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Abstract

Background: Colorectal cancers develop through several pathways, including the adenoma-carcinoma sequence
and colitis-associated carcinogenesis. An altered intestinal microflora has been reported to be associated with the
development and progression of colorectal cancer via these pathways. We identified Lactobacillus casei-derived fer-
richrome as a mediator of the bacterial anti-tumor effect of colorectal cancer cells through the upregulation of DDIT3.
In this study, we investigated the anti-tumor effects of ferrichrome on precancerous conditions and cancer cells
associated with sporadic as well as colitis-associated colorectal cancer.

Methods: SRB and MTT assays were performed to assess growth inhibition in vitro. Eighteen organoids were pre-
pared from biopsy specimens obtained by colonoscopy. An AOM-DSS carcinogenesis model and xenograft model of
colorectal cancer cells were generated for the assessment of the tumor suppressive effect of ferrichrome in vivo.

Results: Ferrichrome inhibited the cell growth of colorectal cancer cells in vitro and in in vivo xenograft models. Fer-
richrome exerted a strong tumor-suppressive effect that was superior to that of currently available anti-tumor agents,
including 5-FU and cisplatin, both in vitro and in vivo. The tumor-suppressive effect of the combination of ferrichrome
and 5-FU was superior to that of single treatment with either drug. The tumor suppressive effects of ferrichrome were
confirmed through the upregulation of DDIT3 in patient-derived organoids of adenoma and carcinoma. Ferrichrome
inhibited the tumor progression in the AOM-DSS model while exhibiting no anti-inflammatory effect in the DSS-colitis
model, suggesting that ferrichrome inhibited cancer cells, but not a precancerous condition, via the colitis-associated
pathway.

Conclusions: Ferrichrome exerts a tumor suppressive effect on precancerous conditions and cancer cells associated
with sporadic as well as colitis-associated colorectal cancer. The anti-tumor effect of ferrichrome was mediated by the
upregulation of DDIT3, and was superior to that of 5-FU or cisplatin. These results suggest that Lactobacillus brevis-
derived ferrichrome may be a candidate anti-tumor drug for the treatment of colorectal neoplasms.
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Background

The outcomes of colorectal cancer have been improving
:‘CDC?\f/E;SOPnOQ? Gegscgéaeﬁr{gg?;ah]:i\gignrs:;%p /Oncology, Department R o chemotherapy, including e develop—
of Medicine, Asahikawa Megi)éal University, 2-%{,1—1, Midc?r)il:gaol?a, ments of molecular—targeted therapy and new drug deliv-
Hokkaido 078-8510 Asahikawa, Japan ery systems [1-3]. However, because baseline anti-tumor
Full list of author information is available at the end of the article drugs, such as 5-fluorouracil (5-FU) and cisplatin, are not

the source, provide a link to the Creative Commons licence, and indicate if changes were made. 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 notincluded 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//creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (httpZ/creativecommons.org/publicdomain/
zer0/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

©The Author(s) 2021.This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and



Iwama et al. Cancer Cell Int (2021) 21:21

suitable for elderly patients and cases with comorbidities
[4-6], the five-year survival rate of advanced colorectal
cancer has remained low [7] due to the low completion
rate of chemotherapy [8]. Novel anti-tumor drugs with
a strong anti-tumor effect as well as safety are therefore
urgently needed.

Several representative pathways, including the ade-
noma-carcinoma sequence and colitis-associated path-
ways, are involved in the development and progression of
colorectal cancer [9, 10]. Alteration of the adenomatous
polyposis coli (APC) gene is an initial event in adenoma-
carcinoma sequence, followed by a k-ras gene mutation
and subsequently alterations of the p53 and Deleted in
Colorectal Cancer (DCC) genes [11]. In contrast, the
alteration of the p53 function is thought to be an initial
event in the colitis-associated pathway, followed by a
k-ras gene mutation and alteration of the APC gene [12],
suggesting that the process of cancer development differs
among these pathways.

An altered intestinal microflora is associated with the
development and progression of colorectal cancer in both
the adenoma-carcinoma sequence and colitis-associated
pathways [13, 14], suggesting the importance of main-
taining homeostasis of the intestinal microflora. Probiot-
ics are live microorganisms that confer a health benefit
on the consumer when they are administered in adequate
amounts [15] and help maintain intestinal homeostasis
[16]. The anti-tumor effect obtained from probiotic bac-
teria, including Biffidobacterium and Lactobacillus spe-
cies, in vitro and in vivo, have been shown, suggesting
that probiotics are potentially useful for cancer treatment
with fewer adverse events than conventional therapies,
although the mechanisms have yet to be explored.

