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Abstract

Background Dysregulation of iron metabolism is implicated in malignant transformation, cancer progression,
and therapeutic resistance. Here, we demonstrate that iron regulatory protein 2 (IRP2) preferentially regulates iron
metabolism and promotes tumor growth in colorectal cancer (CRQ).

Methods IRP2 knockdown and knockout cells were generated using RNA interference and clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas9 methodologies, respectively. Cell viability was evaluated using
both CCK-8 assay and cell counting techniques. Furthermore, IRP2 inhibition was determined by surface plasmon
resonance (SPR) and RNA immunoprecipitation (IP). The suppressive effects of IRP2 were also corroborated in both
organoid and mouse xenograft models, providing a comprehensive validation of IRP2's role.

Results We have elucidated the role of IRP2 as a preferential regulator of iron metabolism, actively promoting
tumorigenesis within CRC. Elevated levels of IRP2 expression in patient samples are correlated with diminished overall
survival, thereby reinforcing its potential role as a prognostic biomarker. The functional suppression of IRP2 resulted

in a pronounced delay in tumor growth. Building on this proof of concept, we have developed IRP2 inhibitors that
significantly reduce IRP2 expression and hinder its interaction with iron-responsive elements in key iron-regulating
proteins, such as ferritin heavy chain 1 (FTH1) and transferrin receptor (TFRC), culminating in iron depletion and

a marked reduction in CRC cell proliferation. Furthermore, these inhibitors are shown to activate the AMPK-ULK1-
Beclin1 signaling cascade, leading to cell death in CRC models.

Conclusions Collectively, these findings highlight the therapeutic potential of targeting IRP2 to exploit the
disruption of iron metabolism in CRC, presenting a strategic advancement in addressing a critical area of unmet
clinical need.
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Introduction

Iron serves as a fundamental element for DNA syn-
thesis [1, 2], mitochondrial respiration, and cell prolif-
eration [3-5], playing a central role in redox reactions,
mitochondrial functionality, and cell cycle regulation [6,
7]. Particularly, dysregulation of iron metabolism is fre-
quently observed in cancer cells, necessitating a higher
iron demand for maintaining accelerated growth rates
compared to normal cells.

In mammals, iron regulatory proteins 1 and 2 (IRP1
and 2) post-transcriptionally control intracellular iron
homeostasis through binding of iron responsive elements
(IREs) to the 5'- or 3'-untranslated region (UTR) of the
selected mRNAs [8, 9]. In general, the binding of iron
regulatory proteins to IREs in the 5-UTR of mRNA sup-
presses the translation of proteins such as ferritin heavy
chain 1 (FTH1) and ferroportin (FPN) [10, 11], whereas
binding to IREs in the 3’-UTR of mRNA confers protein
stability via transferrin receptor (TFRC) and divalent
metal transporter 1 (DMT1) [12, 13].

Sharing a high degree of nucleotide sequence homol-
ogy, IRP1 and IRP2 are differentially expressed on the
basis of cellular iron availability, and are crucial for iron
metabolism reprogramming [7]. IRP1 is a ubiquitously
expressed protein and has a 4Fe-4S cluster that hinders
the binding of IRP1 to IREs, whereas IRP2 is a selectively
expressed protein that has no iron-sulfur cluster and is
reported to be the dominant IRE-binding protein [14].
Additionally, the degradation of IRP2 is modulated by
F-box and leucine-rich repeat protein 5 (FBXL5), an E3
ubiquitin ligase [15, 16].

Colorectal cancer (CRC) is the second most frequent
cause of cancer-related deaths worldwide, following lung
cancer [17]. There are markedly few therapeutic drugs
specifically developed for CRC treatment. For example,
monoclonal antibodies against the epidermal growth fac-
tor receptor display an effective response in only approxi-
mately half of the patients without tumors harboring
mutations in the RAS/RAF/MAPK pathway [18, 19].
Additionally, newly developed immunotherapy is prom-
ising but acceptable to only less than 5% of the patients
with metastatic CRC with microsatellite instability-high
tumors [20]. Despite an increase in the incidence of CRC,
progress in the development of anti-cancer drugs for
CRC is stagnant and the survival rate of patients in stage
IV CRC for over 5 years remains 15% [21]. Although
attempts have been made to investigate the importance
of iron excess and its direct effect on CRC development
and progression [22], methods for reprogramming iron
metabolism in cancer cells have been nearly absent. By
exploiting the differences in iron metabolism between

cancer and normal cells, we hypothesized that target-
ing IRP2 specifically can inhibit cancer cell proliferation,
leading to an effective cancer treatment.

Accordingly, we aimed to determine the significance
of IRP2 as a therapeutic target in cancer. Extending
this foundational concept, we discovered IRP2 inhibi-
tors through high-throughput screening of a library of
8.0 million compounds. We found that genetic ablation
or pharmacologic inhibition of IRP2 disrupts cellular
iron homeostasis and represses colon cancer cell growth
in diverse model systems, including patient-derived cell
lines, organoids, and tumor xenografts, thereby high-
lighting the feasibility of targeting IRP2 in CRC.

Results

Inhibition of IRP2 impairs cell growth in colorectal cancer
(CRQ)

Given the specific association of IRP2 with dysregulated
iron metabolism in CRC, we explored its impact on can-
cer cell proliferation. Small interfering RNA (siRNA) and
CRISPR-Cas9 were used to specifically target IRP2 for
deletion. Our results revealed a significant reduction in
the viability of IRP2-deficient cells, which decreased by
more than 50% compared to control cells, substantiating
IRP2’s role in promoting cancer cell survival (Fig. 1A and
B). Furthermore, in vivo studies of IRP2 knockout (KO)
in SW480 cells showed that the absence of IRP2 mark-
edly delayed tumor formation compared to wild-type
(WT) counterparts. The tumor growth inhibition (TGI)
for IRP2 KO/~ #1 cell was 77%, and for IRP2 KO/~
#2 cell, it was 70% on day 44, with both results showing
statistical significance (**p<0.01) (Fig. 1C and D, and 1E).
Overall, these results indicated that the suppression of
IRP2 significantly delays tumor growth in CRC cells.

