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Abstract

Background: Cetuximab resistance severely restricts its effectiveness in the treatment
of patients with metastatic colorectal cancer (CRC). Previous studies have predomi-
nantly focused on the genetic level, with scant attention to the nongenetic aspects.
This study aimed to identify the crucial microRNA (miRNA) that is responsible for cetux-
imab resistance.

Methods: Key miRNAs were identified using small RNA sequencing analysis. miR-
196b’s role and mechanism in cetuximab resistance was explored by in vitro and in vivo
experiments. Clinical blood samples were dynamically analyzed using droplet digital
polymerase chain reaction (PCR) to assess the predictive value of miR-196b for efficacy.

Results: We initially discovered that the extracellular signal-regulated kinase (ERK)
signaling pathway was progressively activated during the acquisition of cetuximab
resistance in CRC cells. Further study determined that miR-196b can inhibit the activity
of ERK and protein kinase B (AKT) signaling pathways by downregulating both NRAS
and BRAF, which can kill two birds with one stone, thus enhancing the sensitivity

of colorectal cancer cells to cetuximab. The expression of miR-196b was found to be
significantly downregulated in both cetuximab-resistant cells and the tumor tis-

sues of patients exhibiting resistance. In the presence of cetuximab, overexpression

of miR-196b further inhibited the proliferation and migration and promoted the apop-
tosis of CRC cells, while miR-196b silencing had the opposite effects. Importantly,
analysis of clinical blood samples confirmed that miR-196b can serve as a predictive
and dynamic biomarker for monitoring the outcomes of patients with CRC treated
with cetuximab.

Conclusions: This study supports that activation of the ERK signaling pathway is a key

factor in cetuximab resistance. In addition, miR-196b can modulate and predict
the CRC response to cetuximab, holding broad potential applications.
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Background

Colorectal cancer (CRC) is a common malignant tumor. In 2022, its global incidence
ranks third and its mortality second among all cancers [1]. As a result, such a high inci-
dence and mortality rate of cancer needs to be taken seriously. Cetuximab, an EGFR
monoclonal antibody, represents a significant advancement in treating patients with
metastatic CRC (mCRC) and has become the standard therapy for patients with RAS/
RAF wild-type CRC in stage IV [2]. However, its drug resistance severely limits the clini-
cal results, and rates have reached as high as 70% for patients taking cetuximab therapy
within 1 year [3]. Therefore, it is crucial to investigate the mechanisms underlying cetux-
imab resistance, develop strategies to overcome it, and enhance the prognosis of patients
with mCRC, thereby achieving individualized and precise treatment.

Our previous study found that PRSS1 was strongly associated with cetuximab resist-
ance [4]. Other genes such as EGFR, KRAS, NRAS, BRAF, PIK3 CA, and MET have also
been implicated in cetuximab resistance [5-7]. However, these studies focused more on
the genetic level and little on the nongenetic level. There is approximately 30% of cetuxi-
mab resistance stemming from unknown, apparently nongenetic resistance mechanisms
[8]. Over the past decade, advancements in high-throughput transcriptome sequencing
technology and bioinformatics methods have enabled researchers to discover the sig-
nificant role of noncoding RNA (ncRNA) in the development of resistance to epidermal
growth factor receptor (EGFR) monoclonal antibodies. This highlights the necessity of
exploring nongenetic factors to fully understand and address cetuximab resistance.

MicroRNA (miRNA), a component of ncRNA, mainly regulates target gene expres-
sion by participating in posttranscriptional gene regulation [9]. Notably, a single miRNA
can simultaneously regulate multiple target mRNAs, thereby influencing multiple sign-
aling pathways. This multifaceted regulation plays a crucial role in tumorigenesis and
the development of drug resistance [10—12]. However, the specific impact of miRNAs on
resistance to cetuximab remains unclear.
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The importance of the extracellular signal-regulated kinase (ERK) signaling pathway in
tumor-related studies has been consistently highlighted [6, 13, 14]. In our study, we ini-
tially observed that the ERK signaling pathway was progressively upregulated during the
development of cetuximab resistance in two CRC cell lines. To investigate the potential
upstream regulators, we carried out small RNA sequencing. Our analysis revealed a sig-
nificant downregulation of miR-196b in both cetuximab-resistant CRC cell models and
resistant tissues of patients with mCRC. Fundamental research has demonstrated that
miR-196b targets classical resistance genes NRAS and BRAF, leading to the downregula-
tion of the ERK and protein kinase B (AKT) signaling pathways and restoring cetuximab
responsiveness both in vitro and in vivo. More importantly, clinical studies have shown
that plasma miR-196b levels can effectively predict and dynamically monitor cetuximab
efficacy in patients with mCRC, indicating promising clinical applications.

