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Abstract

Background and Purpose Epidermal growth factor receptor (EGFR)-targeted monoclonal
antibody therapy is widely used in RAS wild-type metastatic colorectal cancer (mCRC).
However, drug resistance represents a clinical challenge in the management of patients with
colon cancer. Some studies suggested that Notch activation is related to tumorigenesis and
drug resistance in colorectal cancer. However, whether Notch affects cetuximab response or
not is still unknown. In this study, we hypothesized that inhibition of Notchl activation may

contribute to improve the effect of cetuximab by regulating AKT phosphorylation.

Methods We applied siRNA and Notch inhibitor DAPT to colorectal cancer cell lines
(SNUS503 and LS1034) to investigate the effect of Notchl activation in colorectal cancer.
Furthermore, the additive effects of combined cetuximab with Notchl downregulation were
confirmed by Western blotting, colony formation assay, thiazolyl blue tetrazolium bromide
(MTT), growth curve, and immunofluorescence (IF) by comparing the results obtained by

treatment with cetuximab and DAPT alone or in combination.

Results We first confirmed the importance of Notchl in colorectal cancer. Notchl is more
activated in colon cancer cell lines (SNU503 and LS1034) than in normal colon epithelial
cell line (CCD-18Co). When Notchl was reduced by siRNA transfection in colorectal cancer
cell lines, AKT phosphorylation was significantly decreased. Moreover, Western blotting and
MTT assay suggested that pretreated siNotchl enhanced cetuximab-mediated cell death. In
addition, combination treatment of DAPT and cetuximab inhibited cell growth and induced
the expression of apoptosis markers (cleaved caspase3 and cleaved PARP) and cell death

compared with when cetuximab was treated alone.

Conclusions These results suggest that alternative targeting of Notchl as a strategy for

improvement of cetuximab response in colorectal cancer may be a potential approach.
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Introduction

Colorectal cancer (CRC) had the fourth-highest incidence rate (11.4% of the total
cancer cases) and was the second most common cause of cancer-linked deaths in Korea as
of 2018". The epidermal growth factor receptor (EGFR) is one of the most important
therapeutic targets in metastatic CRC (mCRC) and is commonly overexpressed in several
cancers. Cetuximab, a chimeric mouse-human monoclonal antibody, is being widely used in
mCRC patients with wild-type RAS. Cetuximab binds the extracellular domain of EGFR,
which induces blocking of the downstream of EGFR related to cell proliferation, survival,
apoptosis, migration, and tumorigenesis. As a first-line treatment for mCRC, cetuximab is
used in combination with chemotherapy such as FOLFOX or FOLFIRI?. However, the
therapeutic effect of cetuximab is ultimately limited by the occurrence of mutations such as
RAS, BRAF, PIK3CA, and PTEN and other mechanisms associated with cetuximab
resistance”. Hence, there is a need for additional strategies for improving the response to

cetuximab treatment in addition to the existing treatment options.

Notch is a transmembrane receptor composed of functional extracellular,
transmembrane, and intracellular domains. The Notch pathway is a highly conserved
signaling pathway that plays a role in tissue homeostasis, stem cell maintenance,
embryogenesis, cell proliferation, or cell fate determination”. The human Notch family
consists of four receptors: Notchl, Notch2, Notch3, and Notch4. Among them, Notchl is
the most actively studied because aberrant Notchl activation among human cancers is
higher than other Notch members®. Notchl is activated upon interaction with members of
the DSL (Delta/Serrate/LAG-2) family or Jagged, which are the transmembrane ligands
expressed on the surface of the neighboring cell. Once a Notch ligand binds to an
extracellular domain of the Notch receptor, the Notch receptor is cleaved by y-secretase and

releases the Notch intracellular domain (NICD), which moves into the nucleus and
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transcriptionally regulates Notch target genes”. Some studies have shown that aberrant
Notchl signaling is vital to tumorigenesis in many cancers, including CRC*®. Furthermore,
Notchl is related to chemotherapy resistance”. For example, some studies have exhibited
that Notchl is involved in drug resistance towards regorafenib and 5-FU in CRC '*'2,
Additionally, in other cancers, activated Notchl is known to induce resistance to EGFR
tyrosine kinase inhibitors '*'¥. However, the role of Notchl in the drug resistance of EGFR

inhibitors in CRC has not been well known.