We recently reported ferrichrome as an anti-tumor
molecule derived from L. casei American Type Culture.
Collection (ATCC) 334 and described the anti-tumor
mechanism of ferrichrome in colorectal cancer cells
in vitro [17]. Ferrichrome activated the DNA damage
inducible transcript 3 (DDIT3) signal and induced apop-
tosis in colorectal cancer cells. In addition, ferrichrome
showed a less-marked growth inhibition effect in non-
cancerous cells derived from the intestine, suggesting
that ferrichrome may be an effective and safe drug for
colorectal cancer treatment. Considering the drug posi-
tioning of ferrichrome, it is important to determine the
appropriate phase of tumor progression, including pre-
cancerous phases, during which to use ferrichrome and
to compare the anti-tumor effect and safety of ferri-
chrome with those of existing antitumor drugs.

In the present study, we used six colorectal cancer cell
lines, an in vivo xenograft model and patient-derived
organoids to confirm the anti-tumor effects of ferri-
chrome for sporadic colorectal neoplasms associated

Page 2 of 15

with the adenoma-carcinoma sequence pathway and
used a dextran sulfate sodium (DSS)-colitis and azox-
ymethane (AOM)-DSS carcinogenesis mouse model to
confirm the anti-tumor effects of ferrichrome on colitis-
associated tumorigenesis. In addition, the anti-tumor
effects of ferrichrome were compared with those of cur-
rently available baseline drugs, including 5-FU and cis-
platin, and the combination effects of their drugs were
analyzed in in vitro and in vivo xenograft models. In
addition, the acute adverse events of ferrichrome were
examined in order to support the potential clinical use of
ferrichrome.

Materials and methods

Cell culture
Human cancer cell lines were grown in Roswell
Park Memorial Institute (RPMI) 1640 (SW620

[RRID:CVCL_0547], SW480 [RRID:CVCL_0546]), high-
glucose Dulbecco’'s Modified Eagle’s Medium (DMEM)
(C2BBE1 [Caco2/bbe] [RRID;CVCL_1096], HT-29
[RRID:CVCL_0320], SK-CO-1 [RRID:CVCL_0626],
McCoy’s 5A Medium (HCT 116 [RRID:CVCL_0291)]
supplemented with 10% (vol/vol) fetal bovine serum
(FBS), 2mM L-glutamine, 50 U/ml penicillin and 50 pg/
ml streptomycin in a humidified atmosphere containing
5% CO,. All experiments were performed with myco-
plasma-free cells. All human cell lines were authenticated
using STR profiling within the last three years.

Mice

BALB/c or BALB/c nude mice (6 weeks of age) were pur-
chased from Sankyo Labo Service (Tokyo, Japan). The
study received ethical approval for the use of an opt-
out methodology from the Medical Ethics Committee
of Asahikawa Medical University (Approval No. 16,069,
20,057).

AOM-DSS carcinogenesis model

AOM (10mg/kg) was intraperitoneally injected into the
BALB/c mice. One week after the injection, the mice
were treated with 1 or 1.5% DSS in the drinking water
for 1week. The body weight of mice was measured with
time,

Human intestinal epithelial cells

Biopsy tissue of colon adenoma and colon adenocarci-
noma was obtained under colonoscopy. The experiments
were undertaken with the understanding and written
consent of each subject. The study methodologies con-
formed to the standards set by the Declaration of Hel-
sinki. The study methodologies were approved by the
Asahikawa Medical University Institutional Care and Use
Committee (Approval No. 1668).
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Organoid culture

In a 15mL conical tube, the tissue sample was washed
with 10mL of ice-cold phosphate-buffered saline
(PBS). The tissue and remaining supernatant were
then transferred to a 1.5mL microcentrifuge tube.
Using sterile scissors, the tissue was thoroughly
minced into the smallest pieces possible. The tissue
fragments were then transferred to a new 15mL coni-
cal tube, and 10mL of Gentle Cell Dissociation Rea-
gent was added, followed by incubation on ice for 30
minutes. The sample was then centrifuged at 290 g for
5 minutes, after which the supernatant was aspirated,
and 1 mL of ice-cold DMEM + 1% bovine serum albu-
min (BSA) was added. Using a 1 mL pipettor, the con-
tents of the tube were passed through a 70-um cell
strainer into a new 15mL conical tube. The sample
was then centrifuged at 200 g for 5 minutes, after
which all but 100 pL of the supernatant was aspirated.
Matrigel® (100 uL) was added to the sample tube, and
50 pL of the Matrigel®-crypt suspension was placed
on a 24-well plate. The plate was incubated at 37°C
for 10 minutes to allow the Matrigel®-crypt suspen-
sion to solidify, after which 750 pL of IntestiCult™
Organoid Growth Medium Y-27,632 (10puM final
concentration) was added for primary culture to each
well.

