layer in control
tumoroids and sloughing of dead cells from the external
surface of 120 mM treated-MTF tumoroids. Along with
these descriptions, numerous single disintegrated cells
were detected in the bottom surface of culture plates in
the 120 mM MTF group. Based on previously conducted
experiments, MTF can exhibit strong synergistic tumori-
cidal properties and tumor suppression in combination
with chemotherapeutics. For instance, MTF with differ-
ent chemotherapeutics can efficiently reduce the phos-
phorylation of Akt, and control the Akt/mTOR signaling
axis [38]. It is believed that MTF can reduce glucose lev-
els which can affect the dynamic tumor cell growth and
then sensitize these cells to various chemotherapeutics
especially when applied before the chemotherapy [39].
For example, the induction of autophagic response sen-
sitizes SKOV3/DDP ovarian cancer cells against cisplatin
[39]. In this regard, recent clinical trials have success-
fully used the combined regime of MTF with different
chemotherapeutics, i.e., carboplatin or paclitaxel in can-
cer patients [40]. The co-administration of MTF with
chemotherapeutics increases the survival rate in colorec-
tal cancer patients with improved pathological complete
response [41]. Despite these achievements, determin-
ing the optimal doses of MTF should be done in cancer
patients to reduce the possible side effects.

During the last decades, autophagy has become a
promising signaling pathway target for cancer therapy.
However, there are controversial debates about the
effects of autophagy on cancer cell survival or suppres-
sion [42, 43]. As mentioned before, MTF can stimulate
the autophagic response in different cancer types, such as
colon, endometrial cancer cells, and melanoma, and the
application of this drug is approved by the FDA for meta-
bolic disorders [43-45]. Novel cell culture techniques
are valid analytic tools for monitoring the efficiency
of therapeutic drugs and the conduction of personal-
ized medicine [46]. Here, we indicated that protein lev-
els of Beeclin-1 were slightly induced in 40 and 120 mM
MTFE-treated groups. Despite the increase of total LC3
content in tumoroids in the presence of 120 mM MTFE,
the lipidation and conversion of LC3-I to LC3-II were
reduced in the presence of 120 mM MTF but not 40
mM MTF group, indicating the inhibition of autophagic
flux at higher MT doses. Along with these changes, the
intracellular p62 levels were reduced in the 120 mM
MTE-treated group. The reduction of p62 levels can be
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associated with reduced formation of ubiquitin® aggre-
gates, and impaired or overactivated autophagy response
[47-49]. Using autophagy PCR array analysis, we found
changes in the expression of several autophagy media-
tors. Genes belonging to different autophagy signal trans-
duction pathways such as autophagic vacuole formation,
vacuole targeting protein transport, autophagosome-
lysosome linkage ubiquitination proteases, co-regulators
of autophagy & apoptosis, co-regulators of autophagy
& the cell cycle, autophagy induction by intracellu-
lar pathogens, autophagy in response to other intra-
cellular signals, and chaperone-mediated autophagy
were monitored (Supplementary Table 1). Irrespective
of the up-regulation, and down-regulation of several
autophagy-related genes, PCR array analysis indicated
the significant changes in the expression of genes related
to co-regulators of autophagy & apoptosis, co-regulators
of autophagy signaling transduction pathway.

