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Suppression of DYRK1A/B Drives Endoplasmic Reticulum
Stress-mediated Autophagic Cell Death Through Metabolic
Reprogramming in Colorectal Cancer Cells
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Abstract. Background/Aim: We previously identified
KS40008 (4-(3-(4-hydroxyphenyl)-1H-pyrazolo[3,4-b Jpyridin-
5-yl)benzene-1,2-diol), a novel inhibitor of dual-specificity
tyrosine phosphorylation-regulated kinase family (DYRK)
1A/B, which exhibited high enzymatic activity and cell
proliferation-inhibitory effects in colorectal cancer (CRC) cell
lines. In the present study, we aimed to elucidate the antitumor
mechanisms of KS40008. Materials and Methods: To assess
the cytotoxicity of KS40008, we utilized a human cell line and
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organoid model and performed a CCK-8 assay and real-time
cell analysis. Mitochondrial function was determined through
mitochondrial staining, mito-stress test, and glycolysis test. In
addition, we investigated the mechanisms of cancer cell death
induced by KS40008 through immunoblotting, real-time
quantitative polymerase chain reaction, reactive oxygen
species staining, and immunofluorescence staining. Results:
KS40008 exhibited significant cytotoxicity in CRC and non-
CRC cell lines, and organoid models compared to 5-
fluorouracil, a conventional chemotherapeutic drug.
Moreover, KS40008-induced inhibition of DYRKIA/B led to
mitochondrial dysfunction and endoplasmic reticulum stress,
promoting autophagic cancer cell death. Conclusion:
KS40008 exerts antitumor activity through the inhibition of
DYRKIA/B. Here, we demonstrated a mechanism by which
KS40008 affects endoplasmic reticulum stress-mediated
autophagy through the induction of mitochondrial stress,
leading to cytotoxicity in CRC.

Cancer cells have developed multiple pathways to regulate
cellular responses to conditions such as endoplasmic
reticulum (ER) stress, hypoxia, and deprivation of nutrients
(1). The ER is the organelle responsible for protein synthesis
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in eukaryotic organisms. Subsequently, the accumulation of
unfolded or misfolded proteins causes the unfolded protein
response, which leads to sustained ER stress (2, 3). Key
sensors are activated due to ER stress, including protein
kinase R-like endoplasmic reticulum kinase, general control
nonderepressible 2, and eukaryotic translation initiation
factor-2a. (EIF2A) (4-6). Phosphorylation of EIF2A further
triggers activating transcription factor 4 (ATF4), which in
turn stimulates expression of C/EBP homologous protein
(CHOP) (7). ATF4 is a key regulator that mediates the
transcription of genes involved in antioxidant response,
autophagy, amino acid transport, and protein synthesis (8, 9).
While regulation of ER stress can maintain the survival of
cancer cells, excessive ER stress has been implicated in
several human pathophysiologies, including cancer (7) but
can also trigger autophagy, leading to cancer cell death (10).
Therefore, ER stress is important in determining cell fate.

The dual-specificity tyrosine phosphorylation-regulated
kinase family (DYRK) comprises DYRK1A, DYRKIB,
DYRK2, DYRK3, and DYRK4 (11). DYRKSs phosphorylate
substrates involved in cellular processes such as proliferation
and cell cycle regulation (12, 13) and have been associated
with cancer cell survival and differentiation (12). Among
them, DYRK1A and DYRKIB are particularly expressed in a
tumor-specific pattern, suggesting poor prognosis and are
potential attractive biomarkers (12, 14). Inhibition of
DYRKI1A and DYRKI1B can specifically suppress cancer cell
growth, however, the mechanisms of DYRK1A and DYRK1B
action in colorectal cancer (CRC) cells are poorly understood.
Recently, we reported that a novel DYRK1A/B inhibitor, 4-
(3-(4-hydroxyphenyl)-1H-pyrazolo[3.,4-b]pyridine-5-
yl)benzene-1,2-diol (KS40008) (Figure 1A) (previously
referred to as Comp 8h) was identified through the
suppression of DYRKIA and -1B enzymatic activity with
half-maximal inhibitory concentration (ICs,) values of 5 nM
and 3 nM, respectively (15).

