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Abstract

Colorectal cancer (CRC) is one of the most prevalent cancers worldwide, with KRAS mutations playing a significant
role in its tumorigenesis. Among the KRAS variants, the G13D mutation is associated with poor prognosis and dis-
tinctive biological behaviors. This study focuses on the role of HER2, a critical prognostic and predictive biomarker,

in modulating the unique characteristics of KRAS®*P-mutated CRCs. We identified a novel transcriptional regula-

tory network involving HER2, ELF3, and KRAS, with ELF3 acting as a key transcription factor (TF) that regulates KRAS
expression under conditions of HER2 overexpression. Our findings reveal that this HER2-ELF3-KRAS axis is exclusively
activated in KRAS®"3P, driving aggressive oncogenic features and conferring resistance to cetuximab (CTX) therapy.
Through comprehensive analysis of gene expression profiles, we demonstrated that HER2 is a crucial therapeutic
target specifically for KRASC'3P CRCs. To explore this further, we introduced YK1, a small molecule inhibitor designed

to disrupt the ELF3-MED23 interaction, leading to the transcriptional downregulation of HER2 and KRAS. This interven-
tion significantly attenuated the HER2-ELF3-KRAS axis, sensitizing KRAS?"*” CRCs to CTX and reducing their tumori-
genic potential by inhibiting the epithelial-to-mesenchymal transition process. Our study underscores the importance
of HER2 as a key determinant in the unique biological characteristics of KRAS®"*® CRCs and highlights the therapeutic
potential of targeting the HER2-ELF3-KRAS axis. By presenting YK1 as a novel pharmacological approach, we provide

a promising strategy for developing tailored interventions for KRAS®"*P CRCs, contributing to the ongoing efforts

in precision medicine for CRCs.
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Background
Colorectal cancer (CRC), also known as large bowel or
colon cancer, ranks among the most prevalent cancers
globally, with an annual incidence of 1.9 million cases
[1, 2]. Extensive research aimed at identifying prognos-
tic biomarkers for CRC has greatly enhanced our under-
standing of the molecular alterations underlying this
malignancy [3]. Among the various genetic alterations
implicated in CRC tumorigenesis, mutations in the V-Ki-
ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS)
are notably frequent in the early stage of carcinogenesis
[4]. KRAS mutations contribute to tumor aggressive-
ness and are strongly associated with a poor prognosis in
CRC [5]. Approximately 30—-40% of CRC patients exhibit
KRAS mutations, with 90% of these mutations concen-
trated in codons 12 and 13. KRAS is a crucial down-
stream effector of the epidermal growth factor receptor
(EGFR), and mutations at these codons result in the con-
stitutive activation of the Ras/Raf/MEK/ERK and PI3K/
Akt pathways, making EGFR signaling uncontrollable [6].
Although various KRAS mutant variants have been
reported, previous studies have not consistently consid-
ered each subtype as independent prognostic variables
or predictors of therapeutic response. However, recent
reports indicate that the different KRAS mutants exhibit
distinct biological characteristics and have varying
impacts on patients [7]. Notably, CRC tumors harboring
the glycine-to-aspartate mutation in codon 13 (G13D) of
KRAS display unique phenotypic characteristics. Unlike
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KRAS mutations at codon 12, the G13D variant exhibits
partial sensitivity to NF1-mediated GTP hydrolysis [8, 9],
suggesting that it retains some capacity to be regulated in
a manner similar to KRAS"7, though with reduced effi-
ciency. In light of this, a subset of patients with the G13D
mutation significantly benefits from anti-EGFR antibod-
ies, such as cetuximab (CTX) [10, 11]. Despite these
therapeutic advantages, multiple studies have shown that
patients with the KRAS codon 13 mutation, particularly
the G13D mutation, experience a worse prognosis com-
pared to those with codon 12 mutations. Patients harbor-
ing the KRAS®’3P mutation exhibit a high rate of lymph
node metastasis and relatively low levels of tumor-infil-
trating lymphocyte, contributing to a distinctively high
recurrence rate [12, 13]. The mechanisms underlying this
phenomenon remain unknown and represent a critical
area for further investigation.

Human epidermal growth factor receptor 2 (HER2)
is a transmembrane glycoprotein receptor with tyros-
ine kinase activity and is unique among the EGFR fam-
ily for its ability to activate without ligand binding [14].
Through homodimerization or heterodimerization with
other EGFR receptors, such as HER1, HER3, and HER4,
HER?2 induces phosphorylation of their tyrosine kinase
domains, triggering the activation of numerous down-
stream signaling pathways, including RAS/RAF/ERK
and PI3K/AKT/mTOR, which are closely associated
with cell proliferation, differentiation, and migration
[15-17]. HER2 overexpression, typically resulting from
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gene amplification, leads to the constitutive activation
of the downstream mitogenic signals. This uncontrolled
activation contributes to aberrant cell proliferation and
tumorigenesis [14, 18]. The unique activation mechanism
of HER2 underscores its pivotal role in cellular signaling
pathways and positions it as a significant therapeutic tar-
get in various malignancies, especially in HER2 overex-
pressing cancers.

Reported rates of HER2 overexpression and/or ampli-
fication vary significantly across studies, ranging from
1.6% to 47.4%, with an average frequency of approxi-
mately 5-6% [14, 17]. Although HER2 is well-established
as a significant therapeutic target in breast and gastric
cancers [17, 19], its overexpression and amplification
are also considered as crucial prognostic and predictive
markers in CRC [14, 17, 19-21], despite its relatively low
incidence rate. The significance of HER2 in CRC arises
from its ability to promote cell proliferation and trans-
formation through the activation of downstream signal-
ing pathways, as well as its role in inducing resistance to
anti-EGFR agents, ultimately resulting in a poorer prog-
nosis for patients [17, 21-25]. Recognizing the clinical
importance of HER2 in CRC, trastuzumab and fam-tras-
tuzumab deruxtecan-nxki (T-DXd) have been recently
approved specifically for KRAS/NRAS wild-type, BRAF
wild-type, and HER2-amplified metastatic CRCs [26].

This study demonstrates, for the first time, the clinical
significance of HER2 in KRASY*P mutant CRCs and elu-
cidates how HER2 contributes to the biological unique-
ness of this specific mutant subtype. We also evaluated
the therapeutic relevance of regulating HER2 expression
as a critical strategy to address the clinicopathological
challenges associated with KRAS?'3P CRCs. Our find-
ings not only provide crucial insights into the interplay
between HER2 and KRAS®®P but also propose a novel
therapeutic approach, potentially steering new direc-
tions in the treatment landscape for KRAS mutant CRCs.
This research offers a foundation for advancing preci-
sion medicine strategies tailored to the unique molecu-
lar characteristics of KRAS3P CRCs, paving the way
for enhanced therapeutic interventions and improved
patient outcomes.

Methods

Patient specimens

We obtained total 247 CRC stage III samples by surgical
resection from patients in the Severance Hospital of the
Yonsei University (Seoul, Korea) between January 2011 to
December 2012. Out of these, 50 patients were tested for
their KRAS mutation status. Based on the availability of
HER2 IHC staining, 41 patients were finally selected for
further assessment. This sample population comprised
19 patients with KRAS mutations (G12C, G12D, G12S,
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G12V and G13D) and 22 patients with KRAS wild-type.
None of the samples exhibited BRAF mutations. Detailed
information on the patients involved in the study is sum-
marized in Supplementary Table 1. This study received
approval from Yonsei Severance Hospital.

Expression profile datasets
Publicly available gene expression datasets used for
survival analysis and GSEA, including GSE39582
and GSE87211 were obtained from the National Center
for Biotechnology Information (NCBI) Gene Expression
Omnibus (GEO) database.

Survival analysis

In the GEO dataset analysis, samples were primarily
sorted by HER2 gene expression in descending order,
irrespective of their mutation subtype. The top 33% and
bottom 33% of the samples were defined as HER2"
and HER2"°Y, respectively. Samples were then grouped
according to KRAS subtype and analyzed based on muta-
tional status or HER2 level. Kaplan—Meier survival plots
were generated for all survival analyses, with statisti-
cal significance assessed using the log-rank test. Hazard
ratios (HRs) and 95% confidence intervals were measured
through univariate or multivariate Cox proportional haz-
ards regression to determine the impact of KRAS muta-
tion or HER2 level on the survival probability of each
CRC patient.