It was suggested that apoptosis can control cell death
and is a valid therapeutic target for CRCs. It is hypoth-
esized that concurrent stimulation of apoptosis and
autophagy can exert prominent oncostatic effects after
being exposed to chemotherapeutics [50]. Based on pre-
vious studies, there is an intricate reciprocal interaction
between the autophagy and apoptosis signaling pathways
by engaging a diverse array of genes with promoting,
synergistic, and antagonistic effects [51]. Here, we found
that the expression of different shared genes between
autophagy and apoptosis such as BAD, BID, CASP3,
CASP8, CDKN1B, DRAM]1, FADD, PTEN, TGFB1, TNE,
TNESF10, TP53, PRKAA1l, CXCR4, mTOR, ATGI12,
ATG5, BECN1, and AKT1 were significantly changed
compared to the control CRC tumoroids. Along with the
present data, it has been declared that MTF can induce
both apoptosis and autophagic response in tumor cells
[52-55]. Concomitant with the activation of several anti-
apoptotic genes, the expression of certain gene types such
as BCL2L1 was highly induced in 40 mM MF-treated
CRC tumoroids while 120 mM MTF can strongly sup-
press the expression of this gene [56]. These data indicate
that lower concertation of MTF, not only, cannot activate
certain pro-apoptotic genes, but also increases distinct
anti-apoptotic factors that can lead to the activation of
several resistance mechanisms. Histological examina-
tion indicated the existence of numerous apoptotic,
necrotic cells and degenerated swollen cells in 40 mM
MTE-treated groups. These features were more evident
in 120 mM MTEF-treated CRC tumoroids. Unlike the 40
mM MTF group, the number of spindle-shaped cells was
increased which can be related to certain cellular mecha-
nisms in distinct cell lineages such as fibroblasts after
interaction with the tumor cells even in the presence of
MTF [57]. One reason for the presence of fibroblast-like

Page 10 of 12

cells is possibly related to the up-regulation of the TGF-3
gene as indicated in the PCR array panel. However, we
did not use any specific markers to follow up on certain
cell phenotypes within the CRC tumoroids after being
exposed to MTF. Based on the previous data, different
underlying mechanisms have been proposed for the inhi-
bition of CRC cells after being exposed to MTE. It was
suggested that MTF can inhibit the activity of INHBA,
a TGEF-p signaling pathway ligand, in CRC cells, leading
to the regulation of the PI3K/Akt pathway, reduction of
cyclinD1, and tumor cell arrest [58]. Similar to the cur-
rent experiment, previous data indicated that MTF can
stimulate several cell damage mechanisms such as apop-
tosis and autophagy in CRC cells in a dose-dependent
manner. The activation of AF-1, Map-LC3, Caspase-3,
and PARP, and reduction of NRF-2 coincided with NF-xB
stimulation can foster CRC cell injury. Likewise, the
reduction of resistant cancer stem cells (CD133"/CD44*
subpopulation) has been also reported in CRC cells after
incubation with MTF [59].

Conclusions

The present study shed valid data about the tumoricidal
properties of MTF in CRC tumoroids with the poten-
tial to relatively recapitulate tumor-like parenchyma
human body. Data confirmed that MTF had the poten-
tial to stimulate an excessive autophagic response, and
activation of apoptosis-related genes, with simultaneous
inhibition of proliferation (Ki-67" cells), and increase of
necrotic changes, leading to the disintegration of CRC
tumoroids. These effects were heightened in the presence
of higher doses of MTFE.

Although the tumoroid systems provide high-
throughput theranostic screening platforms much bet-
ter compared to the 2D culture systems, the current
data face some potential limitations that should be
addressed using different studies. The current system
cannot completely mimic the real cell-to-ECM and
cell-to-cell interaction within the tumor parenchyma.
Different ECM components, including proteins, car-
bohydrates, and other macromolecules exist within
the tumor stroma in various ratios [60], while only
2.5% methylcellulose was used as a supporting matrix
to develop human 3D colon cancer tumoroids. Due to
differences in tumor cell subpopulations with various
phenotypes and interstitial ECM entities, and the pres-
ence of immune cells, and other non-tumor cells, the
obtained data from the present experiment could not
be completely applicable to all tumor types. However,
the current technology enables us to provide a valid
personalized theranostic platform in the clinical setting
for achieving better therapeutic outcomes and circum-
venting the issues associated with cancer heterogeneity.
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Of note, patient-derived tumoroids possess relatively
donor tissue microstructure and evaluate the efficiency
of applied therapeutic protocols in in vivo conditions
[61]. Of note, the lack of standard protocols for tumor-
oid formation and expansion, genetic variations, and
different tumor cell behavior can lead to difficulty in
the interpretation of data [62]. By advancing 3D tumor
modeling, it is possible to develop valid and accurate
3D patient avatars for selecting suitable therapeutic
protocols in the clinical setting.
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