High IRP2 expression linked to poor prognosis in CRC

Cancer cells require comparatively more iron content
than normal cells for division, proliferation, and metas-
tasis [23]. To examine the effects of iron on cell growth,
we initially used ferric ammonium citrate (FAC; formula
(NH,)s[Fe(C,H,O,),]) which triggers cellular iron abun-
dance. We selected a 300 pM concentration of FAC to
effectively examine the impact on tumor growth dynam-
ics [7, 24, 25]. This resulted in increased growth of CRC
cells (DLD-1, HCT116, HCT15, LOVO, SW480 and
SW620) in a time-dependent manner; in contrast, treat-
ment with deferoxamine (DFO), which induces iron
depletion, displayed inhibitory effects on the growth of
these CRC cell lines, as compared to the response seen in
FAC-treated cells (Fig. S1). These results revealed that the
cellular iron concentration is a critical factor determining
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Fig. 1 IRP2 regulated tumor cell growth in CRC cells. (A) Cell proliferation assay was performed on cells transfected with siRNA. Cells were monitored
every 24 h, and six random fields were counted using the Harmony software. Data are represented as the mean+SEM (n=4). **p <0.01, ***p < 0.001. (B)
Cell proliferation assay was performed on IRP2 knockout cell lines. Cells were monitored every 24 h, and six random fields were counted using the Har-
mony software. IRP2 knockout was confirmed using immunoblotting. Data are represented as the mean +SEM (n=4). **p <0.01, ***p <0.001. (C) Repre-
sentative tumor image of SW480 xenograft injecting IRP2 knockout cell (n=4). (D) Tumor volumes were monitored once every two days for 44 days. Data
are represented as the mean + SEM (n=4).**p <0.01. (E) The tumors were isolated and weighed. Data are represented as the mean+SEM (n=4). *p <0.05

the proliferation rate of cancer cells. We next evalu-
ated the protein expression levels of IRP1 and IRP2 in
paired samples of normal adjacent mucosa and tumor
tissues from patients. After normalizing the paired nor-
mal tissue levels to a baseline of 1.0, the mean expression
level of IRP1 protein in tumor tissues was 0.83+0.132
(p-value=0.6483) compared to normal tissues. In con-
trast, IRP2 protein exhibited a mean expression level of
0.87£0.91 (p-value=0.0480), as shown in Fig. 2A and
Table S1. This substantial upregulation, with IRP2 levels

approximately 3-fold higher in tumor tissues than in nor-
mal tissues, may reflect the role of IRP2 in tumorigenesis.

To explore the implication of IRP2 expression by ana-
lyzing The Cancer Genome Atlas (TCGA) CRC cohort
[26]. When correlations between the expression of IREB2
(gene name for IRP2) and various other genes were
investigated, genes involved in ubiquitination (ARIHI,
BTBDI1, BUBIB, CDC27, FEMIB, PSMA4, UBEZ2K,
UBE3A, USPI1, USP8, and USP45) were ranked in the
top 100 genes positively correlated with IREB2 (Fig. 2B).
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Fig. 2 IRP2 is overexpressed and exhibited therapeutic relevance in colorectal cancer (CRQ). (A) The expression level of IRP1 and IRP2 protein in normal
(N) tissue (n=9) versus colorectal tumor (T) tissues (n=9) was measured using immunoblotting. Relative protein levels were calculated using the Image
J software. (B) Heat map for top 100 genes which have positive or negative correlation with IREB2 expression. CRC cases are shown according to /REB2
expression level with the highest IREB2 expression placed on the right side. The expression of selected genes is presented as row-wise z scores of log,
(RPKM +1). (C) Gene Ontology analysis for the top 100 genes positively correlated with IREB2. (D) Kaplan-Meier curve comparing survival outcomes ac-
cording to expression of IREB2. Patients were dichotomized based on cutoff value derived from log-rank maximization method

Correspondingly, gene ontology term analysis indicated
enrichment of ubiquitin-related pathways (GO0006511,
GO0043161, and GO0042787) among those that were
positively correlated with IRP2 expression (Fig. 2C). In
addition, higher IRP2 expression was associated with
worse overall survival (Fig. 2D), emphasizing the rele-
vance of IRP2 as a therapeutic target in CRC.

Identification of small molecules that inhibit the binding of
IRP2 to IREs

Building on this proof of concept, we identified small
molecules that interfere with the binding of IRP2 to IREs
(Fig. 3A). A virtual screening was performed using an in-
house database (DB) containing 8.0 million compounds.
In total, 5,782 compounds were screened during primary
screening, and the subsequent filtering out on the based
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Fig. 3 Identification of IRP2 inhibitors that dispersed the interaction between IRP2 and IREs. (A) Schematic diagram of the workflow implemented to
identify small molecule inhibitors of IRP2. (B) Structures of KS-20073 and KS-20226. (C) Surface plasmon resonance (SPR) analysis revealed the inhibition of
IRP2 binding to IRE by KS-20073 and KS-20226 in a dose-dependent manner. (D) Binding of IRP2 to biotin-FTH IRE was assessed using the RNA immuno-
precipitation (IP) assay. HEK-293T cells were transfected with pCMV6-Myc (empty) and the pCMV6-Myc-IRP2 plasmid and were treated with KS-20073 and
KS-20226 (10 uM) for 24 h. mRNA enrichment was achieved using gRT-PCR and normalized with input total RNA. Data are represented as the mean + SEM
(n=4).**p<0.01. (E) The RNA IP assay was used to assess the effect of endogenous IRP2 on IRP2 inhibitors. SW480 cells were treated with KS-20073 and
KS-20226 (10 uM) for 24 h. Data are represented as the mean + SEM (n=4). ***p <0.001

on the fitness score (above 1.0) and additional visual
inspection resulted in a final selection of 32 compounds.
Chemical modification led to the development of
KS-20073 and KS-20226, which exhibit potent cytotoxic
effects, with a growth inhibiting concentration 50 (Gl5)
value of 2.81+0.275 pM and 3.18+0.329 uM, respectively
(Fig. 3B and S2A-2E).