In the present study, we aimed to elucidate the molecular
mechanisms of KS40008 as a novel DYRK1A/B inhibitor in
CRC cells. Our findings revealed that KS40008-induced
DYRKI1A/B inhibition led to autophagic cell death through the
activation of the ER stress response, suggesting that KS40008
might be utilized to contribute to chemotherapy of CRC.

Materials and Methods

Cell culture. Eleven CRC cell lines (COLO205, DLD-1, HCT116,
HCTI15, HT29, LS1034, LS174T, RKO, SW480, and SW620) and
nine non-CRC cell lines (A549, DU145, HelLa, Huh7, MCF7,
MDAMB231, PANC-1, PC3 and SKNMC) were obtained from the
Korean Cell Line Bank (Seoul, Republic of Korea) and maintained
in Dulbecco’s modified Eagle’s medium or Roswell Park Memorial
Institute 1640 (Lonza, Basel, Switzerland) containing 10% fetal
bovine serum, 100 U/ml penicillin, and 100 pg/ml streptomycin
under 5% CO, at 37°C.
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Cell viability assay. CRC and non-CRC cell lines were dispensed into
96-well plates at a density of 2x10% cells/well and allowed to attach
for 24 h. Cells were treated with KS40008 at concentrations of 0.0001
to 100 uM for 48 h. Cells were then incubated in 10 pl of CCK-8
(Dojindo, Kumamoto, Japan) for 3 h at 37°C. The absorbance was
subsequently measured at 450 nm using a microplate reader
(Molecular Devices, San Jose, CA, USA). ICs values were calculated
using GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA).

Organoid viability assay. Human CRC organoids were provided by
the laboratory of Tae Il Kim. Organoids were maintained with the
following vital components: 1x glutamax (Gibco, Carlsbad, CA,
USA), 1x N2 supplement (Gibco), 1x B27 supplement (Gibco),
1 mM N-acetyl-L-cysteine (Sigma, St Louis, MO, USA), 2 mM
L-glutamine (Sigma), 10 mM nicotinamide (Sigma), 500 nM
A83-01 (Sigma), 10 uM SB202190 (Sigma), 10 nM gastrin I
(Sigma), and 50 ng/ml human epidermal growth factor (Peprotech,
East Windsor, NJ, USA). The CRC organoids were passaged every
1-2 weeks using mechanical dissociation.

To assess viability, CRC organoids were treated with KS40008 or
5-fluorouracil (5-FU) at concentrations ranging from 0.1 to 100 uM for
5 days and then incubated with CellTiter-Glo 3D cell viability reagent
(Promega, Madison, WA, USA) according to the manufacturer’s
instructions. Luminescence was measured using a microplate reader
(Molecular Devices) and images were obtained using Operetta CLS
(PerkinElmer, Waltham, MA, USA). ICs, values were estimated using
GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA).

Real-time cell analysis. The cell growth rate and inhibitory effect
of KS40008 treatment were monitored using a real-time cell
analysis system. Gold microelectrodes covering the bottom surface
of each well of an E-plate enabled a readout of impedance in the
electron flow caused by the adherence of cells. The cell index (CI)
parameter derived from impedance data is dependent on the number,
size, and shape of the cell and its cell-substrate attachment quality.
CI values are calculated as shown in the following equation (16):

CI=Z-715C [i=1,2,3,4, ..., N]

In which Z; is the impedance at an individual point of time during
the experiment; Z is the impedance at the start of the experiment;
iis1,2,3,...,N; N is the time point of measurements (16, 17). The
CI was normalized by dividing the CI value at different time points
after KS40008 administration by the baseline CI value.

The E-plates (ACEA Biosciences, San Diego, CA, USA) were
engaged with the xCeLLigence™ DP system (Roche Diagnostics
GmbH, Penzberg, Germany) after the addition of growth medium
(100 pl) to plot the baseline value. The background impedance was
recorded in each well, followed by seeding of 5x104 cells. The cells
were incubated for 15 min at room temperature until fully settled
and re-engaged onto the device. After 24 h, each well was treated
with KS40008 (1 or 5 uM) and continuously monitored at 30-min
intervals during the experiment.