Gene set enrichment assay (GSEA)

GSEA was conducted using the GSEA program pro-
vided by the Broad Institute (http://www.broadinstitute.
org/gsea/index.jsp). All samples from the GSE39582
and GSE87211 datasets were first grouped according to
KRAS mutation isotypes and then further subdivided
based on HER2 or ELF3 expression levels (top 33%/bot-
tom 33%) to define the phenotypes within the datasets.
The 50-hallmark gene set collection from the Molecular
Signatures Database (MSigDB) was used to identify gene
sets highly enriched in HER2ME" patients. The number
of permutations was set to 1,000. Gene sets with an FDR
(False Discovery Rate) q< 0.05 and NOM p (Nominal
P value) <0.05 were considered significant. Genes that
showed enrichment in the core set indicate upregulation
in HER2M&" samples. The list of enriched genes for each
analysis is provided in Supplementary Table 2.

Cell culture and plasmid transfection

HEK293T, a human kidney embryonic cell line (ATCC
CRL-3216), and the colon cancer cell lines Caco-2 (ATCC
HTB-37), HCT15 (ATCC CCL-225), HCT8 (HRT18S;
ATCC CCL-244), LoVo (CCL-229), and HCT116 (ATCC
CCL-247) were purchased from the Korean Cell Line
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Bank (KCLB, Seoul, Korea). Isogenic cell lines of SW48
were obtained from Horizon Discovery (Cambridge, UK).
HEK293T and Caco-2 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Welgene, Republic
of Korea) and Minimum Essential Medium (MEM, Wel-
gene, Republic of Korea), respectively. All other cell lines
were cultured in RPMI 1640 medium (Welgene, Republic
of Korea). All media were supplemented with 10% fetal
bovine serum (FBS, Corning®, USA) and 1% penicillin/
streptomycin (Hyclone Laboratories Inc., USA). Cells
were incubated in a humidified 5% CO, incubator at
37 °C. Media were changed every 2 to 3 days, and cells
were sub-cultured at ratios of 1:5 to 1:10. All cell lines
were periodically checked for mycoplasma contamina-
tion. For transient plasmid transfection, cells were plated
and cultured for 24 h to reach approximately 70% conflu-
ency. Cells were then transfected with indicated plasmids
using Lipofectamine® 2000 Transfection Reagent (Invit-
rogen, USA). Plasmids and reagents were mixed in Opti-
MEM and incubated for 20 min at room temperature.
Cells were then incubated for 24 h without a medium
change. Antibiotics-free medium were used throughout
the transfection process.

Production of lentiviral particles for HER2/ELF3 knockdown
and HER2 overexpression

Lentiviral expression constructs containing shRNA tar-
geting human HER?2 or ELF3 in the pLKO.1 vector were
obtained from Merck (Germany). For HER2 overexpres-
sion, the pCDH lentiviral expression vector was utilized
(provided by Dr. HoGeun Yoon, Republic of Korea). For
shRNA constructs, 293FT cells were transiently trans-
fected with second-generation lentiviral packaging plas-
mids (VSV-G (pMDG), pRSV-REV, or pMDLg/pRRE)
along with the lentiviral expression plasmid (shHER2
and/or shELF3). For HER2 overexpression, a third-gen-
eration lentivirus system was employed (PAX2, MD2,
and pCDH-HER2). The supernatant containing lentiviral
particles was collected 72 h post-transfection. Sequences
of all the shRNAs used in this study are listed in Supple-
mentary Table 3.

Stable cell line generation

To generate stable cell lines, cells were seeded in 6-well
plates and incubated until reaching 50-60% confluency.
For HER2 and ELF3 knockdown cell lines, the previ-
ously prepared lentiviral supernatant was added to the
cells with polybrene at a final concentration of 8 pg/mL,
and the cells were incubated for an additional 48 h. For
HER2-overexpressing cell lines, cells were transfected for
24 h and then selected by adding 10 pg/mL of puromycin.
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Western blot analysis

Cells were lysed in RIPA buffer (50 mM Tris, 0.25%
sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1%
NP-40, 1 mM EDTA and 1% protease inhibitor cocktail)
(Gendepot, USA). Total protein concentration was meas-
ured using the Pierce” BCA protein assay kit (Thermo
Fisher Scientific, USA). Equal amounts of proteins (20 ug)
were subjected to SDS-PAGE and transferred to a 0.2 um
PVDF membrane (Pall Life Science, USA). Membranes
were blocked with 5% skim milk or 5% BSA and incu-
bated with primary antibodies overnight at 4 °C. After
washing with tris-buffered saline (TBS)—0.1% Tween20,
membranes were incubated with HRP-conjugated sec-
ondary antibodies. Bands were visualized using ECL
solution reagent (GE Healthcare, USA) and LAS-3000
(Fuji Photo Film Co., Ltd., Japan). Images were analyzed
with Multi-Gauge Software (Fuji Photo Film Co. Ltd.).
Antibodies used in this study are listed in Supplementary
Table 4.

Quantitative real-time PCR

Total RNA was prepared using Tri-RNA reagent
(FAVORGEN Biotech Corp., Taiwan) and complemen-
tary DNA (cDNA) was synthesized using the Prime-
Script " RT Reagent Kit (Takara Bio Inc., Japan) according
to the manufacturer’s instructions. Synthesized cDNAs
were stored at —20 °C until further analysis. Quantita-
tive analysis of indicated genes was performed using the
SensiFAST"" SYBR No-ROX kit (Bioline, Korea) in a final
reaction volume of 10 pL. PCR amplification was con-
ducted using the CFX96 Real-time PCR detection system
(Bio-Rad, Korea) with the following protocol: polymerase
activation at 95 °C for 2 min, followed by 30 cycles of 95
°C for 10 s, 56 °C for 10 s, and 72 °C for 20 s. The rela-
tive quantity of mRNA was determined using the AACt
method and normalized by GAPDH and/or ACTIN.
Primer sequences used in this study are summarized in
Supplementary Table 3.

Wound healing assay

Cells were seeded in 12-well plates and cultured until
reaching over 90% confluency. A wound was created
by scratching the cell monolayer with a cell scraper
(SPL, Korea) and the culture medium was subsequently
replaced. The cells were then incubated for an additional
24 h. Images of the wound area were captured using an
Apotome laser scanning microscope (Carl Zeiss, Ger-
many) and analyzed with Zen Pro software.

Cell viability assay
Cells were seeded in 96-well plates at a density of 1.0
x10* cells per well in 100 pL of growth medium. The
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following day, cells were starved in FBS-free medium
for 4 h and then treated with medium containing vari-
ous concentrations of the test compounds for 48 h at 37
°C. Next, 10 pL of EZ-CytoX (DoGen, Korea) was added
to each well. After an additional incubation for 2 h at 37
°C, absorbance was measured at 450 nm using an ELISA
Microplate Reader (VersaMax, Molecular Devices, USA).
IC;, values were determined using a four-parameter
logistic equation in the Table Curve 2D program (SPSS
Inc., USA).

Clonogenic assay

Cells were seeded in 6-well culture plates at a density of
2,000 cells per well. Compounds were applied immedi-
ately after seeding. Following a 10-day incubation, cells
were fixed with 100% methanol for 1 h and then stained
with 200 pL of crystal violet solution (1% (w/v) in abso-
lute methanol) per well. Cells were rinsed with tap water
and analyzed. Images were taken using ChemiDoc (bio-
image analyzer, BR179-8280) and quantified with Image]
software. All steps after fixation were performed at room
temperature.

Luciferase assay

The predicted KRAS promoter region (—250 bp relative
to the transcription starting site) was inserted into the
firefly luciferase reporter pGL3-basic vector (Promega,
USA). HEK293 cells were plated in 60 mm dishes and
transfected with 1.0 pg of pGL3-KRAS alone or in combi-
nation with pcDNA3.1-ELF3 (provided by Dr. Seung Bae
Rho, Research Institute, National Cancer Center, Repub-
lic of Korea) and 0.3 pg of P-galactosidase expression
plasmid (provided by Dr. Eun-Sook Hwang, Ewha Wom-
ans University, Republic of Korea) using Lipofectamine®
2000 Transfection Reagent (Invitrogen, USA). The pGL3-
basic vector was used as a negative control. After 24 h,
firefly luciferase and B-galactosidase activities were meas-
ured using the Infinite M200 PRO Microplate reader
(Tecan Group Ltd., Switzerland) according to the manu-
facturers’ protocols, utilizing the Luciferase Assay Sys-
tem (Promega) and Galacto-Light Plus B-Galactosidase
Reporter Gene Assay System (Invitrogen), respectively.