Using SPR analysis, KS-20073 and KS-20226 were
found to binding to IRP2, with K of 45.9 pM and 4.1
UM, respectively (Fig. 3C). These compounds effectively
dispersed the interaction between IRP2 and IREs, which

was substantiated by the RNA IP analysis (Fig. 3D and E).
This led us to discover that IRP2 inhibitors substantially
interfered with the IRP2-IRE complex through the struc-
ture modeling and an in vitro assay.

IRP2 inhibitors induce cytotoxic effects through ubiquitin-

dependent IRP2 degradation-mediated reprogramming of
iron metabolism in CRC cells

Next, we evaluated the anti-proliferative activity of IRP2
inhibitors by measuring cell viability in CRC cells. These
inhibitors exhibited remarkable cytotoxicity in an IRP2
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Fig. 4 (See legend on next page.)

Calcein AM

SW480

dependent manner and had no effect on proliferation in
the corresponding IRP2 knockout cells (Fig. 4A). By con-
trast, KS-20073 and KS-20226 showed minor cytotoxic-
ity even at a high dose of 40 uM in different normal cell

LOVO

lines, such as CCD-18Co, VERO, VERO, HFL-1, 1L929,
NIH 3T3, and CHO-K1 (Fig. 4A). Since three-dimen-
sional (3D) culture models reflect the patient’s tumor tis-
sue more accurately than 2D monolayer cell culture [27],
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Fig. 4 IRP2 inhibitors induce the ubiquitin dependent degradation of IRP2 which has anti-tumor activity. (A) Cytotoxicity of KS-20073 and KS-20226 in
CRC cells and divergent normal cells. CCD18-Co; Human normal colon cell line, VERO; African green monkey kidney cell line, HFL-1; Human embryonic
lung cell line, L929 (NCTC clone 929); Mouse fibroblast cell line, NIH 3T3; Mouse embryonic fibroblast cell line, CHO-K1; Chinese hamster ovary cell line.
(B) 3D Spheroid toxicity of KS-20073 (30 uM) and KS-20226 (20 uM). For spheroid formation, cells were grown in U-bottom plates coated with poly-HEMA
to maintain low adherent condition. Cells were treated with IRP2 inhibitors at days 3, 5, and 7 days, stained with Calcein AM (AM), and Ethidium homodi-
mer-1 (EthD-1), and observed using confocal microscopy. The region area and fluorescence intensity of EthD-1 was assessed and quantified using the
Harmony software. Data are represented as the mean +SEM (n=3). ***p <0.001. (C) IRP1, IRP2, TFRC, and FTH1 protein expression levels were assessed
via the immunoblotting of SW480 and LOVO cells treated with KS-20073 and KS-20226 (3 and 10 uM) for 72 h. f-actin was used as the protein-loading
control. Relative protein levels were calculated using the Image J software. (D) HEK-293T cells were transfected with the HA-Ub and Myc-IRP2 plasmids
for the ubiquitination assay. After 36 h of transfection, the cells were treated with KS-20073 (10 uM), KS-20226 (10 uM) and MG-132 (5 uM) for 24 h and
subjected to immunoprecipitation. (E) Labile iron pool (LIP) was determined using Calcein AM (green). SW480 and LOVO cells were incubated with KS-
20073 (30 uM) and KS-20226 (20 uM) for 24 h and then, quantified using the Harmony software. Data are represented as the mean+SEM (n=3). **p <0.01,

***p<0.001

we evaluated the growth inhibitory effect of KS-20073
and KS-20226 on SW480 and LOVO cells in a 3D spher-
oid model. Following 10 days of treatment, KS-20073 and
KS-20226 displayed anti-proliferative effect, indicated by
a reduction in the spheroid area and an increase in the
number of dead cells stained with ethidium homodi-
mer-1 (EthD-1; Fig. 4B). Moreover, cell cycle analysis
revealed that KS-20073 and KS-20226 induced a signifi-
cant accumulation of cells in the G2/M phase, which was
accompanied by a decrease in cell accumulation in the
GO/G1 phase (Fig. S3A), suggesting the occurrence of
G2/M arrest.

We examined whether KS-20073 and KS-20226 dis-
rupted iron metabolism through the reduction of IRP2,
considering that it targets IRP2 binding to IREs. These
IRP2 inhibitors were found to eliminate IRP2 expression
at the protein level, resulting in decreased iron uptake
with enhanced iron storage capacity by modulating
TERC and FTH1 expression (Fig. 4C). These inhibitors
did not alter IRP1/2 transcription (Fig. S3B), suggesting
that KS-20073 and KS-20226 modulate IRP2 expression
at the translational or post-translational level rather than
the transcriptional level.

To investigate the mechanisms of iron metabolism dis-
ruption following IRP2 degradation, we performed ubiq-
uitination analysis. KS-20073 and KS-20226 enhanced
the ubiquitination of IRP2 to a similar extent as MG-132,
a proteasome inhibitor triggering unselective ubiquitina-
tion (Fig. 4D). Since the KS-20073 and KS-20226-induced
TERC downregulation affects intracellular iron absorp-
tion, we expected that the labile iron pool (LIP) decreases
upon the degradation of IRP2 protein by IRP2 inhibitors.
The fluorescence of Calcein acetoxymethyl ester (AM), a
LIP determination probe, is quenched following chelation
of labile iron, and the degree of quenching gives an esti-
mated amount of chelatable iron. The intensity of Calcein
AM increased following treatment with KS-20073 and
KS-20226,  di-2-pyridylketone-4-cyclohexyl-4-methyl-
3-thiosemicarbazone (DpC), and DFQO, an iron chela-
tor that diminishes free iron through forming complex
interactions with iron (Fig. 4E and Fig. S4). Collectively,
these results indicated that the ubiquitin-dependent

degradation of IRP2 disrupted the maintenance of iron
homeostasis following LIP reduction.