Cell energy phenotype test. Cellular energy phenotypes and
metabolic switches were measured using a Seahorse XFe24
Analyzer (Agilent Technologies, Inc., Santa Clara, CA, USA).
After the initial measurements, HCT116 and SW480 cell cultures
were exposed to 5 or 10 uM KS40008 for 24 h the following day.
The cells were seeded in growth medium at an optimized density
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Figure 1. KS40008 exhibited significant cytotoxicity in cancer cell lines. A: Structure of KS40008. B: Half-maximal inhibitory concentration (ICs)
values for KS40008 in colorectal cancer (CRC) and other cancer cell lines. C: Morphological changes in HCT116 and SW480 cells after 24 h of

KS40008 treatment (5 uM). Representative images were taken under a

microscope (original magnification, x100). D: Real-time cell analysis

screening of KS40008 in HCT116 and SW480 cell lines. Cells were plated at 0 h and KS40008 was administered at 24 h. Cell growth was then

monitored until 96 h and the results are indicated as the mean+SEM (n=

(4x10%4 cells per well) in a Seahorse XFe24 cell culture
microplate. The plate was incubated for 24 h at 37°C to allow the
adhesion of the seeded cells. Growth medium was exchanged
with Seahorse XF Base Medium (pH 7.4) supplemented with
pyruvate, glutamine, and glucose at the same concentration as the
supplemental composition of the growth medium. To investigate
the altered metabolic potential of KS40008-treated cells, 1 uM
oligomycin and 1 uM carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone were added to the injection ports of the sensor
cartridges. To obtain the image-based normalization value, after
the injection of Hoechst33342, fluorescence microscopic images
were captured by Cytation 1 (BioTek Instruments, Winooski, VT,
USA). The cell energy phenotype test (Agilent Technologies Inc.)
was performed according to the manufacturer’s instructions. The
metrics for two major energy pathways in the cell, namely the
oxygen consumption rate (OCR) and the extracellular
acidification rate (ECAR), were calculated using the Seahorse XF
Report Generator program after the measurement of basal
metabolic flux values.

3).

Reactive oxygen species (ROS) measurement. To detect cellular
ROS levels, we utilized 2’°,7’-dichlorodihydrofluorescein diacetate
(DCFDA) staining, a general indicator of ROS. Cells were plated
at a density of 2x104 cells/ml in 96-well plates and then treated with
5 uM KS40008 for 24 h. DCFDA solution was added directly to the
cells at a final working concentration of 1 pM and incubated for 10
min. Cells were then washed twice with phosphate-buffered saline
and visualized with Operetta CLS (PerkinElmer) at excitation and
emission wavelengths of 488 and 525 nm, respectively.

Quantitative real-time polymerase chain reaction (qRT-PCR). Total
RNA was extracted using an RNA extraction kit (GeneAll, Seoul,
Republic of Korea). The isolated RNA was reverse-transcribed to
cDNA (Applied Biosystems Inc.). qRT-PCR was then conducted
using SYBR Green Master Mix (Applied Biosystems Inc.)
according to the manufacturer’s instructions. The following primers
were used: DYRKIA, forward: 5’-CTGGTCCAGGTCTGG TAGGT-
37, reverse: 5’-ACTTTCAGAGATTGCTGATGCC-3’; DYRKIB,
forward: 5’-TTGTGGTCGCCATTTTGCTG-3’, reverse: 5’-AAGG
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GGACTCAAACTGCTCG-3’; DYRK2, forward: 5’-ATTTCACCT
TCCGCAACCAC-3’, reverse: 5’-TCTCGGGCTTAAGGTCACAG-3’;
EIF2A, forward: 5’-GCCAAATTGCCCTATCTCAA-3’, reverse: 5°-
CAGAAAAATGGGCAAAGGAA-3’; ATF4, forward: 5°’-CTTCA
CCTTCTTACAACCTCTTC-3’, reverse: 5°-GTAGTCTGGCTTCCT
ATCTCC-3’; CHOP, forward: 5’-CAGAACCAGCAGAGGTC
ACA-3’, reverse: 5’- AGCTGTGCCACTTTCCTTTC-3’; beclin 1
(BECNI), forward: 5’-GAGCCATTTATTGAAACTCGCCA-3’,
reverse: 5’-CCTCCCCG ATCAGAGTGAA-3’; autophagy-related
4B cysteine peptidase (ATG4B), forward: 5’-TATGATACTCTCC
GGTTTGCTGA-3’, reverse: 5’-GTTCCCCC AATAGCTGGAAAG-
3’; and f-actin (ACTB) forward: 5’-TTGCC GACAGGATG
CAGAAG-3’, reverse: 5’-AGGTGGACAGCGAG GCCAGG-3’.
Relative gene expression was quantitatively analyzed using the 2-AACt
method, and ACTB was used as an internal control for normalization.