GST pull-down assay

Indicated plasmids were transduced into SW48
cells using JetPRIME® (Polyplus transfection, France).
Cell lysates were prepared as described for western
blot analyses [27]. Subsequently, 1000 pg of cell lysates
were incubated overnight with Glutathione Sepharose ™
beads (GE Healthcare, UK) at 4 °C on a rotator. The
beads were then washed 3 times with ice-cold 1x PBS
and eluted with a buffer containing 20 mM glutathione,

G13D
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100 mM Tris—HCI (pH 8.0), 120 mM NacCl, and 10%
glycerol. The precipitated proteins were analyzed via
western blotting.

Tumor xenografts in nude mice

Single-cell suspensions (5 x 10° cells) of SW48 isogenic
cells were subcutaneously injected into the left flank
of 5-week-old athymic nude mice (Koatech, Korea).
A restricted volume (100 pL) of cell suspension was
slowly injected at various sites. When tumors reached
50 mm?, the mice were randomly assigned into three
groups. YK1 was dissolved in a DMAC/Tween80/saline
mixture (5:10:85) and administered via intraperitoneal
injection at a dose of 10 mg/kg every 3 days for 15 days.
Tumor length (L) and width (/) were measured with a
caliper, and tumor volume was calculated using the for-
mula: (L X /2)/2. After sacrificing the mice, tumors were
excised, and tumor weight was measured. All protocols
were approved by the Institutional Animal Care and
Use Committee (IACUC: 23-055) at Ewha Womans
University.

Orthotopic xenografts in nude mice

Six-week-old male BALB/c nude mice (Orientbio INC,
Korea) were anesthetized with isoflurane delivered via a
nose cone. Afterward, a surgical incision was made in the
midline of abdomen to expose the cecum, and a single-
cell suspension (1 x 10° cells) of HCT15-luc (JCRB, Japan)
prepared in HBSS: Matrigel (1:1) was slowly injected into
the submucosal layer of the cecum using a 30-gauge nee-
dle. The injection site was monitored for leakage, and the
incision was sutured. Postoperative care included clean-
ing the surgical area with betadine and monitoring until
the mice fully recovered from anesthesia. One the total
flux (p/s) values reached a specific threshold, the mice
were randomly divided into three groups and adminis-
tered the indicated drugs. CTX (1 mg/kg) and YKI1 (20
mg/kg) were prepared in PBS and a DMSO/Tween80/
saline mixture (5:5:90), respectively, and administered via
intraperitoneal injection every 3 days for 15 days. Tumor
growth was monitored twice a week using biolumines-
cent imaging with the IVIS Spectrum-CT (PerkinElmer,
USA). Measurements were taken 5—7 min after intraperi-
toneal injection of D-luciferin (30 mg/mL). During imag-
ing, mice were kept under isoflurane anesthesia (1-2%).
After 18 days, the mice were sacrificed, and tumors were
excised for histological and molecular analyses. All pro-
tocols for tumor xenograft studies were approved by the
Institutional Animal Care and Use Committee (IACUC:
KMEDI-23050402—-00) at Preclinical Research Center of
Daegu-Gyeongbuk Medical Innovation Foundation.
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Immunohistochemistry (IHC) assay for patient samples

and xenograft mouse model

We obtained total 165 CRC stage III samples by surgical
resection from Severance Hospital of the Yonsei Univer-
sity (Seoul, Korea) between January 2011 to December
2012 (IRB#4-2012-0859). Among them, 41 of metastatic
recurrent CRC patient tissue specimens were prepared
in 4 pum-thick sections from formalin-fixed, paraffin-
embedded tissue blocks. Sections were deparaffinized in
xylene and rehydrated in a series of gradually decreasing
ethanol concentrations. Antigen retrieval was performed
using sodium citrate buffer (10 mM, pH 6.0) in a heated
pressure cooker for 5 min. Sections were then incubated
with 3% hydrogen peroxide for 30 min to block endog-
enous peroxidase activity, followed by a blocking reagent
for 30 min at room temperature. Primary antibodies
(HER2, E-cadherin and vimentin) were applied and incu-
bated overnight at 4 °C, followed by incubation with sec-
ondary antibodies for 30 min at room temperature. Slides
were developed using a Vectastain ABC kit (Vector Labo-
ratories), and immunostained with DAB solution (Dako,
Carpinteria, CA). After counterstaining with hematoxy-
lin, IHC staining was evaluated using light microscopy at
100 x magnification. Tumors from the xenograft mouse
model were fixed in 10% NBF and prepared as paraffin
block sections for IHC. Antibodies were incubated using
an automatic IHC staining instrument (Ventana, Tucson,
AZ, USA) according to the manufacturer’s protocols.
IHC staining was evaluated semi-quantitatively using
an IHC score, calculated by multiplying the intensity by
the fraction score (percentage of samples at each scale),
resulting in a range from 0 to 300. All imaging and assess-
ments were performed using an Axiophot 2 apparatus
(Carl Zeiss Microlmaging Inc., USA). The antibodies and
their dilution ratios are listed in Supplementary Table 4.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 10 software (GraphPad Software, Inc., La Jolla,
CA, USA). For the evaluation of two datasets, unpaired
Student’s t-tests or Mann—Whitney tests were conducted;
for comparisons involving more than two groups, one-
way or two-way analysis of variance (ANOVA) was used.
Each experiment was conducted at least in triplicate to
ensure reliability. All calculated p-values were two-sided,
with p < 0.05 considered statistically significant.

Results

HER2 as a key determinant of unique biological
characteristics of KRAS®'3P CRCs

The role of KRAS mutations as adverse prognostic fac-
tors in CRC is well-established, with different subtypes
exerting varied effects on patient survival [7, 28-31]. To
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validate these distinct impacts, we initially analyzed the
gene expression profile of 437 tumor samples from CRC
patients using the publicly available Gene Expression
Omnibus (GEO) dataset (GSE39582). Patients with the
KRASS'P mutation exhibited significantly lower survival
probability compared to those with KRASY (log-rank
test, p= 0.0113; hazard ratio, HR =1.86) or other KRAS
mutations (HR =1.15) (Fig. 1A).

To assess the prognostic significance of HER2 expres-
sion across different KRAS mutation subtypes, we strati-
fied the patient samples based on their HER2 expression
levels (HER2M#" and HER2°Y) and compared their sur-
vival probabilities (Fig. 1B-D). Our findings revealed
heterogeneous associations between HER2 expression
and patient outcomes across KRAS mutation subtypes.
Notably, patients with KRAS3D and HER2MEM had lower
overall survival (OS) compared to those with KRASY3P
and HER2'Y (HR =3.769; 95% CI, 0.84—16.94; p= 0.039)
(Fig. 1B). In contrast, patients harboring KRAS®?? vari-
ants or KRASYT showed no statistically significant asso-
ciation with survival probability or even better OS with
HER2"8" (KRAS®'%;, HR =0.60; 95% CI, 0.255-1.41; p=
0.247, KRASYT; HR =0.54; 95% CI, 0.32-0.87; p = 0.0146)
(Fig. 1C and D). This mutation subtype-specific relation-
ship underscores the potential of HER2 as a prognostic
biomarker specifically in KRAS®**P-mutated CRCs.

For further confirmation, we retrospectively analyzed
the OS of 247 grade III CRC patients from Severance
Hospital (Yonsei University) based on their KRAS muta-
tion status. Out of the 247 patient tissues, 50 were tested
for mutations, and finally 41 patient tissues possessing
acceptable HER2 IHC staining availability were selected
for analysis. These 41 patients were categorized into three
groups: group 1-KRASYT (n=22); group 2-KRASGP
variants [KRAS®'?'3 double mutants (n=11) and
KRASG3P single mutant (n=1)]; and group 3-KRAS"?
variants (n=7); and (Supplementary Fig. 1A). Consistent
with the database analysis result, the 5-year survival rate
of group 2 patients was significantly lower than that of
group 3, supporting the negative prognostic significance
of the KRASY?3P mutation in CRC patients (log-rank test,
p= 0.0387) (Supplementary Fig. 1B). We further subdi-
vided these patients into HER2"" and HER2'®Y groups
and found that the 5-year survival rate of HER2"8" group
2 patients was distinctively lower than that of group 1
and 3 (p= 0.0387), suggesting that HER2 overproduc-
tion is a critical risk factor specifically for KRASS3P CRC
patients (Supplementary Fig. 1C).