The assessment of the cell viability

via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction

The viabilities of seeded organoids were normalized
before apoptosis induction by incubation with resa-
zurin. The organoids were cultured with 10 mg/ml
resazurin (Sigma) for 6 h, and then the supernatant was
transferred into a 96-well microplate and the fluores-
cence measured with a fluorescence detector at 530 nm
excitation and 590 nm emission. Organoid growth was
assessed using an MTT cell proliferation kit I (Roche
Diagnostics GmbH, Mannheim, Germany). The orga-
noids were seeded onto 96-well microplates at 100 to
500 per well for 96h prior to stimulation. The orga-
noids were subsequently incubated with 10 pL of
MTT labeling reagent for 4h, followed by the addi-
tion of 100 pL of solubilization solution into each well.
The plates were left in the incubator overnight, and
the optical density (OD) was measured at a 570 nm
test wavelength and a 650nm reference wavelength.
Matrigel without organoids (7 pL) was used as the con-
trol and set as 0% viability. Untreated organoids were
defined as 100% viability. If normalization with resa-
zurin was done before treatment, the relative MTT
reduction was divided by the fluorescence value of the
respective wells [18].
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Ferrichrome
Ferrichrome was purchased from Sigma-Aldrich (St.
Louis, MO, USA, Cat No; F8014).

Sulforhodamine B (SRB) assay

The cells were seeded onto 96-well microplates at
1x10* cells per well. Ferrichrome was diluted in
DMEM and used to treat the cells. The cells were then
fixed in 5% trichloroacetic acid (TCA) for 1h at 4°C
and washed 4 times in distilled water. The microplates
were then dehydrated at room temperature, stained
in 100 pl/well of 0.057% (wt/vol) SRB powder/distilled
water, washed 4 times in 0.1% acetic acid and re-dehy-
drated at room temperature. The stained cells were
lysed in 10 mM Tris-buffer, and the OD was measured
at 510 nm.

Xenografts

The protocols of the animal experiments were approved
by the Asahikawa Medical University Institutional Ani-
mal Care and Use Committee. SW620 or HCT116 cells
(2 x 10° cells) were injected into male BALB/c nude mice.
Ferrichrome or 5-FU treatments were administered
daily, starting the day after the injection of cancer cells.
The tumor volumes were calculated from digital caliper
raw data using the following formula: Volume = (major
tumor diameter) x (minor tumor diameter)?/2.

Real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted using an RNeasy mini kit
(Qiagen, Tokyo, Japan) according to the manufacturer’s
instructions. The mRNAs were reverse transcribed using
a high-capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). The cDNA was ampli-
fied using the specific primer for DDIT3 (purchased from
Applied Biosystems), and signal detection was performed
in triplicate using an Applied Biosystems 7300 Real-Time
PCR System. The average mRNA expression was normal-
ized to the 18S rRNA expression (Applied Biosystems).

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) staining

'The cells were plated onto a 96-well plate, fixed in 4%

paraformaldehyde and washed extensively with PBS.
The cells were stained using an In Situ Cell Death Detec-
tion Kit and TMR red (Roche Diagnostic, Indianapolis,
IN, USA) according to the manufacturer’s instructions.
After incubation with staining reagents, the samples were
washed three times with PBS, and the TUNEL-positive
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cells were visualized by fluorescence microscopy (KEY-
ENCE Corporation).

Serum biochemistry

The serum of ferrichrome-treated mice was obtained
from the inferior vena cava. Biochemical analyses were
performed by Oriental Yeast Co., Ltd. (Japan).

Statistical analyses

The assay data were analyzed using Student’s ¢-test and a
one- or two-way ANOVA followed by Ryan’s correction.
P values of <0.05 were considered to indicate statistical
significance.

Data availability

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

Results
Ferrichrome inhibited the growth of six colorectal cancer
cells in vitro and in vivo
To clarify the tumor-suppressive effect in colorectal can-
cer cells in vitro, ferrichrome was administered to Caco2/
bbe, HT29, SK-CO-1, HCT116, SW480 and SW620 cells.
The characteristics of each cell line are shown in Table 1.
The growth of each cell line was suppressed by ferri-
chrome treatment (Fig. 1a).