Inhibition of IRP2 leads to mitochondrial dysfunction and
autophagy via the AMPK-ULK1-Beclin1-LC3B cascades
Since the IRP2 inhibitors caused an iron deficiency via
perturbation of iron metabolism, we predicted that it
would also affect mitochondrial function. KS-20073
undermined mitochondrial oxidative phosphorylation
(OXPHOS), resulting in the repression of oxygen con-
sumption rate (OCR), followed by a reduction in basal
respiration and ATP production (Fig. 5A and S5A).
Conversely, KS-20073 activated glycolysis, indicating
an increase in both basal and compensatory glycolysis
(Fig. 5B and S5B).

To investigate the global effects of the small molecule
IRP2 inhibitors in CRC cells, we further performed Gene
Set Enrichment Analysis (GSEA) from RNA sequenc-
ing data. KS-20073 considerably suppressed the genes
involved in oxidative phosphorylation and enriched the
expression of genes involved in regulation of autophagy,
suggesting a shift in cellular energy metabolism towards
a state that favors autophagic processes over mitochon-
drial respiration (Fig. 5C). Initially identified as an IRP2
inhibitor, KS-20073 formed the basis of our mechanis-
tic studies, but subsequent development led to the dis-
covery of KS-20226, a chemically analogous compound
with enhanced efficacy, which we incorporated into later
experiments.

Dysfunctional mitochondria undergo mitophagy which
is the selective degradation of mitochondria by autophagy
[28]. Mitochondrial dysfunction stimulates AMP-acti-
vated protein kinase (AMPK), which leads to the activa-
tion of Unc-51-like autophagy activating kinase-1 (ULK1)
and Beclin-1, which act as accelerators of autophagy [29].
This suggests that disturbance of iron metabolism by tar-
geting IRP2 leads to activation of autophagy through dys-
functional mitochondria.

Having observed the transcriptional activation of
autophagy target genes by IRP2 inhibitors, we next
asked whether the inhibition of IRP2 practically trig-
gered autophagy. Genetic ablation of IRP2 in SW480
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Fig. 5 Silencing IRP2 leads to sequential reprogramming of mitochondrial metabolism and autophagy. (A) Effects of KS-20073 (10 uM) on oxygen
consumption rate (OCR). Data are represented as the mean+SEM (n=3). (B) Effects of KS-20073 (10 uM) on glycolysis. Data are represented as the
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cells resulted in the formation of cellular multi-vesicles
and autophagosomes, leading to autophagic cell death
similar to that induced by pharmacologic inhibition using
KS-20073 and KS-20226, as observed using transmission
electron microscopy (TEM) (Fig. 5D and S5C). Addition-
ally, pharmacologic suppression of IRP2 by KS-20073
and KS-20226 activated AMPK phosphorylation, and the
expression of ULK1 and Beclin-1 sequentially elevated
after treatment with the IRP2 inhibitors in a time-depen-
dent manner (Fig. 5E). Finally, we assessed the expression
of LC3B, a central marker of autophagy, using immunos-
taining. As shown in Fig. S5D, KS-20073 and KS-20226
remarkably increased LC3B expression, suggesting that
IRP2 inhibition leads to CRC cell death relying on activa-
tion of the AMPK-ULK1-Beclinl pathway.

A B
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Suppression of IRP2 shows divergent sensitivity in CRC
organoids and suppresses tumor growth in vivo

We treated nine established CRC organoids with different
concentrations of KS-20073, and monitored the changes
in morphology as well as measured cell viability using
CellTiter-Glo. KS-20073-treated organoids exhibited the
disappearance of the crypt as well as the disruption of
intact organoid structure, with differential susceptibility
ranging from an GI;; of 0.5 to 40 pM (Fig. 6A). We classi-
fied the organoids into those with the highest and lowest
sensitivities for KS-20073 for further study. Furthermore,
KS-20073 markedly eliminated IRP2 protein expression
in the organoids most sensitive to the inhibitor (Fig. 6B
and C). Notably, IRP2 expression levels correlated with
susceptibility of the organoids to KS-20073 (Fig. 6D).
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Fig. 6 Suppression of IRP2 delayed tumor growth in CRC organoids and in vivo model. (A) Cytotoxic effect of KS-20073 on CRC organoids. Organoids
were treated with KS-20073 for 5 days and subjected to the cytotoxic analysis using CellTiter-Glo. (B) Representative immunofluorescence images of IRP2
(green), Phalloidin (red) and DAPI (blue) in KS-20073-sensitive organoids by treatment of KS-20073 (10 uM) were obtained using confocal microscopy. (C)
IRP1, IRP2 and B-actin protein levels in KS-20073-sensitive organoids were measured using immunoblotting. (D) The protein levels of IRP1 and IRP2 were
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Finally, we assessed the anti-tumor activity of KS-20073
and KS-20226 in vivo using xenograft mouse mod-
els established by subcutaneously injecting the SW480
cell line. Tumor volumes were significantly reduced
after intraperitoneal administration of KS-20073 and
KS-20226 (100 mg/kg) (Fig. 6E and S6A). The administra-
tion of the IRP2 inhibitors effectively suppressed tumor
weight (Fig. 6F and S6B) and had no significant impact
on body weight (Fig. 6G and S6C). To further verify the
results of the in vitro assay, tumors were subjected to
immunoblotting. Collectively, these results suggested
that the novel small molecule inhibitors targeting IRP2
showed effective tumor inhibitory responses in vivo.