Although reported values vary across studies, EGFR
overexpression has been observed in up to 80-90% of
CRC patients [32], while mutations in the EGFR gene
itself are rare [33]. Consequently, CTX has long been
widely used as a first-line therapy for CRC patients.
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Fig. 1 HER2 as a potential key determinant of the unique biological characteristics of KRAS®"3® CRCs. A The overall survival rate of patients

with different KRAS mutation statuses was assessed using the GSE39582 database, which included a total of 578 patients ("p< 001, log-rank test).
B-D The prognostic significance of HER2 was evaluated by comparing the overall survival probabilities between HER2"9" and HER2'*Y subgroups
in KRAS®T3P (n=15) (B), KRAS®™ variant (n = 212) (C) and KRAS"T (n= 50) (D) CRC patients (GSE39582). (p < 0.05, log-rank test). The hazard ratio

for each independent variable was calculated by multivariate Cox proportional hazard regression. E The expression levels of HER2 were measured
in various CRC cell lines with different KRAS mutation statuses. F The growth inhibitory effect of CTX (20 ug/mL) was tested against diverse CRC cell
lines with different KRAS mutation statuses following 48 h-treatment at the indicated concentrations

However its use is typically limited to patients harboring
KRASYT tumors, as RAS mutations have been shown to
significantly reduce CTX effectiveness [34, 35]. Never-
theless, some studies have indicated that a subset of CRC
patients with the KRAS®P mutation respond to CTX,

exhibiting improvements in overall and progression-free
survivals [36, 37]. Given that HER2 levels serve as a key
prognostic factor for the KRAS®3P CRCs, we sought
to explore whether HER2 levels are also associated
with CTX responsiveness in CRCs with different KRAS
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variants. To this end, we selected several CRC cell lines
harboring different KRAS mutations and first assessed
their HER2 expression levels (Fig. 1E). Known CTX-sen-
sitive KRASYT CRC cell lines, SW48 and Caco-2, were
used as controls to compare the susceptibility of each
cell line to CTX. Remarkably, a distinct trend of higher
HER2 levels and lower CTX sensitivity was observed
exclusively in cells with KRAS®?3P mutation (Fig. 1F). The
two KRAS®3? HER2'™ cell lines, HCT8 and HCT116,
showed significant sensitivity to CTX (20 pg/mL), com-
parable to the KRASYT CRC cell lines, while the other
two KRASY*P HER2"E" cell lines, LoVo and HCT15,
demonstrated relative resistance to CTX at the same con-
centration (Fig. 1F, Supplementary Fig. 1D and E). Con-
sistently, CTX treatment downregulated phospho-EGFR
(p-EGFR) and the downstream signaling pathway in a
concentration-dependent manner in KRASY'3P HER2!"
cells, similar to the KRASYT controls (Supplementary
Fig. 1D), resulting in significant inhibition of cell growth
and proliferation (Fig. 1F and Supplementary Fig. 1E).
Conversely, cells with KRAS®?? variants showed resist-
ance to CTX regardless of their HER2 expression levels
(Fig. 1F and Supplementary Fig. 1D). These findings sug-
gest that HER2 may serve as a determinant for CTX sen-
sitivity in KRASS3P CRCs.

HER2 expression as a key predictor of CTX susceptibility

in KRAS®"3° CRC cells

To further investigate whether HER2 expression lev-
els are crucial in determining the susceptibility of
KRAS®P CRC cells to CTX, we employed four SW48
(KRASYT, HER2Meh) isogenic cell lines harboring differ-
ent KRAS mutations (SW48¥T, SW48512P, w482V
and SW48Y1%P) and generated their corresponding HER2
knockdown clones (WT_shHER2, G12D_shHER2, G12
V_shHER?2, and G13D_shHER?2). As expected, the iso-
genic KRAS mutant cell lines showed reduced CTX
responsiveness compared to the parental SW48WT
cells (Fig. 2A-H). However, HER?2 silencing had varying

(See figure on next page.)
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effects on CTX responsiveness across the isogenic cell
lines (Fig. 2A-I). While both G12D_shHER2 and G12V_
shHER2 cells showed no significant differences in
CTX-induced growth inhibition and long-term prolif-
eration compared to their parental cells (Fig. 2C-F), the
G13D_shHER? clone intriguingly regained CTX sensitiv-
ity (Fig. 2G and H), exhibiting an even higher response
rate than the SW48Y7T cells. These findings were fur-
ther corroborated by tumor volume reduction observed
exclusively in G13D_shHER2 xenografted mice (Fig. 2I),
collectively indicating that HER2 is a critical determinant
of CTX sensitivity, particularly in KRAS®P CRC cells,
but not in those with G12 mutations.

Further evaluation with HCT15 (KRAS®'3P, HER2Meh)
cells confirmed that HER2 knockdown (HCT15_
shHER?2) significantly sensitized the cells to CTX. In
HCT15_shHER2 cells, CTX exhibited remarkable growth
inhibitory (Fig. 2]) and anti-proliferative effects (Fig. 2K),
comparable to those in CTX-sensitive Caco-2 (KRASYT,
HER2high) cells, but not in HCT15_shCTRL cells. Con-
versely, inducing HER2 overexpression in the HCT116
(KRAS®™3P, HER2!°Y) cell line enhanced resistance to
CTX (Supplementary Fig. 2A and B), further validating
the critical role of HER2 overexpression in the resistance
of KRAS®*3P CRCs to CTX. Additionally, transient trans-
duction of KRASS into Caco-2 (KRAS™', HER2"")
cells led to a complete loss of sensitivity to CTX, with no
detectable changes in downstream signaling molecules
AKT and MAPK phosphorylation. However, stable HER2
silencing negated the KRAS“P-induced resistance to
CTX and preserved the CTX-mediated inhibition of the
signaling pathway (Fig. 2L). These results underscore the
pivotal role of HER2 in modulating the CTX response in
KRASS'P CRC cells.

HER2 expression drives aggressive oncogenic features

in KRAS®™P CRC cells

To confirm HER? as a key driver of the aggressive onco-
genic features in KRASS!3P CRCs, we compared cell

Fig. 2 HER2 expression level as a key predictive factor for the susceptibility of KRASC"3® CRC cells to CTX. A-H The inhibitory effects of CTX on cell
growth (A, C, E, and G) and colony forming ability (B, D, F, and H) were evaluated in SW48 isogenic cell lines and their HER2-knockdown (KD) clones:
WT_shCTRL/WT_shHER2 (A, B), G12D_shCTRL/G12D_shHER2 (C, D), G12 V_shCTRL/G12V_shHER2 (E, F), and G13D_shCTRL/G13D_shHER2 (G, H).
24 h treatment was conducted for growth inhibition (n=6) and a 10 day treatment for long-term anti-proliferative effects (n= 5) at the indicated
concentrations (ANOVA, ns =non-significant, " p < 0.0001 vs. shCTRL). I The tumor growth inhibitory effect of CTX (intraperitoneal injection at 1
mg/kg every 3 days) was evaluated using xenograft mouse models of SW48 isogenic cell lines and their HER2-silenced clones (n= 5 per group)
(ANOVA, Wp< 0.001 vs. CON).J The growth inhibitory effect of CTX was tested against HCT15 (HCT15_shCTRL) and its HER2 knockdown clone
(HCT15_shHER2), with caco-2 serving as a positive control (n=4). 24 h-treatment was conducted at the indicated concentrations. K The long-term
anti-proliferative effect of CTX was assessed against HCT15_shCTRL and HCT15_shHER2 cells (n= 5) following 10 d-treatment at the indicated
concentrations (ANOVA, ns = non-significant, “"p < 0.001, "p < 0.0001 vs. control (0), **p < 0.0001 vs. shCTRL). L Changes in CTX sensitivity were
assessed in Caco-2 and HER2-KD Caco-2 cells transduced with KRASC™P using pcDNA4-KRASC*P-Hismax construct following 16 h-treatment

at the indicated concentrations
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Fig. 3 Highly-expressed HER2 as a critical inducer of aggressive oncogenic features in KRAS®™P CRC cells. A-F The cell growth rate (A, C, and E)

and colony-forming ability (B, D, and F) of SW48 isogenic cell lines and their HER2-knockdown (KD) clones were evaluated: G12D_shCTRL/
G12D_shHER2 (A, B), G12V_shCTRL/G12V_shHER2 (C, D), and G13D_shCTRL/G13D_shHER2 (E, F). The cell growth rate was assessed over short-term
periods at the indicated time points (n=5), while the colony formation rate was tested over 10 days (n= 5) (ANOVA was used for the cell growth
rate analysis and Student’s t-test for the colony formation rate, ns = non-significant, “p < 0.01, " “p < 0.0001 vs. shCTRL). G, H The growth rates (G)
and long-term cell proliferation rates (H) of HCT15 (HCT15_shCTRL) and its HER2-silenced model (HCT15_shHER2) were evaluated. For growth

rate evaluation, each cell line was monitored up to 72 h (n=5), and cell viability at each time point was colorimetrically assessed by absorbance

at 450 nm. For the cell proliferation rate assessment, both cell lines were incubated for 10 days (n=5) (ANOVA was used for (G) and Student’s t-test