To assess the tumor-suppressive effect of ferrichrome
in vivo, SW620 cells and HCT116 cells were transplanted
to nude mice. The tumor volume and weight were signifi-

Table 1 Characteristics of the colorectal cancer cells

Celltype Age Sex Race Derivation Origin tissue
SW480 50 M Caucasian ~ Primary lesion Colon

SW620 51 M Caucasian  Metastasis lesion  Lymph node
SKCO1 65 M Caucasian  Metastasis lesion  Ascites
Caco2 72 M Caucasian ~ Primary lesion Colon
HCT116  adult M Primary lesion Colon

HT29 44 F Caucasian  Primary lesion Colon

cantly decreased by the intraperitoneal injection of 5mg/
kg ferrichrome to the SW620 tumor (Fig. 1b). However,
no marked change in the body weight was observed on
ferrichrome treatment (Fig. 1c). Likewise, a tumor-sup-
pressive effect of the intraperitoneal injection of 5mg/
kg ferrichrome was observed for the HCT116 tumor
(Fig. 1d), suggesting that ferrichrome exerts anti-tumor
effects against colorectal cancer in vivo.
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Assessing the antitumor effect of ferrichrome in patient-
derived sporadic colorectal neoplasms

To clarify the anti-tumor effect of ferrichrome on cancer
cells associated with the adenoma-carcinoma sequence
pathway, 9 adenoma and 9 carcinoma organoids derived
from patients were constructed from endoscopic biop-
sied specimens. The details of the patients who under-
went endoscopic biopsies are described in Table 2. The
MTT/resazurin assay revealed that the growth sup-
pression rate of each ferrichrome-treated organoid was
68.4% (A1), 52.6% (A2), 67.4% (A3), 81.6% (A4), 56.1%
(A5), 59.2% (A6), 55.9% (A7), 41.6% (A8), 45.7% (A9),
68.2% (C1), 52.3% (C2), 35.0% (C3), 85.3% (C4), -7.7%
(C5), 73.8% (C6), 73.0% (C7), 80.7% (C8) and 40.5% (C9)
(Table 3) [The dose dependency was confirmed in Al
organoid (Additional file 1: Fig. S1)]. Ferrichrome signifi-
cantly inhibited the growth in seven adenoma organoids
(A1, A3, A4, A5, A6, A7, A8) and seven carcinoma orga-
noids (C1, C2, C3, C4, C6, C7, C8) but not in the four
other organoids (A2, A9, C5, C9).

We previously showed that ferrichrome induced colo-
rectal cancer apoptosis through the activation of the
DDITS3 signaling [17]. The change in the DDIT3 mRNA
expression in the 18 ferrichrome-treated organoids was
therefore assessed. Real-time PCR revealed the ratio of
DDIT3 mRNA (ferrichrome treated organoids/ferri-
chrome un-treated organoids) to be 1.54 (A1), 1.62 (A2),
2.80 (A3), 1.89 (A4), 1.88 (A5), 1.95 (A6), 2.03 (A7), 1.39
(A8), 1.86 (A9), 2.28 (C1), 1.80 (C2), 4.21 (C3), 1.54 (C4),
1.04 (C5), 1.50 (C6), 3.07 (C7), 6.21 (C8), and 1.63 (C9)
(Table 3). The expression of DDIT3 was significantly
induced in 14 organoids treated with 1mg/mL of fer-
richrome (A1, A2, A3, A4, A5, A7, A8, C1, C2, C3, C4,
C7, C8, C9) (p<0.05) and tended to be induced in the
remaining 1 organoid (A6) (p=0.0626), in which ferri-
chrome significantly inhibited the tumor growth in the
MTT assay. In contrast, DDIT3 was not induced in the
three organoids (A9, C5, C6) in which ferrichrome exhib-
ited no inhibitory effect in the MTT assay. This suggests
that the ferrichrome-induced tumor inhibition was medi-
ated by the upregulation of DDIT3. To confirm whether
or not ferrichrome induced apoptosis in patient-derived
sporadic colorectal cancer, a TUNEL assay was per-
formed in ferrichrome-treated organoids. The proportion
of TUNEL-positive organoids was significantly higher in
the ferrichrome group than in the control group (Fig. 1e).
These results suggest that ferrichrome induces apoptosis
and thus suppresses the growth of sporadic colorectal
neoplastic cells of organoids.
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bars show the standard deviation (S.D.)