Western blotting. To extract proteins, cells were lysed with
radioimmunoprecipitation assay buffer containing phosphatase and
protease inhibitors. Protein concentrations were quantitatively
evaluated using the Bradford protein assay, with bovine serum
albumin used as a standard. Equal amounts of proteins were separated
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
immunoblotting using standard protocols. The following primary
antibodies were used for immunoblotting: DYRKIB (2703S),
phospho-EIF2A (Ser51) (9721S), EIF2A (9722S), ATF4 (11815S),
CHOP (2895S), and microtubule-associated protein 1A/1B light chain
3B (LC3B) (2775S) antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). DYRK2 (sc-66867) and ACTB
(sc-47778) antibodies were obtained from Santa Cruz Biotechnology,
Inc. (Dallas, CA, USA). DYRKIA antibody (ab69811) was purchased
from Abcam (Cambridge, UK).

Transmission electron microscopy. HCT116 cells were treated with
KS40008 for 24 h. Cells were collected and fixed with 2%
paraformaldehyde and 2% glutaraldehyde. Cells were then observed
using transmission electron microscopy (JEOL; JEO-1011, Tokyo,
Japan).

Fluorescence microscopy. HCT116 and SW480 cell lines cultured
on 96-well plates were treated with 5 pM KS40008 for 24 h. Cells
were washed twice with PBS and fixed for 15 min with 4% (w/v)
paraformaldehyde. Cells were then permeabilized with 0.1%
Triton X-100 in PBS for 10 min and blocked with 10% normal
goat serum (Abcam). LC3B antibody (LifeSpan BioSciences, Inc.,
Seattle, WA, USA) was used as the primary antibody at 4°C
overnight. Cells were then incubated with 2 pg/ml Alexa Fluor
594 (Invitrogen, Carlsbad, CA, USA) for 2 h and washed three
times with phosphate-buffered saline. To stain the nucleus, 1 uM
of 4, 6-diamidino-2-phenylindole solution was added to each well
for 10 min. Images were then taken on an Operetta CLS
(PerkinElmer) and fluorescence intensity was quantitatively
analyzed using four random fields using Harmony software.

To investigate the effect on mitochondria of KS40008, HCT116
and SW480 cells were treated with 5 uM KS40008 for 24 h and
then stained with MitoTracker Deep Red FM (Invitrogen) to assess
the mitochondrial area. Fluorescent microscopy images were
recorded with an Operetta CLS (PerkinElmer).

Statistical analysis. All experiments were performed in triplicate,
and the results are presented as the mean+standard error. Statistical
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analyses were performed using GraphPad Prism software and
Student’s r-test. Statistical significance was set at p<0.05.

Results

KS§40008 showed potent cytotoxicity towards several cancer
cell lines. After identifying a novel DYRKI1A/B inhibitor,
KS40008 (15), we investigated the molecular mechanisms of
KS40008 and its cytotoxicity in diverse cancer cell lines. To
determine the cytotoxic effect of KS40008 on different
cancer cell lines, we measured cell viability using the CCK-
8 assay. KS40008 exhibited remarkable growth-inhibitory
effects on several cancer cell lines, with divergent ICy,
values, ranging from 1.4-52.1 pM (Figure 1B). Among these
cancer cell lines, HCT116 and SW480 cell lines particularly
displayed dramatic morphological changes that resulted in
an abundance of cytoplasmic autophagic vacuoles as well as
expansion of cell size when observed under a microscope
after 24 h of KS40008 treatment (Figure 1C).