P

for (H), ns =non-significant, “p < 0.01,

p < 0.0001 vs. shCTRL). I Tumor forming abilities of SW48 isogenic cell lines and their HER2-KD clones were

evaluated using xenograft mouse models. Each cell line pair (shCTRL and shHER2) was separately injected to the left or right side of the mouse flank
and tumor growth was monitored for a total of 30 days (n=5). Both changes in tumor volume and tumor weight data were presented as relative
ratios to shCTRL (Student’s t-test, ns = non-significant,” p< 0.01, " p< 0.001 vs. shCTRL)

growth and long-term proliferation rates among iso-
genic cell lines and their corresponding HER2 knock-
down clones (Fig. 3A-H). Our findings revealed that
HER?2 depletion had varying effects on KRAS®!? vari-
ant and KRAS®?3P cell lines. Specifically, stable HER2

silencing in SW48%1?P and SW48512V cells resulted in
no significant changes (Fig. 3A-D), whereas the same
silencing in SW48513P cells led to a marked reduc-
tion in cellular growth and long-term proliferation
(Fig. 3E and F). These results were further validated in
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HCT15_shHER2 and HER2 overexpression-induced
HCT116 (KRASP, HER2) cells, where HER2
knockdown or overexpression notably decreased
or increased both growth and proliferation rates in
KRASS3P_harboring CRC cells, respectively (Fig. 3G,
H, Supplementary Fig. 3A, B). Consistently, HER2
depletion did not reduce the tumorigenic poten-
tial of SW48512P and SW48%12V cells when implanted
into the flanks of athymic nude mice, but it nearly
completely abrogated the tumor-forming capacity
of SW48%13D cells (Fig. 3I). This highlights HER2 as a
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relevant therapeutic target, specifically in KRAS3P
CRC subtypes.

EMT process is distinctively engaged in KRAS®'3°CRCs

with high HER2 levels

To understand how highly expressed HER2 specifically
enhances the aggressiveness of KRAS?P CRCs con-
tributing to poor prognosis, we conducted a Gene Set
Enrichment Assay (GSEA) using the Molecular Signa-
tures Database (MSigDB) Hallmark gene set collection.
Analyzing data from GSE39582, we found that KRASS*3P
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Fig. 4 EMT as a process distinctively engaged in KRAS®3P CRCs with high HER2 levels. A GSEA was conducted on the expression dataset

of KRASS13P CRC patient samples from GSE39582 using a pre-annotated hallmark gene set collection, with FDR q < 0.05 and NOM p < 0.05
considered significant. B, C GSEA plots for the EMT gene set were generated using the expression datasets of KRAS®"*® CRC (B) and KRAS®™?

CRC (C) patient samples from GSE39582. The datasets were reconstituted based on HER2 expression levels. NES, NOM p and FDR g values are

as displayed above. D Representative IHC images of HER2, E-cadherin, and vimentin for HER2 high tumors with different KRAS mutational statuses
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HER2"&" CRCs were significantly enriched in the epi-
thelial-to-mesenchymal transition (EMT) gene signa-
ture (Fig. 4A, B, Supplementary Table 2), a process that
increases cell motility by acquiring mesenchymal traits
and losing epithelial properties. In contrast, KRAS®!?
HER2"8" CRCs did not exhibit this enrichment (Sup-
plementary Fig. 4 A). Similar findings were confirmed in
KRASS3P HER2MM patients from the GSE87211 data-
base (Supplementary Fig. 4B). The KRAS®!? HER2Meh
group, in fact, showed a negative correlation with EMT
(Fig. 4C) and different enrichment patterns compared
to the KRAS®P-harboring subgroup (Supplementary
Fig. 4A), suggesting that codon-specific signaling drives
unique biological effects.

Comparative analysis revealed that HER2M&" CRC
patient samples with KRASY3P exhibited significantly
lower level of the epithelial marker E-cadherin and higher
level of the mesenchymal marker vimentin compared to
other KRAS isoforms (Fig. 4D, E, Supplementary Fig. 4C,
D). Even within the KRASS*P-harboring subgroup,
the HER2Me" patients had lower E-cadherin and higher
vimentin levels compared to HER2!°" patients, further
demonstrating the oncogenic role of HER2 in KRAS%3P
CRCs (Supplementary Fig. 4C, D). Moreover, HER2
knockdown specifically attenuated the EMT process in
SW48S13P, ypregulating E-cadherin and downregulat-
ing vimentin, while no such alterations were observed
in shHER2 clones of SW485?P and SW4852V cells
(Fig. 4F), indicating that HER2 is crucial in KRAS%3P
CRCs but not in KRASY?> CRCs. In line with this, cell
migration potential was significantly higher in SW48513P
cells compared to other isogenic subtypes, and this was
notably reduced by HER2 silencing (Fig. 4G).

To further verify the association between HER2 and
EMT in CRCs carrying the KRAS®P mutation, we
examined the protein and mRNA expression levels of
mesenchymal markers (N-cadherin and vimentin) and
epithelial markers (E-cadherin, occludin, and CK18) in
four KRAS®'3P mutant cell lines (HCT8, HCT116, LoVo,
and HCT15). HER2MeM cells (LoVo, HCT15) exhibited
higher mesenchymal marker levels and lower epithelial
markers levels compared to HER2'®" cells (HCT8 and
HCT116) (Supplementary Fig. 4E, F). Moreover, HER2
overexpression in HER2!°" cell lines markedly increased
mesenchymal markers and decreased epithelial mark-
ers (Supplementary Fig. 4G), while HER2 knockdown in
HER2"8" cell lines produced the opposite effects (Sup-
plementary Fig. 4H). Consistently, EMT marker expres-
sion was significantly elevated in response to KRAS%3P
transduction in KRASY7 Caco-2 cells. However, stable
HER? silencing in Caco-2 cells prevented transduction
of KRAS®'P from altering EMT marker expression (Sup-
plementary Fig. 4I). These observations demonstrate
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that HER2 is an oncogenic factor that specifically drives
EMT in the presence of the KRASY*? mutation. Conse-
quently, shHER2-mediated shift from the mesenchymal
to epithelial state in HCT15 cells resulted in morphologi-
cal changes from a spindle-like to a more cobblestone-
like shape, with a significant increase in cell circularity
(Supplementary Fig. 4]). HER2 blockade also remarkably
decreased the cell motility (Supplementary Fig. 4K), over-
all authenticating the vital role of HER2 as an inducer of
aggressive oncogenic features in KRASY3? CRCs.

Transcriptional regulatory axis of HER2-ELF3-KRAS

as a therapeutic target for KRAS®"*PCRCs

Building on our findings that HER2 is a predictive bio-
marker and prognostic factor for CTX response in
KRAS®BP CRCs, we investigated potential strategies
to regulate HER2 as a novel therapeutic approach for
CRC patients harboring the KRAS®P mutation. Tras-
tuzumab, an FDA-approved HER2-targeting monoclo-
nal antibody drug, was first tested on three KRAS®'P,
HER2"8" CRC cell lines (SW48%'*°, HCT15 and LoVo).
Despite high HER2 expression, trastuzumab showed no
impact on colony formation or HER signaling pathways
(Fig. 5A, B). This suggests that targeting the already over-
expressed HER2 protein on the cell membrane is insuf-
ficient to elicit anticancer effects in KRASY3P, HER2Meh
CRCs. Meanwhile, shRNA-mediated stable HER?2 silenc-
ing significantly downregulated direct downstream
molecules, such as p-AKT (Fig. 5C), leading to substan-
tial anti-proliferative effects against KRAS®P CRCs
(Fig. 3G-)).