Fig. 1 Ferrichrome reduced the progression of colorectal cancer cells derived from primary or metastatic lesions. An SRB assay revealed that

the numbers of colorectal cancer cells (Caco2/bbe, HCT116, SW-480 and HT29 cells, SK-CO-1 and SW-620 cells) were significantly lower in the
ferrichrome groups than in the control group (n=6) (a). The tumor volume and weight b in mice transplanted with SW620 cells were significantly
decreased by the intraperitoneal injection of 5 mg/kg of ferrichrome without a decrease in the body weight ¢ (0mg/kg; n=7, 5mg/kg; n=6). The
tumor volume and weight d of mice transplanted with HCT116 cells were significantly decreased by the intraperitoneal injection of 5 mg/kg of
ferrichrome (0 mg/kg; n=5, 5mg/kg; n=6). The proportion of TUNEL-positive organoids e was significantly increased in the ferrichrome group
compared to the control group. *p <0.05 by a two-way ANOVA followed by Ryan's post hoc test (A, B, D). ¥p < 0.05 by Student’s t-test (c, e). The error

Ferrichrome exerted an anti-tumor effect in a colitis~
associated cancer model in vivo

To investigate the anti-tumor effect of ferrichrome on
colorectal cancer associated with the colitis-associated
cancer pathway, an AOM-DSS carcinogenesis mouse
model was constructed. Ferrichrome (5mg/kg) was
intraperitoneally administered every other day. The
tumor size was significantly reduced by the adminis-
tration of ferrichrome in the AOM-DSS carcinogen-
esis mouse model (Fig. 2a). No significant change in the
body weight was noted in the AOM-DSS + ferrichrome
or AOM-DSS+PBS group (Fig. 2b). A Western blot-
ting analysis showed the accumulation of cleaved cas-
pase-3 and poly(ADP-ribose)polymerase (PARP) in the
AOM-DSS +ferrichrome group compared to the AOM-
DSS+PBS group, suggesting that tumor cell apoptosis
had been induced by ferrichrome treatment (Fig. 2c).

To clarify the ferrichrome effect on the precancer-
ous condition of colitis-associated cancer, a DSS-colitis
mouse model was constructed. Ferrichrome treatment
did not change the colon length or expression of proin-
flammatory cytokines, including TNF alpha, IFN-gamma
and IL-1beta (Fig. 2d, e). These data indicated that ferri-
chrome exerts an anti-tumor effect on colitis-associated
cancer but not on the precancerous, non-neoplastic
phase of the pathway.

The anti-tumor effect of ferrichrome was stronger

than that of 5-FU and cisplatin

To compare the anti-tumor effect of ferrichrome and
currently available anti-tumor agents, SW620 cells were
treated with these agents. An SRB assay revealed that
the tumor-suppressive effect of ferrichrome was supe-
rior to that of 5-FU and cisplatin (Fig. 3a). To assess the
antitumor effects of ferrichrome and 5-FU in vivo, a
mouse xenograft model of SW620 cells was constructed,
and experimental agents were directly injected into the
tumor. The tumor volume and weight were significantly
suppressed by the administration of either 0.5mg / kg of
ferrichrome or 5-FU in comparison to the control group,
and the tumor suppressive effect of ferrichrome was
superior to that of 5-FU (Fig. 3b). These data indicated
that ferrichrome exerted a strong tumor-suppressive

effect, and its effect was superior to that of currently
available anti-tumor agents, including 5-FU and cisplatin,
both in vitro and in vivo.

The effect of ferrichrome in combination with 5-FU

is stronger that of 5-FU alone in vivo

The prognosis of colorectal cancer patients with an insuf-
ficient response to 5-FU or cisplatin treatment is poor, so
enhancing the effect of 5-FU is clinically important for
improving the outcome of such patients. To assess the
combination effect of ferrichrome and currently avail-
able anti-tumor agents, the mixture of ferrichrome and
cisplatin or 5-FU was administered to SW620 cells. The
SRB assay revealed that the anti-tumor effect of low-dose
(0.2 pg/mL) ferrichrome was equal to or stronger than
that of low-dose (0.2 pg/mL) 5-FU or cisplatin. The com-
bination of ferrichrome and 5-FU highly suppressed the
tumor growth compared to 5-FU alone, but the combi-
nation of ferrichrome and cisplatin showed no additional
anti-tumor effect (Fig. 3c, d). Ferrichrome (0.5mg/kg)
and 5-FU (5mg/kg) were then intraperitoneally injected
into SW620 transplanted nude mice. The concentration
of 5-FU was determined based on the FOLFOX regi-
men generally used in colorectal cancer patients. The
tumor volume and weight were reduced by treatment
with ferrichrome or 5-FU. The tumor-suppressive effect
was significantly augmented by the combination of ferri-
chrome and 5-FU compared to single-agent administra-
tion of either one (Fig. 4a). Likewise, ferrichrome (5 mg/
kg) and 5-FU (5mg/kg) were intraperitoneally adminis-
tered to the AOM-DSS carcinogenesis model mice. The
average tumor size of the combination treatment group
was smaller in comparison to the single treatment group
(Control; 399.8+190.2, Ferrichrome; 144.54+168.9,
5-FU; 162.0472.7, ferrichrome and 5-FU; 92.2 4 84.4),
suggesting an additional effect of ferrichrome on colo-
rectal cancer cells when the effect of 5-FU is insufficient
(Fig. 4b).
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Table 2 Characteristics of the patient-derived adenoma and carcinoma organoids