Discussion
Targeting iron metabolism, which is involved in tumor
initiation and progression, is an attractive strategy for
cancer treatment [30, 31]. However, efforts to utilize non-
selective iron chelating agents to disrupt systemic iron
metabolism are accompanied with inevitable toxicity and
have been largely unsuccessful [32]. IRPs are master regu-
lators of intracellular iron homeostasis, which is involved
in various biological processes [33]. The IRP2 inhibi-
tors we developed regulate iron metabolism, interfering
with the IRP2-mediated occupancy of IREs and induced
ubiquitin-mediated IRP2 degradation. Inhibition of can-
cer growth was achieved via cell death driven by IRP2
inhibitors, while minimizing the impact on systemic iron
metabolism. Furthermore, IRP2 expression was found to
be correlated with the efficacy of IRP2 inhibitors, provid-
ing plausible predictive markers for these compounds.
Dependency on iron metabolism in promoting cancer
stemness and growth has been exploited for the develop-
ment of iron-depleting agents as therapeutic strategies
for cancer treatment. For instance, water-soluble iron
chelators, such as DFO and deferasirox [34], and lipid-
soluble iron chelating agents, such as Dp44mt and DpC
[35], have shown marked efficacy in vitro. However, usage
of these compounds involves significant drawbacks,
including poor penetration through the cell membrane
and generation of ROS by chelating not only divalent
metal ions but also copper, iron, and manganese [36],
all of which are associated with significant toxicity with
reduced efficacy. Additionally, the nonselective nature
of these compounds perturbs systemic iron metabolism,
limiting their clinical usefulness. In this study, we dis-
covered that IRP2 selectively regulated iron metabolism
in CRC with prognostic implications. Unlike IRP2, IRP1
interconverts between two distinct forms: a cytosolic
aconitase and an IRE-binding apo form. This unique
characteristic means that the protein levels of IRP1 do
not directly reflect its activity as an IRE-binding protein,
which is a critical factor in iron metabolism regulation.
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Building on this proof of concept, we initially designed
the screening protocol to identify compounds that inhibit
the binding of IRP2 to IREs. Subsequently, we hypoth-
esized that inhibition of this binding disrupts IRP2 sta-
bilization, as the protein is typically regulated through
feedback mechanisms involving its interaction with IRE
elements. When this interaction is obstructed, IRP2
may be tagged more frequently for degradation via the
ubiquitin-proteasome pathway. Furthermore, it is cru-
cial to understand that the GI;, values for IRP2 inhibitors
represent the concentration required to achieve a 50%
reduction in activity, which does not imply a complete
displacement of binding interactions between the inhibi-
tor and its target. In addition, in Figs. 4 and 5, varied drug
concentrations were used to demonstrate the efficacy of
the compounds across different conditions. Lower con-
centrations allowed us to observe cellular effects and iron
metabolism changes with minimal cytotoxicity, while
higher concentrations helped investigate the mechanis-
tic impact on IRP2 ubiquitination and related processes,
providing a comprehensive evaluation of the biological
actions of the compounds.

The dissociation constant (Kd) values for IRP2 inhibi-
tors in binding to IRP2 are indeed significantly higher
than the affinity typically observed between IRP1, IRP2
and IREs, suggesting these small molecules have a much
lower affinity for IRP2 compared to the natural interac-
tion between IRP2 and IREs. However, there are several
factors that could enable these small molecules to effec-
tively outcompete the endogenous IREs despite their
lower affinity. The effectiveness of small molecules can be
influenced by their concentration relative to that of IREs.
If these compounds are used at substantially higher con-
centrations, they may still be able to outcompete IREs for
IRP2 binding despite their lower affinity. Furthermore,
these compounds might have better cellular uptake or
distribution within the cell, allowing them to localize
efficiently to the sites where IRP2 is present. This spa-
tial advantage could help them outcompete IREs despite
their lower intrinsic affinity.

The pharmacologic inhibition of IRP2 exerted anti-
tumor efficacy in various models, including patient-
derived cell lines, organoids, and in vivo systems.
Mitochondria are the central organelle for iron utilization
to maintain numerous biological functions [37]. Fe-pro-
toporphyrin (known as heme) and Fe-S clusters are two
essential components of the inner membrane complexes
of the mitochondrial electron transport chain [38]. Dys-
regulated iron metabolism causes diverse mitochondrial
diseases affecting red blood cells [39], cardiomyocytes
[40], and neuronal cells [41]. In cancer cells, mitochon-
drial iron metabolism is highly upregulated owing to
their proliferative nature [42], resulting in a high demand
for iron. In our study, pharmacologic inhibition of IRP2
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reduced OXPHOS, suggesting that mitochondrial metab-
olism can be reshaped via IRP2 inhibition. Disruption of
mitochondrial metabolism by IRP2 inhibitors was linked
to autophagy via the AMPK-ULK1-Beclinl pathway [43],
highlighting the unique properties of IRP2 inhibition.

Our study has highlighted several critical limitations
associated with the IRP2 inhibitors, indicating essential
areas for enhancement. Firstly, the differentiation in the
effects of the inhibitors on IRP1 versus IRP2 was unclear,
highlighting the need for more precise experiments to
isolate their distinct mechanisms. Additionally, the bind-
ing assays suggested that our inhibitors might not only
prevent IRP2 binding to IREs but could also affect pro-
tein expression, requiring verification through advanced
molecular docking and interaction studies. The notably
low binding affinities of our compounds raise concerns
about their ability to effectively compete with natural
IREs. KS-20073 and KS-20226 effectively inhibited IRP2
expression and tumor cell growth in vitro, but showed
limited efficacy in animal models at high concentrations
due to poor pharmacokinetics and low solubility. To
address these issues, further optimization of their phar-
macokinetic profiles and solubility is essential. Future
research should focus on developing improved ana-
logs with better PK properties and higher solubility to
enhance bioavailability and therapeutic efficacy in vivo.
Optimizing these compounds will improve their thera-
peutic potential and contribute to more effective cancer
treatments.