Notably, HER2 knockdown led to a significant
decrease in KRAS protein levels across all three cell
lines  (SW48*°_shHER2, HCT15_shHER2, and
LoVo_shHER?2) (Fig. 5C), unlike trastuzumab treatment
(Fig. 5B, Supplementary Fig. 5A). This reduction was
confirmed to be due to mRNA downregulation (Fig. 5D)
rather than protein degradation (Supplementary Fig. 5B).
These findings prompted us to hypothesize that a spe-
cific transcription factor (TF), regulated by HER2, may
directly influence KRAS expression, particularly consid-
ering that HER2 can localize to the nucleus and dem-
onstrate transcriptional activity [38]. To explore this, we
first used the Biological General Repository for Interac-
tion Datasets (BioGRID) database [39], identifying 471
molecules that either physically or genetically interact
with HER2 (Fig. 5E). Simultaneously, through further
analysis using the Gene Transcription Regulation Data-
base (GTRD) [40, 41], we uncovered 218 potential TFs
capable of binding to the KRAS promoter region (—250
bp relative to transcription starting site) (Fig. 5E, Supple-
mentary Fig. 5C). Among them, seven TFs— ELF3, ESR1,
MYC, SMADI1, STAT1, STAT3, and TP53-emerged as
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common between the two datasets. To prioritize genes HER2 and each of the seven identified TFs using Corre-
that have higher chance to be co-regulated with HER2, lation AnalyzeR [42, 43]. Among these, ELF3 displayed
we assessed the co-expression correlation between the highest correlation value (Pearson’s R), signifying a
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statistically significant association with HER2 (Fig. 5E).
Leveraging Transcription Factor Binding Site (TFBS)
analysis, we conducted a luciferase promoter assay, which
clearly demonstrated that ELF3 activates the KRAS pro-
moter. This was evidenced by a substantial increase in
KRAS promoter activity following co-transfection with
ELF3 (Fig. 5F). Additionally, knockdown of ELF3 resulted
in a notable decrease in KRAS levels (Fig. 5G), strongly
supporting the role of ELF3 as a direct TF governing
KRAS expression.

ELF3 is a well-established transcription factor for
HER2, functioning through its interaction with the
transcriptional coactivator, MED23. Conversely, ELF3
has also been identified as one of the HER2-activated
genes, establishing a bidirectional regulatory relation-
ship. Ectopic expression of HER2 has been shown to
directly increase the ELF3 promoter activity, primarily
through the PI3BK/AKT pathway [27, 44]. Our investiga-
tion revealed that ELF3 was notably depleted along with
HER2 knockdown (Fig. 5H), specifically, at the mRNA
level (Fig. 5I), and was not associated with proteasomal
degradation (Supplementary Fig. 5B). Consistent with
findings so far, HER2 overexpression induced upregula-
tion of ELF3, which in turn elevated KRAS levels. How-
ever, in the absence of ELF3, HER2 overexpression failed
to induce such effects, confirming that HER2-induced
KRAS upregulation is predominantly mediated through
ELF3 (Fig. 5)).

HER3-driven specificity of HER2-ELF3-KRAS axis

for KRASC"3PCRC

To gain deeper insight into the transcriptional landscape
underlying the HER2-ELF3-KRAS axis across different
KRAS mutation contexts, we generated RNA-seq profiles
from control and HER2-silenced SW48 (HER2high) iso-
genic cell lines. HER2 knockdown consistently reduced
ELF3 mRNA levels across KRASYT, KRAS®?Y, and
KRASC13D backgrounds suggesting that HER2-ELF3 tran-
scriptional regulation is not exclusive to the KRAS%3P
context. However, the magnitude of ELF3 suppression
was markedly greater in KRASY3P cells, and a significant
reduction in KRAS mRNA levels was observed only in
this background (Supplementary Fig. 5D). These tran-
scriptional changes were mirrored at the protein level:
HER2 knockdown led to a marked reduction in both
ELF3 and KRAS proteins, but again, only in KRAS®P
cells (Supplementary Fig. 5E). In line with these findings,
only CRC cell lines harboring the KRASY"*P mutation
showed a positive correlation between the expression
patterns of HER2, ELF3 and KRAS (Supplementary
Fig. 5F), further supporting the KRAS%'3P-specific
nature of the HER2-ELF3-KRAS regulatory axis. Con-
sistently, analysis of the GSE39582 dataset revealed that
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HER?2 and KRAS mRNA levels were most strongly corre-
lated in KRASE'3P CRC patients, compared to those with
KRASYT or KRAS®'? variants (Supplementary Fig. 5G).
GSEA showed that the Hallmark _KRAS_Signaling Up
gene set—comprising genes upregulated by KRAS activa-
tion—was positively enriched only in HER2"&" KRASE!3P
patients (Supplementary Fig. 5H), suggesting selectively
enhanced KRAS activity in this context.

Interestingly, further GSEA on the hallmark gene set
collection revealed that the EMT pathway was the most
significantly enriched pathway in ELF3Meh KRAS!3P
CRCs, closely mirroring the enrichment observed
in HER2Meh KRASGP CRC patients (Supplemen-
tary Fig. 51, upper panel). Notably, over 80% of the top
enriched genes overlapped between the HER2"&" and
ELF3"8h KRASY3P CRCs (Supplementary Tables 2 and
5), indicating a strong convergence in their pathway
enrichment profiles. In contrast, EMT was negatively
enriched in ELF3"8" KRASY?> CRCs (Supplementary
Fig. 51, lower panel), highlighting that the HER2-ELF3-
KRAS axis specifically regulates EMT in KRAS“"*? CRCs
and may underlie driving their aggressive phenotype.

To investigate the molecular basis underlying the
KRAS®BP_specific activation of the HER2-ELF3-KRAS
axis, we explored whether differential dimerization pat-
terns of HER2 with other HER family members could
explain this specificity. As an orphan receptor, HER2
requires dimerization with other HER family members
to effectively activate downstream signaling [45]. We
therefore analyzed the expression of HER1, HER3, and
HER4 across CRC cell lines and assessed the impact of
HER2 knockdown on the expression of these receptors
and their associated signaling pathways. Our analysis
on 56 CRC cell lines from the CCLE database revealed
that KRASS3P mutant cells tend to express lower HER3
expression and higher HER1 levels, compared to KRAS"”
or KRASY!? mutant cells (Supplementary Fig. 6 A). HER4
expression was consistently low across all cell lines, and
undetectable in our experimental system (Supplemen-
tary Fig. 6 A, B). Despite lower basal HER3 expression
in KRAS9!3P cells, our comparison of isogenic SW48
cell lines harboring different KRAS mutation subtypes
revealed that HER2 silencing led to a notable downregu-
lation of HER3 specifically in SW48513P cells, along with
a significant reduction in p-AKT and p-MAPK levels
(Supplementary Fig. 6B). In contrast, HER1 expression
and its downstream signaling (p-AKT and p-MAPK)
remained largely unchanged in KRASYT or KRAS!2
mutant cells.

Unlike HER1 and HER4, which possess intrinsic kinase
activity and can activate downstream pathway through
homo- or heterodimerization with HER2, HER3 lacks
such intrinsic kinase activity and depends entirely on
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Fig. 6 Inhibition of ELF3-MED23 as a novel therapeutic approach to attenuate the HER2-ELF3-KRAS axis in KRAS®'*P CRCs. A GST pull-down

assay was performed using GST-ELF3. GST-ELF3 was co-transduced with either empty p3xFLAG or p3xFLAG-ELF3 construct. YKT was applied 12 h
post-transfection and maintained for additional 12 h prior to cell harvest. B, C YK1-mediated alterations in protein (B) and gene (C) expression levels
of HER2, ELF3, and KRAS were evaluated (n= 5, mean +S.D, normalized to GAPDH). (ANOVA, “"p < 0.0001 vs. CON). D The growth inhibitory effect
of YK1 was assessed in SW48°'3P and HCT15 cells. YK1 was treated for 48 h at the indicated concentrations (n=5) (ANOVA, " ~p < 0.0001 vs. CON)

dimerization with HER2 for downstream signaling acti-
vation [46]. HER2-HER3 dimerization is known to
strongly activate the PI3K/AKT pathway, though it also
contributes to the MAPK/ERK pathway activation, albeit
to a lesser extent [47, 48]. Reflecting these distinct sign-
aling capacities, KRASY7 and KRAS®? mutant cells
showed sustained expression of other HER family pro-
teins and preserved downstream signaling activity (Sup-
plementary Fig. 6B), suggesting that they predominantly
rely on HER1 homodimers rather than HER2-dependent
signaling. This likely explains their minimal response to
HER?2 knockdown. In contrast, KRAS'3P cells showed
strong suppression of both PI3K/AKT and MAPK path-
ways following HER2 knockdown, indicating a specific
dependency on HER2-mediated signaling, particularly
through HER2-HER3 dimerization.