No Age Sex Pathology Tumor site Tumor size(mm) Macroscopic 1C50(mg/ml)

type

Al 71 M Low grade tubular adenoma Sigmoid colon 12 0-Is 047

A2 74 F Mixed low and high tubular adenoma Transverse colon 6 0-Is 087

A3 87 M Mixed low and high tubular adenoma Transverse colon 12 0-Isp 055

A4 38 M Sessile serrated adenoma/polyp Cecum 15 0-lla 032

A5 63 M High tubular adenoma Rectum 7 0-Isp 0.86

A6 71 M Low grade tubular adenoma Transverse colon 11 0-Isp 064

A7 47 M Sessile serrated adenoma/polyp Decending colon 10 0-Is 04

A8 66 M Low grade tubular adenoma Ascending colon 6 0-ls 1.56

A9 66 M Sessile serrated adenoma/polyp Transverse colon 5 0-Is 197

Cl 76 F Moderately Rectum Stage | (T1b,NO,MO) 2 043

Q2 73 F Well> moderately Transverse colon Stage IVa (T4a,N2aM1a) 2 0.71

€3 57 M Mucinous > > moderately Rectum Stage llb (T3,N1b,M0) 2 22

4 87 ] Well Ascending colon Stage O(Tis,NO,MO) 0-Isp 0.71

a5 51 M Well Rectum Stage | (T1b,NO,MO) 2 N.D

c6 71 M Well > moderately Ascending colon Stage 0 (Tis,NO,MO) 0-lp 06

c7 71 M Moderately > > poorly Rectum Stage IIA (T3,NO,M0) 2 048

c8 82 M Well > moderately Ascending colon Stage Il (T2,NO,M0) 2 0.22

9 73 F Moderately > well Rectum Stage Va (T3,NO,M1a) v 3

Table 3 The growth suppression rate and fold change of ddit3 mRNA in ferrichrome-administered organoids

Suppression rate(%) p value (growth suppression rate) DDIT3 FC/control p value(fold

change
of DDIT3)

Al 684164 0.00621 1.54+034 0.0274

A2 526+164 0.15 162+0.19 0.0000873

A3 6744141 0.000512 28+14 0.0222

A4 816+29 0.000813 1894033 0.015

A5 56.1+£132 0.00158 1.88+0.29 0.00137

A6 59.246.1 0.00396 195+061 0.0626

A7 559419 0.0381 2034048 0.021

A8 416415 0.00176 1.3940.11 0.0169

A9 457+98 0.0623 1.86+0.54 0.124

(84| 68245 0.0122 228+072 0.0376

€2 528123 0.0165 1.8+062 0.0274

a 3505 0.00796 421+£086 0.00622

C4 853+22 0.0000361 1.54+£0.25 0.022

c5 —77+15 0.584 1.04+£0.16 0719

c6 738458 00114 1.5040.0.97 0426

c7 73£123 0.0142 3.074038 0.00000437

c8 80.7+85 0.000000443 6.21+£1.90 0.00913

c9 405423 0.25 1.63+0.08 0.00395

Ferrichrome is an anti-tumor molecule with few adverse

effects

To assess the acute toxicity of excessive amounts of fer-
richrome administration, 300 mg/kg ferrichrome, which
is 60-fold the anti-tumor amount used in the AOM-DSS

and tumor-transplanted models, was administered to

the mice via tail vein injection. There were no dead mice

on day 1 of observation (data not shown). Serum was
then collected from the inferior vena cava of 300 mg/kg
ferrichrome-treated mice, and biochemical tests were
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standard deviation (S.D.)