Methods

Cell culture

This study used three human CRC cell lines, DiFi, LIM1215, and HT-29. HT-29 and
LIM1215 were purchased from the American Typical Culture Collection (ATCC, USA)
and WHELAB, respectively. DiFi was provided by Dr. Z. Tan (Beijing Institute of Bio-
technology) [4]. Among them, DiFi and LIM1215 were RAS and RAF wild-type cell lines,
while HT-29 was a BRAF mutant cell line. All cells were cultured in a sterile humidified
incubator at 37 °C with 5% CO,, and 10% fetal bovine (Gibco, USA) serum was added to
all media. DiFi was cultured using Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
USA), while LIM1215 and HT-29 were cultured using 1640 medium (Gibco, USA). In
addition, we established two types of CRC-resistant cells, DiFi-R and LIM-R. The highly
sensitive cell line DiFi was continuously cultured in a medium containing 10 pg/mL of
cetuximab, while the moderately sensitive cell line LIM1215 was continuously cultured
in a medium containing 200 pg/mL of cetuximab. During the long-term drug-induced
resistance of both two CRC cells, we cryopreserved the cells at all stages. When the half
maximal inhibitory concentration (ICs,) reached more than ten times that of the paren-
tal strain, the drug-resistant model was considered to be successfully constructed.

Construction of stably infected cell lines

To construct cell lines that stably overexpressed or inhibited miR-196b, we used the cor-
responding lentiviruses to infect designated cells (see Supplementary Material Meth-
ods for plasmid profile). All lentiviruses were purchased from GenePharma (Shanghai,
China). After a successful lentiviral infection, we used a medium that contained 2 pg/
mL of puromycin (Invitrogen, USA) to continuously incubate the cells for more than
4 weeks, after which the puromycin concentration was halved for long-term culture.
Similarly, to construct a cell line with stable knockdown of NRAS/BRAF, we also used
lentiviral infection. The cells were then incubated continuously with a medium contain-
ing 500 ng/mL of hygromycin (Invitrogen, USA) for more than 4 weeks, and then the
hygromycin concentration was halved for long-term culture.
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Patient clinicopathologic data and sample collection

Clinicopathologic data and blood specimens were prospectively collected from 97
patients with advanced RAS/RAF wild-type CRC treated with cetuximab at the Chinese
PLA General Hospital (see Supplementary Material Methods for details). This study was
approved by the Ethics Committee of the Chinese PLA General Hospital (KY2023-6-42-
1). Informed consent from each patient was obtained, and the study was conducted fol-

lowing the principles of the Declaration of Helsinki.

Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

Trizol reagent (Invitrogen, USA) was used to extract total RNA from tissues/cells, and
a NanoDrop 1000 spectrophotometer was used to measure the RNA concentration.
For subsequent miRNA or mRNA detection, RNA was reverse-transcribed into com-
plementary DNA (cDNA) by the Mir-X"" miRNA First Strand Synthesis (Takara, Japan)
or the High-Capacity cDNA Reverse Transcription Kit, respectively. The CFX96 Real-
Time PCR System (Bio-Rad, USA) and Thunderbird SYBR qPCR Mix (Toyobo, Japan)
were adopted to conduct quantitative polymerase chain reaction (QPCR) for amplify-
ing cDNA. Internal references are U6 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH).

Small RNA sequence

Library construction of small RNA was performed using TruSeq Small RNA Library
Preparation Kits (Illuina, USA). Then, high-throughput sequencing was performed using
[lumina HiSeqTM2500.

Cell viability assay

The experiments were conducted using the CellTiter-Glo Luminescent Cell Viability
Assay (Promega, USA). According to the manufacturer’s instructions, 96-well plates
were inoculated with 2 x 10 cells/well. The cells were incubated with a medium contain-
ing different concentrations of cetuximab for 72 h after attachment to the wall. Then the
CellTiter Glo Reagent was incorporated at the same volume as the medium, mixed on
a shaker for 2 min, let stand at room temperature for 10 min, and, finally, luminescence
was recorded.

Cell proliferation assay

The BeyoClick™ EAU Cell Proliferation Kit with Alexa Fluor 594 (Reyotime, China) was
used to assay the cell proliferation rate, inoculating 8 x 10* cells/well into 4-well slides.
After the cells adhere, we added culture medium containing 10 uM EdU and incubated
for 2 h. The experiment was conducted following the manufacturer’s instructions, and

the counts were monitored under a fluorescence microscope.

Apoptosis detection
Cells were digested from culture flasks and washed with phosphate-buffered saline
(PBS). Annexin V-FITC and propyl iodide staining was conducted following the
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instructions of the Annexin V-FITC Apoptosis Detection Kit (Beyotime, China). The

apoptosis rate was detected using flow cytometry.

Migration and wound-healing assay

A total of 4% 10* cells were resuspended using serum-free medium and inoculated into
the top chamber of 8.0 um-diameter micropore membranes (Corning, USA). The bot-
tom chamber was placed in a medium with 20% fetal bovine serum. After 24 h of incu-
bation, cells were fixed by ethanol and then stained with 0.1% crystal violet. Before the
wound-healing assay, 5x 10° cells were inoculated into a six-well plate, and the wound
line was created manually when the cell density reached about 95%. Cell migration after
48 h was assessed using the wound width at 0 h as a standard.