In this study, we identified Notchl as a potential target gene for improving
cetuximab sensitivity in CRC. In two CRC cell lines, one is wild KRAS and the other is
mutant KRAS, we studied the effectiveness of Notchl on AKT phosphorylation related to
the EGFR signaling pathway by inhibiting Notchl activation using siRNA or y-secretase
inhibitor, DAPT. In addition, the effect of Notchl downregulation combined with cetuximab
was observed in terms of cell death and growth inhibition. Intriguingly, Notchl
downregulation was efficient at increasing cetuximab sensitivity by regulating AKT

phosphorylation in two CRC cell lines regardless of KRAS mutation status.



Material and Methods

CRC Cell Lines

In this study, a human normal colon epithelial cell line (CCD-18co) was purchased from the
American Type Culture Collection (ATCC) and human colon cancer cell lines (SNU503 and
LS1034) were obtained from the Korean Cell Line Bank (KCLB). SNU503 is the wild-type
KRAS/RAF genotype, and LS1034 is a homozygous A146T KRAS mutant cell line. CCD-
18co was maintained in DMEM (Cat #LM 007-07, WELGENE, Gyeongsan, Korea),
whereas SNU503 and LS1034 were cultured in RPMI-1640 (Cat #SH30027.01, HyClone,
Utah, USA). Both media were supplemented with 10% fetal bovine serum (Cat #16000-044,
Gibco, New York, USA) and 1% penicillin-streptomycin (Cat #SH40003.01, Cytiva,
HyClone Laboratories, South Logan, Utah, USA). Cells were grown in a humidified

incubator containing 5% CO, at 37°C.

Western blotting

Cells were harvested using scrapers from cultured dishes and were lysed using Mammalian
Protein Extraction Reagent (M-PER) (Cat #78501, Thermo Scientific, Carlsbad, CA, USA),
containing a protease inhibitor cocktail and a phosphatase inhibitor cocktail (Sigma-Aldrich;
Merck KGaA) to extract total protein. The protein concentration was determined using a
Bradford assay. Cell lysates (15 ug protein/line) were separated by 8—12% SDS-PAGE and
transferred onto nitrocellulose membranes using the Trans-Blot® RTA Transfer Kit (Cat
#170-4270, Bio-Rad). The blotted membranes were blocked with 5% skim milk in TBST
(20 mM Tris-HCI pH 7.4, 150 mM NaCl, and 0.1% Tween 20) for 1 h at room temperature
and were incubated overnight with primary antibodies at 4°C, using the following primary
antibodies: Notchl (1:1000, Cat #3268, Cell Signaling Technology), activated Notchl

(NICD) (1:1000, Cat #ab8925, Abcam), AKT (1:1000, Cat #9272, Cell Signaling
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Technology), p-AKT (1:1000, Cat #4060, Cell Signaling Technology), EGFR (1:1000, Cat
#2232, Cell Signaling Technology), p-EGFR (1:1000, Cat #2234, Cell Signaling
Technology), and Actin (1:30000, Cat #A3854, Sigma-Aldrich, Merck KGaA). The primary
antibodies were washed with TBST, and the protein was incubated with HRP-conjugated
goat anti-Rabbit (1:10000, Cat #31460, Thermo Fisher Scientific, Inc.) for 1 h at room
temperature. Proteins were visualized with a detection system (LuminoGraph II, Cat #WSE-
6200, ATTO Corporation) and using a controlling software (ImageSaver 6; Version 2.7.2;

ATTO Corporation).