To confirm the effects of KS40008 on proliferation, we
examined the cell growth of HCT116 and SW480 cell lines
using real-time cell analysis. Non-treated cells maintained
aggressive proliferation, whereas cells treated with 5 uM
KS40008 displayed growth suppression, reflected by a
reduction in the CI value 24 h after administration (Figure
1D). Overall, these results demonstrated that KS40008, a
novel DYRK1A/B inhibitor, exhibited superb cytotoxicity.

KS§40008 triggered metabolic reprogramming in CRC cells.
Since metabolic flux is essential for understanding cellular
metabolism, oxidative phosphorylation and glycolysis were
determined using OCR and ECAR, respectively. To investigate
whether KS40008 affected metabolic reprogramming, we
measured metabolic parameters using an XFe 24 Analyzer.
The OCR and ECAR were intensely reduced in HCT116 and
SW480 cell lines after treatment with 5 pM and 10 uM
KS40008 (Figure 2A and B). Both cell lines exhibited a
reduction in OCR level in both basal and spare respiratory
capacity conditions (Figure 2C) after treatment with 5 uM and
10 uM KS40008. The ratio of OCR to ECAR was utilized as
an indicator of the metabolic switch in the XF cell energy
map. We found that KS40008-treated cells entered quiescence
more readily compared to vehicle-treated cells as shown by
the reduced OCR and ECAR levels (Figure 2D). In addition,
using fluorescence microscopy, we observed disruption of
mitochondrial structure by KS40008 treatment (Figure 2E).
These results indicated that KS40008 stimulated the metabolic
reprogramming of HCT116 and SW480 cell lines by reducing
mitochondrial respiration.

KS40008-induced autophagy was dependent on mitochondrial
stress and ER stress. Since the DYRK1A/B-inhibitory effect of
KS40008 was demonstrated by an enzymatic assay (15),
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Figure 2. KS40008 (KS) induced mitochondrial dysfunction through the reduction of oxidative phosphorylation and glycolysis, as assessed by oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR), respectively. The OCR and ECAR were measured in HCT116 (A) and SW480
(B) cell lines following 24-h treatment with 5 and 10 uM KS40008. C: OCR levels in basal HCT116 and SW480 cells and cells with spare respiratory
capacity were assessed after treatment with KS40008 (5 and 10 uM) for 24 h using a Seahorse XFe24 Analyzer. D: XF cell energy map of KS40008
in HCT116 and SW480 cell lines. Normalized OCR and ECAR data were plotted to reveal the relative metabolic profiles. E: HCT116 and SW480
cells were treated with 5 uM KS40008 for 24 h and then stained with MitoTracker Deep Red FM. Total mitochondrial area was analyzed using

four random fields using Harmony software. ***Significantly different at p<0.005.
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immunoblotting was employed to detect the changes in DYRK
protein expression caused by KS40008. KS40008 generally
reduced DYRK1A/B protein expression, whereas the level of
DYRK?2 remained constant in HCT116 and SW480 cell lines
(Figure 3A). In addition, to examine whether KS40008 induced
autophagy due to morphological changes, we measured the
expression of LC3B protein, a key marker of autophagy. LC3B
protein expression increased after 24 h of KS40008 treatment,
suggesting that KS40008-mediated inhibition of DYRK1A/B
enhanced autophagic cell death in CRC cell lines (Figure 3A).
As autophagy is activated by ER stress, we wondered if the
autophagic cell death caused by KS40008-induced
DYRKI1A/B inhibition was activated by ER stress. KS40008
remarkably activated the expression of ER stress-sensor
proteins, phospho-EIF2A, ATF4, and CHOP in a dose-
dependent manner (Figure 3A). The transcriptional activity of
ER stress and autophagy genes was further quantified and
revealed an increase in mRNA expression of EIF2A, ATF4,
CHOP, BECNI, and ATG4B after KS40008 treatment,
demonstrating the induction of ER stress-mediated autophagy
in HCT116 and SW480 cell lines (Figure 3B), whereas
KS40008 increased the transcription of DYRKSs. Moreover,
KS40008 activated the formation of autophagosomes, resulting
in autophagic cell death, as observed using transmission
electron microscopy (Figure 3C) and immunofluorescence
images showed LC3B-positive autophagic vacuoles in CRC
cells after treatment with KS40008 for 24 h (Figure 3D).