Materials and methods

Cell culture

The human CRC cell lines were obtained from Korean
Cell Line Bank (Korea). Cell lines were maintained
in specific complete growth media. Particularly, Dul-
becco’s modified Eagle’s Medium (Lonza, SH30243.01)
and Roswell Park Memorial Institute-1640 (Lonza,
SH30027.01), containing 10% fetal bovine serum, 100 U/
mL penicillin, and 100 pg/mL streptomycin, were used
for the maintenance of cell lines. Cell lines were incu-
bated at 37 °C in a 5% CO, incubator.

3D spheroid culture

For spheroid formation, 100 pL/well of cell suspen-
sions at optimized densities (SW480; 1x10% and LOVO;
1x10% were dispensed into U-bottom 96-well plates
coated with 2-hydroxyethyl methacrylate (poly-HEMA)
(Sigma, P3932) for low attachment. Plates were incu-
bated for three days at 37 °C, and spheroids were treated
with KS-20073 and KS-20226 thrice every two days.
Next, spheroids were stained with Hoechst33342 (Invit-
rogen, H1399) to observe nuclei, Calcein AM (Invitrogen,
C3099) to observe live cells, and ethidium homodimer
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(Invitrogen, E1169) to identify dead cells and images
were taken using Operetta CLS (PerkinElmer).

Organoid culture and viability

Approximately 1 cm? of human colorectal tumor tissue
was cut into small fragments and washed in phosphate-
buffered saline (PBS) (Tech and Innovation, BPB-9111).
Tissues were subjected to digestion by medium contain-
ing 1% fetal bovine serum and 625 pg/mL collagenase
(Sigma, C9407) for 30 min at 37 °C. Next, tissues were
centrifuged at 3,000 xg for 3 min. Supernatants were
discarded and washed with PBS. Cells were again cen-
trifuged at 3,000 xg for 3 min and seeded into Matrigel
(Corning, 354230). The human CRC organoid medium
contained the following essential components in Dulbec-
co’s modified Eagle’s medium/F-12 (Lonza, 12-719 F);
100 units Penicillin/Streptomycin (Gibco, 15140-122),
1x Glutamax (Gibco, 35050-061), 1x N2 supplement
(Gibco, 17502-048), 1x B27 supplement (Gibco, 17504-
044), 1 mM N-acetyl-L-cysteine (Sigma, A7250), 2 mM
L-glutamine (Sigma, G7513), 10 mM nicotinamide
(Sigma, NO0636), 10 nM gastrin I (Sigma, G9145), 10
uM SB202190 (Sigma, S7067), 500 nM A83-01 (Sigma,
SML0788), 50 ng/mL human epidermal growth factor
(Peprotech, 100—47), 100 ng/mL human noggin (Pep-
rotech, 120-10C). Organoids were passaged every 1-2
weeks at a 1:4 or 1:5 ratio via mechanical dissociation.
For the cancer organoid viability assay, organoids were
seeded with 10 pL Matrigel matrix dome into 96-well
plates. The matrix domes were allowed to solidify for
30 min at 37 °C and treated with various concentrations
of KS-20073 for 5 days. The CellTiter-Glo 3D cell viability
reagent (Promega, G9683) was then added to the organ-
oids followed by incubation for 30 min at 37 °C. The
luminescence was measured using a microplate reader
(Molecular Devices, FlexStation 3). Experiments were
performed in triplicate, and the ICy, values calculated
using the GraphPad Prism (5.0) software (La Jolla, CA,
USA).

Xenograft experiments

Male BALB/c nude mice, 5-week-old, were purchased
from ORIENTBIO Inc. and housed under specific patho-
gen-free conditions with standard rodent chow and water
and 12-h light-dark cycle. All experiments were con-
ducted according to the institutional ethical guidelines
on animal care and were approved by the Department
of Laboratory Animal Resources, Yonsei Biomedical
Research Institute. Cells were implanted into mice via
subcutaneous injection into the right flanks at a con-
centration of 1x107 cells/mouse (10 mice per group).
Twenty mice with a tumor volume of 100-150 mm?® with
no abnormalities in general health were selected and
randomly allotted to a vehicle, KS-20073 100 mg/kg, or
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KS-20226 100 mg/kg group. Treatments were prepared
in a mixture of 10% dimethyl sulfoxide (DMSO) (Sigma,
D8418), 30% polyethylene glycol 400 (Sigma, 8.07485),
and 60% PBS. Experiments were conducted daily using
intraperitoneal injection of 100 mg/kg. During the treat-
ment period, tumor volume was measured thrice per
week according to the following formula: Tumor vol-
ume (mm?)=L (mm) x W? (mm?) x 1/2. Body weights
were monitored daily during the treatment period, and
the final tumor weights were measured after sacrificing
the mice on day 30 owing to planned termination of the
experiment.