Quantitative real-time PCR

For the mRNA analysis, total RNA was extracted using the QIAzol Lysis Reagent (Cat #
79306, Qiagen GmbH) and the RNeasy Mini Kit (Cat # 74106, Qiagen GmbH) according to
the protocol provided by the manufacturer. The concentration and quality of the extracted
RNA were measured using Nanodrop 2000 (Thermo Fisher Scientific, Inc.). cDNA was
generated by reverse transcription of total RNA using the ReverTra Ace™ qPCR RT Master
Mix (Toyobo Life Science) by incubating at 37°C for 15 min, heating at 50°C for 5 min, and
cooling to 4°C. The transcripts were quantified by gPCR using the CFX Connect Real-Time
PCR Detection System (Bio-Rad Laboratories, Inc.) with SYBR Green qRT-PCR Master
Mix (Solis BioDyne). The primer sequences were as follows: GAPDH forward, 5°-
GAGTCAACGGATTTGGTCGT-3’ and reverse, 5’- TTGATTTTGGAGGGATCTCG-3’
and Notchl forward, 5’-GGGTACAAGTGCGACTGTGA-3’ and reverse, and 5’-

CACGTAGCCACTGGTCATGT-3".

siRNA transfection

Small interfering RNAs (siRNA) specific to either NOTCHI (NOTCHI-siRNA) or a

scrambled sequence (scrambled-siRNA) were prepared by Bioneer (Gyeonggi-do, Korea).
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The siRNA target sequences were as follows: NOTCHI1-siRNA sense, 5’
CCAACCCAUGUCUGAACCA-3’; antisense, 5’-UGGUUCAGACAUGGGUUGG-3" and
scrambled-siRNA sense, 5’-UCCCAGAUAGAGACUUCAATT-3’; and antisense, 5’-
UUGAAGUCUCUAUCUGGGATT-3’. Cells were transfected with si-RNA (125 nM)
using Lipofectamine 3000 (Thermo Fisher Scientific). The efficiency of siRNA-based

interference with NOTCH1 synthesis was assessed by qRT-PCR and Western blot analyses.

Drug treatment

The gamma-secretase inhibitor compounds DAPT (D5942, Sigma-Aldrich, USA) and
cetuximab (Merck KGaA) were used in this study. Cells were treated with drugs in 2% FBS

media.

Cell Viability Assay

Thiazolyl blue tetrazolium bromide (MTT) assay was used to assess the effect of cetuximab
combined with Notchl silencing and cetuximab combined with a Notch inhibitor on cell
viability. Cells were seeded in a 96-well plate at a density of 5000 cells per well. After 24 h
of downregulation of Notchl using siRNA and inhibitor, cetuximab was treated for 24 h.
MTT (2.5 mg/ml) (Cat # M5655, Sigma Aldrich) was added to each well, and the plates
were incubated for 4 h. Supernatants were eliminated from the wells, and the dye was
solubilized in DMSO at 100 pl per well. Absorbance was measured at 550 nm using a

Sunrise microplate reader (Tecan Group, Ltd.).

Colony-Formation Assay

A colony formation assay was used to assess the effect of cetuximab combined with a Notch
inhibitor on cell proliferation. Cells were seeded in a 6-well plate at a density of 2000 cells

per well. The cells treated with cetuximab and DAPT were incubated for 3 weeks. The cells

-5-



were fixed and dyed with 0.2% crystal violet containing methanol for 20 min at room
temperature (22 + 2 °C). The number of colonies (diameters > 120 pym) was counted

using the Oxford Optronix GelCount™ system (v1.1.2.0; Oxford Optronix).