We then determined whether KS40008-induced ER stress
was involved in ROS generation. As shown in Figure 3E,
KS40008 significantly enhanced ROS production compared
to the control cells. These results suggested that KS40008
stimulated ER stress and ROS through the suppression of
DYRK1A/B-induced mitochondrial dysfunction, which
ultimately led to autophagic cell death.

KS40008 displayed superior cytotoxicity to CRC organoids
compared to 5-FU. In addition, we assessed the potential
cytotoxicity of KS40008 using 13 established CRC organoids.
To analyze the cytotoxic effect of KS40008 on CRC organoid
models, 5-FU, which is a classic chemotherapeutic drug, was
tested simultaneously. CRC organoids were treated with
different concentrations (0-100 uM) of KS40008 and 5-FU for
5 days and monitored for conformational changes. Cell viability
was evaluated using CellTiter-Glo. After 5 days of KS40008
treatment, collapse of conventional structures and formations of
organoids were induced by KS40008, indicating a complete
inhibition of proliferation, with divergent ICs, values ranging
from 0.6 to 22.5 uM (Figure 4A and B). 5-FU-treated organoids
showed similar morphological changes only at a 10-fold higher
concentration than that of KS40008, with ICs, cytotoxicity
ranging from 10.6 to 100 uM (Figure 4A and B). Taken
together, these results revealed that KS40008 has potential to
be used as a promising therapeutic agent against CRC.
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Discussion

CRC is the second most aggressive cancer type, accounting
for 9.2% of all cancer mortality (18) and is associated with
lower response to standard therapy and acquired drug
resistance. As few effective therapeutic agents exist in the
treatment of CRC, novel therapeutic approaches are required
to improve patient outcomes.

Members of the DYRK protein family are classified as either
class I (DYRK1A and DYRKI1B) or class II (DYRK2, DYRK3,
and DYRK4) based on sequence homologies (19). The
functional properties of DYRKSs are highly correlated with the
proliferation of cancer cells (20). In particular, DYRK1A and
DYRKIB are able to induce cell-cycle exit, and their
phosphorylation can drive S-phase entry through the induction
of proteasome-dependent degradation of cyclin D1 and ¢c-MYC
(13, 21, 22). DYRK2 is also involved in cell-cycle regulation
but is down-regulated in cancer, indicating an limited spectrum
in the anticancer efficacy of the DYRK family (23). In addition,
there are few studies on DYRK3 and DYRK4 (11, 24). Of note,
DYRKIA/B is overexpressed in certain cancer types and is
considered a potential oncogene (11). Therefore, DYRK1A/B
is a promising target for novel chemotherapy against cancer.

KS40008, which has a 1H-pyrazolo[3,4-b]pyridine core,
was identified as a novel DYRK1A/B inhibitor and exhibited
superior enzymatic activity, with ICs, values ranging from 3
to 5 nM, as well as measurable cytotoxicity compared to
numerous derivatives of this compound (15). In this study, we
demonstrated that KS40008 inhibited DYRK1A/B in CRC
cells, which stimulated autophagy through mitochondrial-
dependent ER stress. In addition, we found that KS40008
activated the EIF2A—ATF4 pathway and, in turn, led to the
induction of CHOP and ROS formation. However, a further
detailed study on KS40008-induced ER stress and ROS
formation should be conducted, as the mechanism of ROS
generation by KS40008 remains unclear.