Fig. 2 Ferrichrome exerted anti-tumor effects but not the anti-inflammatory effects in an in vivo animal model. Ferrichrome (5 mg/kg) was
administered via intraperitoneal injection to AOM-DSS carcinogenesis model mice for 69 days. The tumor size in the ferrichrome-treated model
mice was significantly reduced a without any marked change in the body weight (b). A Western blot analysis showed that the accumulation

of cleaved caspase-3 and PARP was significantly higher in the ferrichrome-treated group than in the control group (c). However, 5 mg/kg of
ferrichrome administered trans-anally did not improve the colon length d or the expression of inflammatory cytokines (TNFa, IL13 and IFNy) e in a
DSS-colitis model. *p <0.05 by a one-way ANOVA followed by Ryan'’s post hoc test (a). *p <0.05 by Student's t-test (b, d, e). The error bars show the

performed. There were no significant changes in the
test values of AST, ALT or creatinine. Furthermore, we
assessed the serum iron contents because ferrichrome is
an Fe®* chelator derived from bacteria [19]. However, the
iron content was not markedly changed by ferrichrome
treatment (Fig. 5). Therefore, the acute toxic level of fer-
richrome is thought to be over 300 mg/kg via intravenous
administration in vivo.

Discussion

The present study investigated the anti-tumor effect
of ferrichrome, which was detected in the conditioned
media of the probiotic L. casei as a mediator of the bac-
terial anti-tumor function, on colorectal cancer model
using the patient-derived organoids and colitis-associ-
ated carcinogenesis model. Of note, ferrichrome exerted
a greater tumor-inhibitory effect than currently avail-
able antitumor drugs, including 5-FU and cisplatin,
both in vitro and in a xenograft model, and there were
no adverse effects on the biochemical test values of AST,
ALT, CRE and Fe in single dose toxicity test, indicating
that ferrichrome is a feasible treatment agent for colo-
rectal tumors with a strong anti-tumor effect and broad
safety range.

First, to assess the anti-tumor effect of ferrichrome
on sporadic colorectal cancer, an SRB assay of six repre-
sentative colorectal cancer cell lines (Caco2/bbe, HT29,
SKCO1, HCT116, SW480 and SW620 cells) was per-
formed. The assay showed that ferrichrome exerted sig-
nificant anti-tumor effects for the six cell lines. An in vivo
xenograft mouse model confirmed the anti-tumor effect
of ferrichrome on SW620 cells and HCT116. Subse-
quently, patient-derived adenoma and cancer organoids
were obtained to confirm the anti-tumor effect of ferri-
chrome on sporadic colorectal neoplasms. An MTT with
resazurin assay revealed that ferrichrome inhibited the
tumor growth in seven of the nine adenoma organoids
and seven of the nine carcinoma organoids. These find-
ings show that ferrichrome exerts an anti-tumor effect on
sporadic colorectal neoplasms, including precancerous
adenoma as well as cancer cells that may be associated
with adenoma-carcinoma sequence. Real-time PCR of
DDITS3 revealed that ferrichrome exerted an anti-tumor
effect in 12 of 14 patient-derived organoids in a DDIT3

induction-dependent manner. A previous investiga-
tion showed that DDIT3 is a key transcriptional factor
that induces the apoptotic pathway [21, 22] by binding
the promoter of death receptors (DRs), including DR4
and DR5, to induce apoptosis through the BAX-BAK-
mediated mitochondrial pathways [23], thus illustrating
that the anti-tumor effect of ferrichrome is mediated by
the induction of DDTI3 in cancer cells. However, fer-
richrome did not exert a significant tumor-suppressive
effect in the A2 or C9 organoids (A2: 52.6%, p=0.15, C9:
40.5%, p=0.25) despite significantly inducing the DDIT3
expression (A2: 1.62, C9: 1.63). The promoter region
of DR4 is reportedly frequently methylated, leading to
TRAIL-induced apoptosis in lung squamous carcinoma
cells [24]. 1t is speculated that the promoter regions of
DDIT3 may be modulated through genetic or epigenetic
modification in A2 and C9 organoids, resulting in a low
tumor-suppressive effect despite the significant induction
of DDIT3 when treated with ferrichrome.

Second, to assess the anti-tumor effect of ferrichrome
on cancer cells associated with the colitis-associated
pathway, an AOM-DSS carcinogenesis model was con-
structed. The AOM-DSS model showed that ferrichrome
greatly reduced the tumor area, and Western blotting
showed that the cleavage of caspase 3 and PARP was sig-
nificantly induced in the ferrichrome treated AOM-DSS
model, illustrating the anti-tumor effect of ferrichrome
through the induction of apoptosis on colorectal cancer
cells associated with the colitis-associated pathway. In
addition, ferrichrome did not influence the expression
of proinflammatory cytokines, including TNF-alpha,
IFN-gamma and IL-1beta, and the histological severity
in a DSS-colitis model, thus indicating that ferrichrome
inhibits cancer cell growth, but not the advent of a pre-
cancerous condition, such as inflammation, related to the
colitis-associated pathway.