Growth curve

The growth curve was carried out in the SNU503 and LS1034 cell lines to determine the
effect of cetuximab combined with the Notch inhibitor on cell growth inhibition. Cells were
seeded in a 24-well plate at a density of 5000 cells per well. The cells treated with
cetuximab and DAPT were incubated for 10 days and stained every 2 days. The cells were
fixed in 10% neutral buffered formalin for 20 min at room temperature and then stained
with 0.1% crystal violet for 20 min at room temperature. The dye extraction was carried out
using 10% acetic acid, and the absorbance was measured at 595 nm using a Sunrise

microplate reader (Tecan Group, Ltd.).

Immunofluorescence (IF)

Cells were fixed with freshly prepared ice-cold 10% neutral buffered formalin for 10 min at
4 and then exposed to 0.25% Triton X-100 in PBS for 10 min for permeabilization.
Nonspecific antibody-binding sites were blocked by incubation in 1% BSA for 30 min and
were then incubated for 1 h with Anti-activated Notchl (Abcam; #ab8925) antibodies at a
1:200 dilution in PBS with 1% BSA. After incubation with Fluorescein Goat Anti-rabbit
IgG (H+L), the cells were incubated with a secondary antibody (Invitrogen; #F-2765) for 30
min in a dark chamber. They were subsequently stained with Fluoroshield Mounting
Medium with DAPI (Abcam; #ab104139) for 1 min at room temperature. Image acquisition
at 20x magnification was performed using the EVOS FL Auto fluorescence microscope
(Thermo Fisher Scientific, Inc.). The positive staining cells were counted using Imagel

software (v1.53a; National Institute of Health, USA).

-6 -



Statistical Analysis

All data are presented as mean * standard deviation (SD) from three independent
experiments. The statistical significance of differences between two groups was analyzed
with the unpaired Student’s ¢-test, and one-way analysis of variance (ANOVA) was
performed for experiments involving two or three factors. A p-value of <0.05 was
considered to indicate a statistically significant difference. Statistical analysis was

performed by GraphPad Prism 6.0 software (GraphPad Software, Inc.).



Results

Notchl activation is more commonly observed in colon cancer cells than in normal cell

To examine whether Notchl is significantly activated in colon cancer cells compared with
normal colon cells, we checked the Notchl and NICD protein levels in the normal colon
epithelial cell line CCD-18co and the colon cancer cell lines SNU503 and LS1034 by
Western blotting. Notchl has three domains, including an extracellular domain, a
transmembrane domain, and an intracellular domain. Among them, when Notchl is
activated, the intracellular domain plays a key role in regulating the target genes of
Notch1'. Our results showed that SNU503 and LS1034 have comparatively higher
expressions of NICD (Notchl intracellular domain), the product of Notchl activation,
compared with CCD-18co, independently of Notchl (Notchl full length and Notchl
transmembrane domain) protein expression levels (Fig 1A). We also assessed the expression
levels and localization of NICD in normal colon cells and colon cancer cells using
immunofluorescent staining. Once Notchl is activated, the NICD moves to the nucleus and
then regulates the transcription of Notchl target genes. Immunofluorescent staining showed
relatively high NICD expression in the nucleus of SNU503 and LS1034 compared to that of
CCD-18co (Fig 1B). These results suggest that Notchl activation occurs more frequently in

colon cancer cells than in normal cells.
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Figure 1. Notchl activation in colon normal epithelial cells and colon cancer cells

(A) Notchl and activated Notchl (NICD) expression in colon cancer cell lines (SNU503
and LS1034) and normal colon cell line (CCD-18Co). The protein levels of Notchl and
NICD were detected using Western blotting. (B) NICD is stained by immunofluorescence in
CCD-18Co, SNU503, and LS1034. Scale bar: 200 pm (left). Activated Notchl-positive

cells are indicated by a bar graph (n = 3), and values are presented as mean £ SD (right).

*Arrowheads: NICD nuclear translocation.