SPR analysis

IRP2 (Theoretical pI: 6.5; Molecular weight: 97 kDa) was
dissolved in 10 mM sodium acetate (pH 4.5) at a con-
centration of 50 ug/mL and injected onto the chemically
activated surface of a CM5 sensor chip until the response
units reached between 8,000 and 9,000 in running buf-
fer (PBS-P [10.1 mM Na,PO,, 1.8 mM KH,PO,, 137 mM
NaCl, 2.7 mM KCl, pH 7.4, 0.005% P20] supplemented
with 2% DMSO). In SPR multi-cycle kinetic experiments,
a twofold concentration series of KS-20073 or other KS
compounds ranging from 1.6 to 100.0 pM were injected
over the sensor surface at a rate of 30 pL/min, with 60 s
contact at 25 °C and dissociation times without a regen-
eration step. A blank injection was used to minimize the
carryover effects. The association (k,), dissociation (ky),
and equilibrium dissociation (Kp; ky/k,) constants were
calculated from the sensorgrams by fitting with a 1 : 1
binding model using the evaluation software (v2.0) pro-
vided with the Biacore T200 instrument.

siRNA transfection

siRNA transfection was performed using Lipofectamine
3000 reagent (Invitrogen, L3000) following the manu-
facturer’s instruction. Briefly, an appropriate number of
cells (2x10°) were seeded in 6-well plates and incubated
for 24 h at 37 °C. For transfection of each well, 5 pL of
Lipofectamine 3000 was mixed with 125 pL of Opti-
MEM. In a separate tube, the negative control and silRP2
were added to 125 uL of Opti-MEM and the siRNA solu-
tion was added to the Lipofectamine 3000 mixture. The
siRNA mixture was incubated for 15 min at room tem-
perature to allow complex formation. Subsequently, the
solution was added to the cells and incubated at 37 °C.

CRISPR/Cas9 and transfection
The following insert oligonucleotides for human IRP2
guide RNA (gRNA) were used:

IRP2 gRNA #1 forward primer: 5'-CACCGGATTAAT
CTGAATTCAATAG-3;

IRP2 gRNA #1 reverse primer: 5'- AAACCTATTGAA
TTCAGATTAATCC-3;
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IRP2 gRNA #2 forward primer: 5'- ACCGCAGGATAG
AGTTGCTGTGAC-3’;

and IRP2 gRNA #2 reverse primer: 5'- AAACGTCAC
AGCAACTCTATCCTGC-3'.

The complementary oligonucleotides for guide
RNAs (gRNAs) were ligated and cloned into the PX459
CRISPR/Cas9-Puro vector (Addgene, 48139). The SW480
and LOVO cells were transfected with either PX459/
gRNA#1 or PX459/gRNA#2 using Lipofectamine 3000
according to the manufacturer’s protocol. Two days after
transfection, the cells were treated with 1 ug/mL puromy-
cin (Sigma, P8833) thrice per week. After two weeks, col-
onies were isolated and analyzed using immunoblotting.

Cell viability and proliferation assay

Cell viability was determined using the Cell Counting
Kit-8 (Dojindo, CK04). An appropriate number of cells
(2x10% were seeded in 96-well plates and incubated for
24 h at 37 °C. Cells were then treated with various con-
centrations of the compounds for 48 h. Next, the CCK-8
solution was added to the cells, followed by incubation
for 3 h at 37 °C. The absorbance was measured at 450 nm
using a microplate reader (Molecular Devices, Versa-
max). Experiments were performed in triplicate.

For the proliferation assay, cells (1x10°) were seeded
in a 6-well plate and incubated at 37 °C for 24 h. The
medium in each well was then replaced with KS-20073
and KS-20226 in fresh culture media. Cells were moni-
tored every 12-24 h for 5 days and counted using Oper-
etta CLS. Experiments were performed in triplicate.

RNA immunoprecipitation assay

HEK293T cell was transfected with the pCMV6-Myc-
IRP2 plasmid (Origene, PS100016) for 36 h and then,
treated with KS-20,073 for 24 h. After incubation, the
medium was removed, followed by cross-linking using
formalin (Tech and Innovation, BPP-9004). Cells were
lysed in RNA immunoprecipitation lysis buffer (25
mM Tris-HCI [pH 7.4], 150 mM KCIl, 5 mM EDTA,
0.5% NP-40 [Sigma, 18896], 0.5 mM DTT [Sigma,
10197777001], 100 U/mL RNase inhibitor [Invitrogen,
AM?2696] and Complete Mini Protease inhibitor cocktail
[GeneDepot, P3100]). Lysates were aliquoted to obtain
input samples. Then, cell lysates were mixed with Dyna-
beads Protein G (Invitrogen, 10003D) pre-incubated with
anti-Myc antibody (Santa Cruz Biotechnology, sc-40)
and incubated at 4 °C overnight with gentle rotation. The
beads were immobilized, washed five times with NT-2
buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM
MgCl,, 0.5% NP-40, and Complete Mini Protease inhibi-
tor cocktail), and mixed with Trizol (Ambion, 15596018)
for RNA purification according to the manufacturer’s
instructions, followed by quantitative reverse transcrip-
tion-PCR (qRT-PCR) using FTH or 18 S primers. RNA
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enrichment was normalized with input total RNA, and
experiments were performed in triplicate.

Ubiquitination assay

For the ubiquitination assay of IRP2, HEK293T cells
grown on 10-cm dish were co-transfected with 10 pg
of myc-tagged IRP2 and a vector expressing HA-tagged
ubiquitin (Addgene, 18712) each for 48 h. Following
transfection, MG-132 (5 pM) (Sigma, M8699) was added
to the cells for 24 h to inhibit proteasomal degradation,
followed by KS-20073 and KS-20226 (10 pM). Cells were
harvested in lysis buffer containing 0.5% NP-40. Immu-
noprecipitation was performed in PBS using 10 pg of an
anti-Myc antibody and 300 g of the cell lysate. Immuno-
precipitates were resolved using 8% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and
probed with an anti-HA antibody (Santa Cruz Biotech-
nology, sc-7392) to monitor IRP2 ubiquitination.

qRT-PCR
Total cellular RNA was isolated used to synthesize
c¢DNA. qRT-PCR was conducted on an Applied bio-
systems 7500 apparatus using SYBR green master mix
(Applied biosystem, 4368708) according to the manufac-
turer’s instructions. The housekeeping gene B-actin was
used as the endogenous control for normalization. The
following qRT-PCR primers were used:

IRP1 forward primer: 5'-CGCTGTGGTTGACTTTGC
TGCAATG-3';

IRP1 reverse primer: 5'-ATCTATTACAAGATCAGCA
GGGCAG-3';

IRP2 forward primer: 5'-GGCTGCAGAGCTGTACC
AGAAAGAA-3;

and IRP2 reverse primer: 5'-CGGTCCTTTGGCAGC
CCAGTCTCTG-3'.