Moreover, we found that NRG1, a key ligand that acti-
vates HER3 and facilitates HER2-HER3 interactions [49],
was significantly upregulated in KRAS®3P cells com-
pared to other KRAS subtypes (Supplementary Fig. 6 C).
Notably, NRG1 expression was markedly reduced upon
HER? silencing, again only in the KRAS%/3P background
(Supplementary Fig. 6D). This distinct molecular profile
further supports the idea that KRAS®'®P cells preferen-
tially rely on HER2-HER3 dimer-driven signaling for
their survival. In further support of the KRAS®3P-spe-
cific HER2-HER3 dependence, GSEA of both our RNA-
seq data and GSE39582 dataset revealed strong positive
enrichment of the PI3K/AKT signaling pathway signa-
ture in HER2M8" KRASC3P cases, with notably elevated
NES values (Supplementary Fig. 6E, F). Importantly, in

the GSE39582 cohort, HER2"8" KRASYT and KRAS®'?
variants CRCs even exhibited negative NES values (Sup-
plementary Fig. 6 F), further underscoring the KRAS3P-
specific activation of this pathway. Consistently, GSEA of
RNA-seq data confirmed that the HER2-HER3 pathway
signature was positively enriched in KRAS“'3P CRC cells,
showing the highest NES value among CRC cell lines
with different KRAS statuses (Supplementary Fig. 6G).
Given that PI3K/AKT signaling regulates ELF3 expres-
sion, these findings support a model in which HER2—
HER3-mediated PI3K/AKT activity uniquely sustains the
ELF3-KRAS transcriptional program in KRAS“3P cells.

Taken together, although the HER2-ELF3 interaction
may be broadly present across CRCs, functional activa-
tion of the HER2-ELF3-KRAS axis occurs to a biologi-
cally meaningful extent only in KRAS®/3P CRCs, driven
by their preferential dependence toward HER2-HER3
dimerization. This highlights the biological and therapeu-
tic specificity of this regulatory network in the KRAS%3P
context.

Inhibition of the ELF3-MED23 interaction as a novel
therapeutic approach to attenuate the HER2-ELF3-KRAS
axis in KRAS®"*® mutant CRCs

ELF3 functions in collaboration with the specific coacti-
vator MED23, a Ras-linked subunit of the human media-
tor complex, to facilitate the transcription of HER2 [27,
50]. To transcriptionally downregulate HER2, we devised
a strategy to selectively disrupt the ELF3-MED23 pro-
tein—protein interaction (PPI), which is specific to HER2
regulation. We evaluated this approach as a potential
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therapeutic strategy for treating KRASY'3P CRCs. To
achieve this, we used a synthetic pyrazoline analog, YKI,
developed by our group as a potent and selective PPI
inhibitor for ELF3-MED23 [27]. Through a GST-pull
down assay, we initially confirmed the efficacy of YK1
in inhibiting the ELF3-MED23 interaction in KRAS®3P
CRC cells (Fig. 6A). Following this inhibition, YK1 suc-
cessfully induced transcriptional downregulation of
HER2, concurrently leading to the depletion of ELF3
and KRAS at the mRNA level (Fig. 6B, C). This, in turn,
resulted in significant growth inhibition of the tested cell
lines (Fig. 6D).

Transcriptional downregulation of HER2 through YK1

as a strategy to overcome therapeutic limitations

of KRAS®3P CRC cells

Further assessments involving the co-treatment of YK1
with CTX revealed varying effects of YKI1-mediated
HER2 downregulation on CTX responsiveness across
different KRAS mutation subtypes in SW48 isogenic cell
lines (Fig. 7A-F). In SW48¥T cells, YK1 treatment led
to acquired resistance to CTX, as evidenced by a com-
bination index (CI) value of 13.86, indicating significant
antagonism between CTX and YK1 (Fig. 7A and E). Con-
versely, SW48512P and SW48512V cells were minimally
affected by YK1, exhibiting non-significant changes in
overall cell viability with CI values (1.07 and 1.21, respec-
tively) which indicate slight antagonism (Fig. 7B, C, and
E). Distinctively, the SW485'*P clone showed notable cell
growth inhibition upon co-treatment with CTX and YK1
(Fig. 7D). In this subtype, a CI value of 0.22 indicated
strong synergism (Fig. 7E), supporting the effectiveness
of HER2 downregulation in restoring CTX sensitivity in
KRAS®'P CRCs. These findings were further confirmed
in SW48%1*" and HCT15 (KRASY'3P, HER2"&") cells,
where long-term proliferation rates were significantly
inhibited by both YK1 alone and the CTX + YK1 combi-
nation (Fig. 7F). We found that although YK1 treatment
consistently downregulated HER2 expression, KRASWT
and KRASS!? variant cells did not exhibit changes in the
expression of other HER family members (HER1 and
HER3), nor in downstream signaling pathway, such as
p-AKT (Supplementary Fig. 7A). Additionally, KRAS and
ELF3 expression levels remained unchanged in these cell
lines following YK1 treatment (Supplementary Fig. 7 A).
In contrast, KRAS'3P cells exhibited a distinct and more
sensitive response to HER2 suppression. YK1 treatment
in these cells led to a marked reduction in HER3 and
p-AKT levels, along with a notable reduction in both
KRAS and ELF3 expression (Supplementary Fig. 7A),
whereas CTX alone treatment did not induce any nota-
ble changes (Supplementary Fig. 7B). These effects were
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further enhanced by co-treatment with CTX, resulting in
a synergistic anti-cancer response (Fig. 7E).

Additionally, YK1 treatment significantly attenuated
the EMT process in KRAS®P HER2"&" CRC cells, as
indicated by the upregulation of epithelial markers and
downregulation of mesenchymal markers (Fig. 7G). This
was accompanied by a notable reduction in the migration
potential of the tested cell lines (Fig. 7H), demonstrating
the capability of YK1 to attenuate the oncogenic potential
of KRASS*3P CRC cells through effective downregulation
of HER2 expression. These results underscore the dis-
tinctive significance of targeting HER2 to overcome the
therapeutic limitations of KRASY*? CRCs.

Induction of significant anticancer effects by YK1

in KRAS®™3P CRC tumors

To further evaluate the efficacy of YK1, we assessed its
in vivo effects using a xenograft mouse model with the
SW48S13D cell line. As expected, the tumors exhibited
resistance to CTX; however, both co-administration
and mono-administration of YK1 resulted in significant
tumor growth inhibition. These findings underscore
the significance of HER2 downregulation in KRAS%3P
HER2Me" CRCs, and further support YKI’s potential as
a promising therapeutic option to overcome CTX resist-
ance in these tumor subtypes (Fig. 8A-C). Subsequent
immunohistochemistry (IHC) analysis revealed that the
inhibitory effects on tumor growth were accompanied by
a marked reduction in HER?2 intensity and a decreased
number of Ki67-positive cells in the tumor tissue treated
with YK1 (Fig. 8D). The YK1-induced HER2 downregu-
lation was confirmed at the transcriptional level, show-
ing a remarkable decrease in the mRNA levels of ERBB2,
ELF3, and KRAS (Fig. 8E). This indicates that the primary
mechanism behind YK1-mediated anti-tumor activity
lies in the attenuation of the HER2-ELF3-KRAS tran-
scriptional regulatory network. As a result, there was a
significant reversal of the EMT process, indicated by the
upregulation of epithelial markers and downregulation
of mesenchymal markers in tumor tissues (Fig. 8F). Sig-
nificant anticancer effects of YK1 were further confirmed
through an orthotopic CRC mouse model, collectively
substantiating YK1 as a promising therapeutic interven-
tion for overcoming CTX resistance and reversing the
EMT process in KRAS®'3P CRCs (Fig. 8QG).

Discussion

Tumorigenesis of CRC is often characterized by the
accumulation of mutations in various genes, including
KRAS, NRAS, BRAF, PIK3CA, and PTEN [51]. Among
these, KRAS mutations are the most prevalent, occur-
ring in 30-40% of CRC cases, leading to persistent acti-
vation of downstream signaling pathways. Consequently,
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mutated KRAS has been suggested as a major onco- of irreversible covalent inhibitors for KRAS®?¢, like
genic driving factor and a reliable negative biomarker =~ AMG510 (Sotorasib) and MRTX849 (Adagrasib), have
for predicting the efficacy of anti-EGFR agents in CRCs.  shown promising clinical outcomes, making mutant
Despite being considered"undruggable'for decades due KRAS a"druggable"target [52-55]. These advances have
to its small and shallow surface, recent developments fostered hope for developing specific inhibitors for each
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KRAS mutation subtype to improve precision medicine
and therapeutic outcomes. Sotorasib and Adagrasib have
been FDA-approved for the treatment of metastatic or
locally advanced non-small cell lung cancer (NSCLC),
where KRAS®!2C is the most common variant, account-
ing for approximately 40% of KRAS mutations and found
in 10-13% of all NSCLC cases [55]. In CRCs, the most
KRAS mutations are G12D, G12V, and G13D [56]. While
a non-covalent and selective inhibitor of KRAS%'?P,
MRTX1133, is currently under a phase I/II clinical tri-
als (NCTO05737706), inhibitors targeting KRASG?V
and KRAS"P remain in preclinical development [57].
Despite the association of KRAS'P with a worse prog-
nosis compared to other KRAS subtypes [29, 58, 59],
there are minimal studies proposing effective therapeu-
tic strategies for KRASY'3P, and direct specific inhibi-
tors for KRAS®™P are not yet available [60]. As part of
a continuous effort to establish effective mutation-selec-
tive inhibitory approaches for KRAS, multiple studies
have highlighted isoform-dependent differences in the
function and oncogenic potentials of KRAS mutations
[61-63]. These investigations reveal that individual KRAS
mutants can lead to distinct biological and clinical out-
comes by activating different signaling pathways [64, 65].