NICD, Notchl intracellular domain; NTM, Notchl transmembrane domain.
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AKT phosphorylation is inhibited by Notchl siRNA transfection

Aberrant activation of the MAPK pathway and the PI3K pathway is associated to generate
cetuximab resistance'® '”. To identify whether Notchl activation is directly involved in
AKT phosphorylation, we performed Western blotting for phosphorylated AKT (p-AKT) in
SNUS503 and LS1034 knocked down Notchl. The p-AKT protein level was decreased in
SNUS503 transfected by Notchl siRNA compared to the sample with scrambled siRNA (sc
siRNA) (Fig 2A). To assess the efficiency of siRNA-based interference with NOTCHI1
synthesis, we tested mRNA expression levels using qRT-PCR. When SNUS503 cells were
transfected with sc siRNA or Notchl siRNA for 24 h, the Notchl siRNA-transfected cells
showed a 0.4-fold decreased Notchl mRNA expression relative to the control (p = 0.0011)
(Fig 2B). Similarly, after LS1034 cells were transfected with sc siRNA or Notchl siRNA for
24 h, the cells were assessed for p-AKT protein level using Western blotting. When the
Notchl protein level was reduced by siRNA transfection, p-AKT was also decreased in
LS1034 (Fig 2C). However, the effect of Notchl knockdown on AKT phosphorylation was
less in LS1034 than in SNU503. The Notchl siRNA-transfected cells showed a 0.8-fold
decreased Notchl mRNA expression level relative to the control (p < 0.0001) (Fig 2D).
Additionally, we also checked the alteration of the MAPK pathway according to the Notchl
knockdown in SNU503. Western blotting represented that Notchl siRNA abolished not only
p-AKT but also p-ERK1/2 and p-MEK1/2, which are key intermediaries in the MAPK
pathway (Appendix figure 1). In this study, however, we focused on AKT phosphorylation
because there were many references to the relationship between Notchl and AKT

phosphorylation in CRC, such as Notch1-related PTEN inactivation'®2?,
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Figure 2. The effect of Notchl knockdown on AKT phosphorylation in SNU503 and

LS1034 cells

Notchl activation was inhibited by siRNA transfection in colorectal cancer cell lines. (A)
Western blot analysis of Notchl, NICD, AKT, and p-AKT expression in negative control- or
siRNA-treated SNU503. (B) To identify the efficiency of siRNA-based interference with
NOTCHI synthesis, the Notchl mRNA expression level was measured by qRT-PCR in
SNUS503. (C) Western blot analysis of Notchl, NICD, AKT, and p-AKT expression in
negative control- or siRNA-treated LS1034. (D) To identify the efficiency of siRNA-based
interference with NOTCHI1 synthesis, the Notchl mRNA expression level was measured by

gRT-PCR in LS1034. The results are expressed as the mean + SD, n = 3.
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Knockdown of Notchl increases cetuximab sensitivity in drug-induced cell death

To determine whether the knockdown of Notchl affects the response of cetuximab, we
performed an MTT assay and Western blotting in colon cancer cells. SNU503 and LS1034
cells were transfected with Notchl siRNA or sc siRNA and then treated with cetuximab for
48 h. The MTT assay represented that combined Notchl siRNA and cetuximab treatment
led to significantly greater cell death than that with cetuximab treated alone in both SNU503
and LS1034 (Fig 3A and B). These results suggest that knockdown of Notchl causes
increased cetuximab-induced cell death. To confirm cetuximab-induced protein expression
changes following Notchl knockdown, Western blotting was performed in siRNA,
cetuximab, or combined siRNA and cetuximab treated groups in SNU503 and LS1034 cells.
EGFR, p-EGFR, Notchl, and NICD were confirmed to test drug efficiency. In SNU503 and
LS1034 cells, Western blotting showed decreased p-AKT expression and increased active
caspase3 in cells with combined Notchl siRNA and cetuximab treatment. Cleaved PARP
expression level increased in SNU503 treated with combined siRNA and cetuximab
treatment compared to treatment with siRNA or cetuximab alone, but there was no
difference in LS1034 between Notchl siRNA treated alone and combined Notchl siRNA
and cetuximab treatment (Fig 3C and 3D). Taken together, these results suggested that
knockdown of Notchl increased cetuximab sensitivity by inducing apoptotic cell death in