Immunoblotting and immunofluorescence staining

For immunoblotting, cells were lysed using radio immu-
noprecipitation lysis buffer, containing a protease inhibi-
tor and a phosphatase inhibitor cocktail (GenDepot,
P3200), to extract proteins. After centrifugation at
13,000 rpm for 20 min at 4 °C, the supernatants were col-
lected and protein concentrations were determined using
Bradford assay. Approximately, 30-50 pg proteins were
size-fractionated using 8-15% SDS-PAGE and trans-
ferred onto a polyvinylidene difluoride membrane by
semi-transfer. Membranes were blocked with 5% non-fat
milk in PBS with 0.1% tween-20 for 1 h at room tempera-
ture and incubated with primary antibodies overnight at
4 °C. The following antibodies were used for immunob-
lotting; IRP1 (Santa Cruz, sc-166022, 1:500) and IRP2
(Santa Cruz, sc-33682, 1:500). After washing with PBS,
the membranes were incubated with horseradish perox-
idase-conjugated secondary antibodies for 1 h at room
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temperature. Immuno-reactive bands were visualized
using an enhanced chemiluminescence reagent (ELPIS
Biotech, EBP1071).

For immunofluorescence staining, cells were grown
under cell culture conditions on 96-well plates for 24 h
and treated with KS-20073 for 72 h. Next, cells were
washed with PBS and fixed in cold-methanol for 5 min.
After fixation, the cells were incubated with a mouse
monoclonal antibody against IRP2 overnight at 4 °C.
Cells were incubated with the Alexa Fluor 488 goat anti-
mouse secondary antibody (Invitrogen, A11001) for
2 h and nuclei were counterstained with DAPI (Sigma,
D9542) for 5 min. Cells were washed thrice with PBS and
observed using Operetta CLS.

Cell cycle analysis

To analyze cell cycle distribution in response to the
KS-20073 and KS-20226 treatment, SW480 and LOVO
cells were treated with KS-20073 and KS-20226 for 48 h.
Cells were harvested using trypsinization, washed with
PBS, and re-suspended thoroughly in 300 pL PBS. The
cells then fixed in 700 pL of 100% ice-cold ethanol for 2 h
at —20 °C. Fixed cells were mixed with PI/RNase Staining
Solution (BD Biosciences, 550825) for 30 min. Cell cycle
analysis was performed on BD FACS LSR II system.

LIP determination

LIP assay was measured using Calcein-AM. The cells
were loaded with 2 pM Calcein AM for 30 min at 37 °C
and then washed with PBS. Fluorescence was measured
at 485 nm excitation and 535 nm emission wavelengths
using Operetta CLS.

Measurement of OCR and extracellular acidification rate
SW480 and LOVO cells were seeded and treated with
KS-20073 for 24 h. Cells were seeded at a density of
4x10* cells/well in a XF®24 microplate coated with 0.2%
gelatin and determined using the XF cell energy pheno-
type test. The cells were washed twice, and medium was
replaced with the XF assay medium containing 4.5 g/L
glucose, 4.0 mM glutamine, and 1.0 mM sodium pyru-
vate. The plates were placed in a 37 °C incubator without
CO, for 1 h prior to the assay. OCR measurements were
performed using a Seahorse Biosciences XF°® Analyzer
(Agilent, CA, USA); all experiments were performed
at 37 °C. After the measurement of basal respiration, 2
UM oligomycin, and 1 uM carbonyl cyanide-p-trifluoro-
methoxy phenylhydrazone (FCCP), 1 pM rotenone and
antimycin A were added sequentially to measure ATP
production, maximal respiratory, and non-mitochondrial
respiration, respectively.

The extracellular acidification rate was determined
by monitoring the glycolytic function and expressed in
mpH/min. The measurement procedure was similar to
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that of OCR, as described above. After measurement of
basal ECAR, 80 mM glucose, 5.0 mM oligomycin, and
100 mM 2-deoxyglucose (2-DG) were added sequentially
to determine glycolysis, glycolytic capacity, and glycolytic
reserve, respectively.

Transmission electron microscopy

SW480 and LOVO cells were treated with KS-20073 and
KS-20226 for 72 h. The cells were then harvested and
fixed with 2% paraformaldehyde (Sigma, K34009105-451)
and 2% glutaraldehyde (ZC814139-734). Subsequently,
the samples were sliced into 100 nm ultra-thin sections
using a microtome. The samples were observed using a
transmission electron microscope (JEOL, JEO-1011) in
three different fields of view.

RNA-sequencing and GSEA

The total RNA from control and KS-20,073-treated
SW480 and LOVO cells (two biological replicates, n=2)
were used for RNA-Seq. GSEA was conducted using
the GSEA desktop application (borad.mit.edu/gsea). All
genes were ranked using scores based on fold-change
direction and p-value, and enrichment analysis was con-
ducted using enrichment static (q-value<0.5 as a cutoff).

TCGA data analysis

RNA-seq data from TCGA were obtained from cBio-
Portal for Cancer Genomics. The log, (RPKM+1) val-
ues of each gene were obtained and analyzed. Top 100
genes showing a positive or negative correlation with
IREB?2 expression were selected to obtain the heat map.
Gene ontology analysis for biological process was per-
formed with top 100 genes positively correlated with
IREB?2 expression. Log-rank maximized test was applied
to define optimal cutoff value for categorizing patients
according to IREB2 expression. Overall survival curve
was estimated with the Kaplan—Meier method and com-
pared using the log-rank test.
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