Mitochondria are the pivotal organelles for respiration,
energy supply, and biosynthesis of metabolites in eukaryotic
cells (25). The protein translocase of the outer membrane 70
(TOM70), which represents the main import receptor in
mitochondria, is phosphorylated by DYRK1A/B, indicating that
DYRKI1A/B is important in regulating mitochondrial function
(26-29). Inhibition of DYRKI1A/B leads to the failure of
TOM705¢™! phosphorylation, further causing the impairment
of import of proteins involved in sustaining numerous biological
functions (30). In our study, KS40008 suppressed oxidative
phosphorylation and glycolysis, suggesting that mitochondrial
metabolism can be reprogrammed through DYRKIA/B
inhibition. Further study on KS40008-induced mitochondrial
dysfunction is required. Disruption of mitochondrial metabolism
by KS40008 was associated with ER stress-induced autophagic
cell death (13, 31), highlighting the uncommon properties of
KS40008 (Figure 5).
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Figure 3. KS40008 promoted autophagy through the induction of endoplasmic reticulum (ER) stress. A: Western blot analysis was used to detect
the expression of dual-specificity tyrosine phosphorylation-regulated kinase family (DYRKIA, DYRKIB, and DYRK?2), ER stress, and autophagy-
related proteins phospho-eukaryotic translation initiation factor 2A (EIF2A), activating transcription factor 4 (ATF4), C/EBP homologous protein
(CHOP) and microtubule-associated protein 1A/1B light chain 3B (LC3B) in HCT116 and SW480 cell lines after treatment with KS40008 (1 and 5
uM) for 24 h. The LC3B-II expression was quantified using image J software. B: Quantitative real-time polymerase chain reaction was used to
assess the mRNA expression of autophagy-related genes (EIF2A, ATF4, CHOP, beclinl; BECNI1, autophagy related 4B cysteine peptidase; ATG4B)
in HCT116 and SW480 cells treated with KS40008 for 24 h. C: Representative transmission electron microscopy images in HCT116 cell treated
with KS40008 (5 uM) for 24 h. Scale bars in figures are 1000 nm. D: Representative immunofluorescence images of LC3B (red) and 4°,6-diamidino-
2-phenylindole (DAPI) (blue) in HCT116 and SW480 cells treated with KS40008 (5 uM) for 24 h. The intensity of LC3B was analyzed using four
random fields using Harmony software. E: Cellular reactive oxygen species (ROS) levels were measured using 2°,7’-dichlorodihydrofluorescein
diacetate (DCFDA) (green). Significantly different at: **p<0.001, *p<0.05 and ***p<0.005.
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Figure 4. KS40008 inhibited proliferation of colorectal cancer organoids. A: Representative bright-field images of KS40008 (10 uM) and 5-fluorouracil
(5-FU) (100 uM) treated CRC organoids. Scale bar: 500 um and 100 um for images in left and right panels, respectively. B: Differential sensitivity of
colorectal cancer organoids to KS40008 and 5-FU. The half maximal inhibitory concentration (ICs) values were calculated using GraphPad Prism.

In conclusion, we demonstrated the cell death mechanisms  stress-induced autophagy. Our results suggest that inhibition
of KS40008, a novel DYRKI1A/B inhibitor, in CRC cells. of DYRK1A/B by KS40008 has potential as a new form of
KS40008 was shown to affect the relationship between  effective therapeutic agent that might use synergistically with
DYRKIA/B signaling and mitochondria-dependent ER  other drugs to strengthen antitumor activity (32). Further
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Figure 5. KS40008 led to metabolic reprogramming through the
inhibition of dual-specificity tyrosine phosphorylation-regulated kinase
family (DYRK) 1A/B, prompting autophagy. Suppression of DYRKIA/B
by KS40008 reduced oxidative phosphorylation (OXPHOS) reactions
while triggering both endoplasmic reticulum (ER) stress and reactive
oxygen species (ROS) generation. KS40008 up-regulated the eukaryotic
translation initiation factor 2A (EIF2A)-activating transcription factor
4 (ATF4) signaling pathway and, subsequently, autophagic cell death
in response to ER stress in colorectal cancer cells.

studies should be performed to explore KS40008-induced
autophagy pathways.
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