SNU503 and LS1034 cells.
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Figure 3. The effect of co-treatment with siNotchl and cetuximab on cell viability and

apoptosis-related signaling pathway

in CRC cells

(A) MTT assay showed the cell viability of SNU503 treated with cetuximab (20 pg/ml) or

vehicle after siRNA transfection. (B) MTT assay showed the cell viability of LS1034

-13 -



treated with cetuximab (200 pg/ml) or vehicle after siRNA transfection. The results are
expressed as the mean + SD, n = 3. (C) p-AKT and apoptotic proteins (cleaved caspase3
and cleaved PARP) protein levels in SNU503 treated with 20 pg/ml cetuximab or vehicle
for 24 h after sc siRNA or Notchl siRNA transfection were determined by Western blotting,
(D) p-AKT and apoptotic proteins (cleaved caspase3 and cleaved PARP) protein levels in
LS1034 treated with 200 pug/ml cetuximab or vehicle for 24 h after sc siRNA or Notchl

siRNA transfection were determined by Western blotting.
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AKT phosphorylation is inhibited in CRC cells treated with y-secretase inhibitor

To confirm in more detail the effect of Notchl downregulation in response to cetuximab, we
conducted further research using y-secretase inhibitor, DAPT. y-secretase inhibitors abolish
the production of NICD by blocking the S3 cleavage of Notch. So, the efficiency of DAPT
can be evaluated by the expression of NICD. To identify whether DAPT affects AKT
phosphorylation, we performed Western blotting for p-AKT in SNUS503 treated with the
indicated doses of DAPT (0, 2, 5, and 10 uM) for 48 h (Fig 4A). In addition, we performed
Western blotting for p-AKT in SNUS503 treated with 10 uM DAPT for the indicated time
periods (0, 6, 12, 24, and 48 h) (Fig 4B). Western blotting results represented that p-AKT
expressions were decreased when SNU503 was treated with DAPT. These data suggest that
inhibition of Notch activation using y-secretase inhibitor results in the suppression of AKT

phosphorylation in colon cancer cells.
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Figure 4. The effect of DAPT on AKT phosphorylation

(A) SNU503 was treated with indicated doses of DAPT (0, 2, 5, and 10 uM) for 48 h.
Western blotting analysis showed the alteration of p-AKT protein expression. (B) SNU503

was treated with 10 uM DAPT for indicated times (0, 6, 12, 24, and 48 h). Western blotting

analysis showed the alteration of p-AKT protein expression.

- 16 -



The combination of cetuximab with DAPT improves the cell growth inhibition and cell

death in colon cancer cells

We hypothesized that combining cetuximab and DAPT would result in favorable responses
in cell growth inhibition and cell death. Accordingly, we assessed the additive effects of
cetuximab and DAPT on cell growth inhibition and cell proliferation using growth curve
and colony formation assay in SNU503 and LS1034 cells. As expected, cetuximab (200
pg/ml) and DAPT (10 uM) significantly induced cell growth inhibition compared to vehicle
or single treatment groups for 10 days in both cell lines (Fig 5A and B). Furthermore, the
colony formation assay showed a significant decrease in colony numbers and colony size in
cells treated with both cetuximab and DAPT compared to cells treated with vehicle, DAPT,
or cetuximab alone (Fig 5C, D, and E). In addition, the MTT assay was performed to
evaluate drug-induced cell death. Cell viability in SNUS503 and LS1034 cells was
significantly declined by using the combination of cetuximab with DAPT compared to cells
treated alone (Fig 6A and B). Additionally, we performed immunofluorescent staining to
confirm the efficiency of DAPT and DNA fragments by drug-induced apoptosis. In terms of
drug efficiency, immunofluorescent staining showed that DAPT treatment decreased NICD
expression in nucleus of SNU503. Furthermore, DNA fragments induced by drug treatment
are more emerged in cells treated with both cetuximab and DAPT than in cells treated with