In this study we focused on unraveling the unique
biological behaviors exhibited by KRAS®'3P mutants,
noting that KRASY!3P CRC patients typically experi-
ence a poorer prognosis compared to those with other
KRAS mutant subtypes. However, some KRASG?P
CRC patients can still derive clinical benefits from anti-
EGEFR drugs, particularly CTX. KRAS mutations gener-
ally lead to the constitutive activation of downstream
signaling cascades, such as MAPK and AKT pathways,
which typically render CTX ineffective. Nevertheless,
given the observed responsiveness of some KRASGP
CRC patients to CTX [10], we hypothesized that a cru-
cial determinant for CTX sensitivity in KRAS®P CRCs
might be located upstream of KRAS. This led us to focus
on HER2 and explore its potential prognostic and predic-
tive value in KRAS"*” CRCs.

While the association of HER2 amplification/overex-
pression with anti-EGFR resistance in CRCs as a negative
predictive biomarker is well-established, its prognostic
role remains controversial. Nonetheless, various preclini-
cal and clinical trials have demonstrated the considerable
efficacy and tolerable safety profile of anti-HER2 drugs,
making HER2 a prominent actionable therapeutic target
in CRCs. HER2 amplification/overexpression is found in
approximately 3% of CRC patients, with a higher preva-
lence reported in RAS/BRAF wild-type tumors, rang-
ing from 5 to 14%. Consequently, according to NCCN
guidelines, HER2-targeted therapy is now recommended
as subsequent therapy options for RAS wild-type, BRAF
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wild-type, and HER2 amplified CRC patients [14, 26].
However, few studies have examined the significance of
HER2 amplification/overexpression in the context of
KRAS mutations, and none have considered the impact
of each KRAS mutation subtype independently. Our
study is the first to investigate the role of HER2 across
different KRAS mutation statuses in CRCs, underscoring
the originality and novelty of our research.

We have comprehensively analyzed the clinical sig-
nificance of HER2 across different KRAS mutation sub-
types and clarified HER2 as a crucial therapeutic target
specifically for KRAS®'3P CRCs (Figs. 1, 2 and 3). In line
with this mutation specificity, we uncovered a novel tran-
scriptional regulatory network, the HER2-ELF3-KRAS
axis, in which ELF3 serves as a shared transcription fac-
tor for both HER2 and KRAS genes (Fig. 5). Importantly,
our additional RNA-seq and functional analyses revealed
that this axis is preferentially activated in KRAS%'3P CRC
cells. HER2 knockdown led to a significant reduction in
ELF3 and KRAS expression specifically in the KRAS%3P
background, correlating with enhanced KRAS signaling
and EMT pathway enrichment. This specificity is mecha-
nistically attributed to the dependency of KRAS*3P cells
on HER2-HER3 dimerization, which strongly activates
the PI3K/AKT pathway, thereby sustaining ELF3-medi-
ated transcriptional regulation. Moreover, we found that
elevated expression of NRG1 in KRAS3P cells further
promotes HER2—-HER3 interaction, reinforcing this sign-
aling axis (Supplementary Figs. 5-6). Through extensive
analysis of publicly available databases, we demonstrated
that the HER2-ELF3-KRAS axis is selectively activated
in KRAS®*P CRCs (Fig. 5, Supplementary Fig. 5E-H),
highlighting its specific pro-oncogenic role in promot-
ing the EMT process (Fig. 4, Supplementary Fig. 5I).
These findings emphasize the therapeutic relevance of
targeting the HER2-ELF3-KRAS network, particularly in
KRASS'P CRCs. ELF3 may not display mutation-specific
transcriptional activity based on KRAS subtypes; there-
fore, the HER2-ELF3-KRAS axis could represent a uni-
versal axis across various cancer types, irrespective of
their KRAS mutations status. However, inhibiting this
axis — either through silencing HER2 or ELF3 (Fig. 5]) or
through pharmacological disruption of the ELF3-MED23
interaction (Figs. 7 and 8) — restores CTX sensitivity spe-
cifically in KRASY!3P CRCs. This suggests that while the
HER2-ELF3-KRAS network may have broad applicabil-
ity, its functional significance and therapeutic relevance
vary depending on the molecular context. Thus, the
effectiveness of targeting this axis as a therapeutic strat-
egy depends on factors such as KRAS mutation status
and the expression levels of ELF3, HER2, and KRAS.

This context-specific variability is particularly evident
when comparing KRAS?"*P and KRAS®?> mutations.
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KRAS®'P cancers retain some regulatory capabilities
similar to KRASYT cancers due to their intermediate sen-
sitivity to NF1 (neurofibromin)-mediated GTP hydrol-
ysis, unlike KRAS®? mutations, which are largely
insensitive to this process [9]. As a result, KRAS protein
levels may play critical role in promoting tumor aggres-
siveness in KRASGP cancers, where high KRAS abun-
dance could potentially overwhelm the partial regulatory
capabilities of NF1, leading to persistent oncogenic sign-
aling. In contrast, KRAS®”?> mutations, which exhibit
nearly complete impairment of GAP-mediated hydroly-
sis, maintain a constitutively active state, making cancer
aggressiveness more dependent on KRAS activity itself
rather than on protein levels. Further research is needed
to elucidate the underlying mechanisms.

Based on our findings, we introduced YK1, a small
molecule inhibitor that disrupts the ELF3-MED23 inter-
action, leading to the transcriptional downregulation of
HER2 and KRAS. This intervention significantly attenu-
ated the HER2-ELF3-KRAS axis, potentially reducing
the hyperactivated cell signaling system to its normal sta-
tus. As a result, KRAS?'3P CRCs were sensitized to CTX
(Figs. 7D-F and 8A-E), and their tumorigenic potential
was reduced by inhibiting the EMT process (Figs. 7G, H
and 8F, G).

A key advantage of targeting the ELF3-MED23 inter-
action, rather than directly inhibiting ELF3 or KRAS,
is the selective downregulation of HER2, which mini-
mizes the risk of unintended side effects associated with
the broader involvement of ELF3 and KRAS in diverse
signaling cascades [52, 66]. This approach allows for
the selective regulation of the HER2-ELF3-KRAS axis
with a reduced likelihood of affecting unintended path-
ways, overall leading to significant anticancer activity in
KRASS"P CRCs.

Previous attempts to reduce KRAS expression using
antisense oligonucleotides (ASOs; AZX4785) were
unsuccessful in achieving positive clinical outcomes [52,
66]. Our approach holds greater potential as it simul-
taneously suppresses HER2 and KRAS expression,
thereby addressing alternative signaling pathways that
may be activated as compensatory responses to KRAS
downregulation.

Conclusion

This study highlights the critical role of HER2 as a key
determinant in the unique biological characteristics of
KRASS3P CRCs. Our investigations revealed a strong
association between HER2 overexpression and lower
survival rates, increased aggressiveness, and resistance
to CTX, particularly in KRAS“!3P CRCs. We identi-
fied a novel transcriptional regulatory network involv-
ing HER2, ELF3, and KRAS, where ELF3 acts as a key
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TF regulating KRAS expression in the context of HER2
overexpression. We propose this HER2-ELF3-KRAS
axis as a potential therapeutic target for KRAS!3P
CRCs and have thoroughly demonstrated the relevance
and effectiveness of its regulation.

Based on these findings, we successfully identified
YK1, a novel small molecule capable of disrupting this
network, and demonstrated its potential as a targeted
intervention specifically effective for KRASS*P CRCS.
The significance of this study lies not only in identifying
a new target but also in presenting a specific pharmaco-
logical approach for regulating this network, confirm-
ing the feasibility of modulating this axis. We believe
that the groundbreaking findings from this study hold
the potential to open new avenues for developing tai-
lored interventions for KRASS3P CRCs, offering valu-
able insights into the ongoing efforts in the pursuit of
realizing precision medicine for CRCs.
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