The tumor-suppressive effect of the combination of fer-
richrome and 5-FU was superior to that of single treat-
ment of each drug in vitro and in vivo xenograft model of
SW620 cells and AOM-DSS carcinogenesis model mice.
Previous our investigation revealed that ferrichrome
induces the apoptosis through up-regulating the DDIT3
signal cascade and thereby activating the caspase-3
pathway, inducing DNA fragmentation. In contrast,
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Fig. 3 The anti-tumor effect of ferrichrome was greater than that of 5-FU or cisplatin. An SRB assay for SW620 revealed that the tumor-suppressive
effect of ferrichrome was superior to that of 5-FU and cisplatin (a). Ferrichrome (0.5 mg/kg) and 5-FU (0.5 mg/kg) significantly suppressed the tumor
growth in comparison to the control, and the tumor volume of the ferrichrome treated group also significantly decreased in comparison to the
5-FU treated group (b). An SRB assay showed that the anti-tumor effect of 0.2 ug/mL of ferrichrome was equal or greater than that of 0.2 ug/mL of
5-FU or cisplatin, and the combination of ferrichrome and 5-FU greatly reduced the density of SW620 cells compared to treatment with 5-FU alone
(c, d). *p <0.05 by a two-way ANOVA followed by Ryan’s post hoc test. The error bars show the standard deviation (5.D.)

5-FU exerts its tumor-suppressing effect through two
pathways, including the blockage of thymidylate syn-
thase and the inhibition of RNA processing due to the
incorporation of fluorouracil uracil triphosphate into
the RNA sequence instead of uridine triphosphate. This
suggests that ferrichrome-induced DDIT3 targets tumor
cell DNA, while 5-FU targets DNA as well as other tar-
gets, such as RNA processing [26]. The differences in the
antitumor mechanisms between ferrichrome and 5-FU
resulted in an additive effect on colorectal cancer ther-
apy, so ferrichrome can be used as an anti-tumor drug
in cancer patients for whom 5-FU and cisplatin show
insufficient efficacy or strong side effects. Conversely, the
combination of ferrichrome and cisplatin did not exert
any additive effects compared with single treatment of
each drug. Cisplatin is known to target DNA through
bridging between guanine and adenine, inhibiting DNA
duplication [27]; it also induces DDIT3-mediated apop-
tosis [28]. These findings suggest that either cisplatin or
ferrichrome targets tumor cell DNA, leading to fewer
additional effects of the combination of these two drugs.

Conclusions

In conclusion, we showed that ferrichrome exerted anti-
tumor effects on colorectal cancer that may be associated
with the adenoma-carcinoma sequence and colitis-asso-
ciated pathways. The anti-tumor effect of ferrichrome
was mediated by the upregulation of DDIT3, and supe-
rior to that of 5-FU or cisplatin. The tumor-suppressive
effect of the combination of ferrichrome and 5-FU was
superior to that of single treatment of each drug in vitro
and in vivo. The single-dose toxicity studies showed a suf-
ficient safety of ferrichrome. These findings highlight fer-
richrome derived from L. casei as an attractive candidate
anti-cancer drug for colorectal cancer.
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Additional file 1. MTT assay showed the anti-tumor
effect of ferrichrome in A1 organoid.Abbreviations
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sulfate sodium; 5-FU: 5-fluorouracil; APC: Adenomatous polyposiscoli; DCC:
Deleted in ColorectalCancer; ATCC: American Type Culture Collection; JNK:
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Fig. 4 The anti-tumor effect of the combination of ferrichrome and 5-FUwas greater than that of 5-FU alone.The tumor-suppressive effects of the

combination of 0.5 mg/kg ferrichrome and 5mg/kg 5-FU, including changes in the tumor volume and tumor weight, were significantly superior to
those of monotherapy with these agents in a SW620 transplanted xenograft mouse model (a). Likewise, ferrichrome (5 mg/kg) and 5-FU (5 mg/kg)
were administered to the AOM-DSS carcinogenesis model mice by intraperitoneal injection. The average tumor size of the combination treatment
group was smaller in comparison to the single treatment group (b). *p < 0.05 by a one-way ANOVA followed by Ryan’s post hoc test. The error bars

show the standard deviation (S.D.)
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Fig. 5 The in vivo acute toxicity level of intravenously administered ferrichrome. The serum was collected from the inferior vena cava of 300 mg/kg
ferrichrome-treated mice, and biochemical tests were performed. There were no significant changes in the test values of AST, ALT, creatinine or iron.
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