drug alone (Fig 6C).
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Figure S. The combination effects of cetuximab and DAPT in colon cancer cell growth

and proliferation

(A) Cell growth of SNU503 cells treated with cetuximab, DAPT, or both was evaluated by
staining using crystal violet solution every 2 days for 10 days. (B) Cell growth of LS1034
cells treated with cetuximab, DAPT, or both was evaluated by staining using crystal violet
solution every 2 days for 10 days. (C) In SNU503 and L.S1034 cells, 2000 cells seeded in a
6-well plate were treated with cetuximab, DAPT, or both until colonies were formed. After
2 weeks, the cells were stained with a 0.2% crystal violet solution. (D and E) Colony counts

were measured using cell counter software. Data are presented as the mean + SD, n = 3.
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Figure 6. The combination effects of cetuximab with DAPT in drug-induced cell death

(A) MTT assay showed that the cell viability of SNU503 treated with combined cetuximab
and DAPT or treated alone. (B) MTT assay showed that the cell viability of LS1034 treated
with combined cetuximab and DAPT or treated alone. (C) Activated Notchl is stained with
immunofluorescence staining in SNU503 with cetuximab, DAPT, and a combination. Scale
bar: 200 pm (left). Activated Notchl-positive cells are indicated by a bar graph (n = 3), and

the values are presented as mean £ SD (right).

* Arrowheads: DNA fragmentation.
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Combination of DAPT and cetuximab exhibits additive apoptotic effect by abolishing

AKT phosphorylation

As shown in Figure 6C, immunofluorescent staining suggested the possibility of a
combination effect on cell death after treatment with cetuximab and DAPT. To further
examine whether DAPT treatment contributes to cause colon cancer cells to become more
sensitive to cetuximab by inducing apoptotic cell death, SNU503 and L.S1034 were treated
with either cetuximab, DAPT, or both. Then, Western blotting was further performed to
determine the expression of several apoptosis-related proteins (Fig 7A (SNU503) and B
(LS1034)). The results showed that cetuximab and DAPT cotreatment resulted in a
noticeable inhibition of AKT phosphorylation compared with cetuximab or DAPT alone.
Moreover, cetuximab and DAPT cotreatment induced an increase in cleaved caspase3 and
cleaved PARP expression levels, indicating apoptosis occurrence by drug treatment. EGFR,
p-EGFR, Notchl, and NICD were confirmed to test drug efficiency. These results suggest
that the Notch inhibitor DAPT and cetuximab enhanced apoptotic cell death in colorectal

cancer cells.
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Figure 7. Effects of cetuximab and DAPT on AKT phosphorylation and apoptosis

SNUS503 and LS1034 were treated with cetuximab or DAPT as indicated. (A) p-AKT and
apoptotic proteins (cleaved caspase3 and cleaved PARP) protein levels in SNU503 treated
with 20 pg/ml cetuximab or 10 uM DAPT for 48 h were determined using Western blotting.
(B) p-AKT and apoptotic proteins (cleaved caspase3 and cleaved PARP) protein levels in

LS1034 treated with 200 pg/ml cetuximab or 10 yuM DAPT for 48 h were determined by
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Discussion

In this study, we assessed the potential roles of Notchl in the sensitivity of colon
cancer cells to cetuximab treatment. The current study revealed that Notchl is activated in
colon cancer cells compared to noncancerous colon cells. This study also found that
knockdown of Notchl can inhibit the phosphorylation of AKT and increase cetuximab
sensitivity in SNU503 and LS1034 cells. As y-secretase produces NICD by cleaving the
total Notch receptor, we treated DAPT to inhibit y-secretase. Along with the results in
Notchl siRNA, the treatment of DAPT also inhibited AKT phosphorylation. Finally, this
study found that the combined treatment of cetuximab and DAPT can inhibit the growth of
colon cancer cells and induce apoptotic cell death. Altogether, the current study suggested

Notchl can be promising in EGFR therapies targeting CRC.

Notchl has been known to be associated with resistance of drugs such as
oxaliplatin and regorafenib, in CRC'*'?, However, in the case of EGFR-targeted therapies,
the effect of Notchl activation on drug resistance has not been previously studied in CRC. A
previous study in non-small cell lung cancer has shown that Notchl contributes to EGFR-
TKIs-acquired resistance by mediating epithelial-mesenchymal transition (EMT) and the
combined effect of EGFR-TKIs and Notchl inhibition'¥. However, as evidence has shown
that Notchl activation is related to the PI3K pathway by PTEN inactivation in several
cancer cells, including CRC'™®*?_ we focused on the combined effect of Notch inhibition and
cetuximab in terms of AKT phosphorylation. We assumed that Notchl would be related to
AKT phosphorylation in CRC. Notchl downregulation using siRNA and inhibitor inhibited
AKT phosphorylation in colon cancer cells, as expected. Furthermore, we checked the
linkage of the Notchl/HES1 and PTEN/AKT signaling pathways. As for PTEN, we
expected that the inhibition of the Notchl signaling pathway could induce PTEN expression.

However, the results for PTEN were not derived as expected (Appendix figure 2). So,
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further studies on the mechanisms between the Notchl signaling pathway and AKT

phosphorylation are needed.

The protein levels of AKT phosphorylation and apoptosis markers were measured
to evaluate the additive effect of cetuximab and y-secretase inhibitor (DAPT) treatment.
Cetuximab and DAPT cotreatment resulted in an increase in cleaved caspase3 and cleaved
PARP expression levels, indicating that cetuximab in combination with DAPT treatment-
induced apoptosis. The growth curve and colony formation assay showed that cetuximab in
combination with DAPT significantly inhibited cell growth and proliferation compared with
that of cetuximab or DAPT alone. Taken together, these results suggest that the possibility
of combined treatment with cetuximab and y-secretase inhibitor could be a strategy to

improve the response of anti-EGFR therapies in CRC.

This study showed the results that Notch inhibition can enhance the effect of
cetuximab treatment by inhibiting AKT phosphorylation. However, since no dramatic effect
was seen when the drugs were treated together, it is considered that there is an additive
effect rather than a synergistic effect. And this study has a limitation that though the
inhibition of AKT phosphorylation and increment in apoptosis-related proteins in the
combined treatment of Notch inhibitor and cetuximab, the study could not reveal further
underlying mechanisms. Therefore, further research on the effect of Notch signaling on the

combination of cetuximab is needed.

Intriguingly, not only the KRAS wild-type cell line but also the KRAS mutant cell
line showed the additive effect of Notchl inhibition and cetuximab in this study.
Furthermore, some studies have shown that the inhibition of Notchl and DLL4, a main
ligand for the Notch receptors, is a therapeutic strategy in lung cancer and colorectal tumors
with oncogenic KRAS mutations 2" 2. Therefore, targeting Notchl may hopefully be a

prospective strategy for patients with CRC with RAS mutations.
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Conclusion

. EGFR Notch1
Cetuximab —
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= QAL

DAPT

[ AKT phosphorylation ’

Additive apoptotic effect
Cell growth inhibition

Cetuximab in combination with Notch inhibitor

In this study, we identified Notchl as a potential target gene associated with response of

cetuximab in CRC. Downregulation of Notchl using siRNA and inhibitor inhibited AKT

Phosphorylation in colon cancer cells. AKT phosphorylation is an important factor of

cetuximab resistance. Furthermore, cetuximab and downregulation of Notchl exhibited

additive effects on growth inhibition and death via inhibition of AKT phosphorylation in

colon cancer cell lines. Taken together, this study suggests that Notchl is a target for the

new therapeutic strategies to treat in combination with cetuximab.
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