Dual-luciferase reporter gene analysis

The original/mutated sequences of the 3'UTR of BRAF/NRAS were constructed into
pGL3 Luciferase Reporter Vectors (Promega, USA), and these vectors were cotrans-
fected with miR-196b mimics into 293 T cells in 24-well plates. After 48 h transfection,
the expression levels of the reporter genes were detected using the Dual-Luciferase

Reporter Assay System (Promega, USA).

Western blot

Proteins from cells/CRC tissues were extracted with radioimmunoprecipitation assay
buffer (RIPA) lysis buffer (Thermo Scientific, USA). Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was employed to separate the proteins and
transfer them to a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). The
membranes were closed with 5% skimmed milk and incubated with primary antibod-
ies (see supplementary methods for details), followed by incubation with the secondary
horseradish peroxidase (HRP)-coupled antibody at room temperature for 1 h. Finally,
immunoreactive protein complexes were visualized using enhanced chemiluminescence
(ECL) detection reagent (PerkinElmer, USA).

Xenograft nude mice experiments

The 4-week-old female nude mice were purchased from GemPharmatech (China) and
raised under pathogen-free conditions according to strict standards. Fluorokinase-
labeled miR-196b overexpressing/miRCont group of HT-29 cells (2 x 10%)/LIM1215 cells
(5 X 10°) were injected subcutaneously into the right axilla of nude mice. When the aver-
age tumor size was approximately 100 mm?, mice were randomly assigned to the cetuxi-
mab administration group/PBS group. Cetuximab was administered via intraperitoneal
injection at a dose of 1 mg per mouse every 3 days. The control group was given sterile
PBS in the same manner. Tumor changes were monitored by vernier calipers and the
bioluminescence channel of the IVIS Spectrum. After 30 days of observation, the mice
were euthanized and tumor tissues were collected. Animal experiments were performed
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after approval by the Animal Ethical and Welfare Committee of the Academy of Military
Medical Sciences IACUC-DWZX-2023-052).

Immunohistochemical (IHC) analyses

Paraffin-embedded fixation of xenograft tumor tissues was performed to make sections.
According to the manufacturer’s instructions, sections were incubated with primary
antibodies (see Supplementary Material Methods for details). The cells were then incu-
bated with secondary antibodies, stained with diaminobenzidine (DAB), and counter-
stained with hematoxylin for the nuclei.

Droplet digital polymerase chain reaction (ddPCR)

Plasma RNA was reverse transcribed into cDNA by means of the TagMan~ Micro-
RNA Reverse Transcription Kit (Thermo Fisher Scientific, no. 4,366,596, Italy) following
the manufacturer’s instructions. miR-196b Tagman probe was synthesized by Thermo
Fisher Scientific (Italy). The ddPCR reaction system consisted of 10 pL. ddPCR supermix
for probes (Bio-Rad, no. 1,863,025, USA), 2.0 uL. ¢cDNA, 1.0 pL miR-196b probe, and
nuclease-free water; the total volume of the reaction system was 20 uL. ddPCR reactions
were carried out using the Automated QX200 droplet digital PCR (ddPCR) system (Bio-
Rad, no. 1,864,001, USA).

Statistical analysis

Statistical analysis and visualization were performed using IBM SPSS version 26, Graph-
Pad Prism 8 and R version 4.3.0. All experiments conducted in this study were repeated
independently at least three times. Data were presented as mean =+ standard error of the
mean (SEM). Differences between groups were compared by independent samples ¢-test
or two-way analysis of variance (ANOVA). Kaplan—Meier was used to plot survival
curves. Meaningful factors, found by univariate Cox analysis and added to multivariate
Cox analysis, were used to identify the independent risk factors. Categorical variables
were tested using y* or the Fisher exactly. Cutoff values were determined on the basis of
receiver operating characteristic (ROC) curve analysis. A P-value <0.05 indicated statis-
tically significant differences.

Results
miR-196b modulates the ERK signaling pathway during cetuximab resistance
A recent important report has highlighted the crucial role of ERK in resistance to
KRAS-ERK-MAPK-targeted therapy [6], and both RAS and ERK are downstream com-
ponents of the EGFR signaling pathway. Building on this understanding, we sought to
investigate whether alterations in the ERK signaling pathway occur during the develop-
ment of cetuximab-acquired resistance. Our results showed that the ERK signaling path-
way was activated progressively during the transition from initially sensitive cells (DiFi
and LIM1215) to drug-resistant cells (DiFi-R and LIM-R) (Fig. 1A-D).

To investigate the upstream regulators, we conducted small RNA sequencing on two
CRC cell models (Fig. 1E) and tumor tissues from two patients with mCRC (Fig. 1F,
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Fig. 1 miR-196b regulates the ERK signaling pathway that changes during cetuximab resistance. A Cell
viability assay for altered response of DiFi cells to cetuximab during resistance induction (DiFi-R-T-1, induced
for 1 month; DiFi-R-T-2, induced for 2 months; DiFi-R-T-3, induced for 3 months; DiFi-R-T-4, induced for

4 months; DiFi-R, induced for more than 6 months). B Western blot (WB) analysis of the evolutionary trend

of the ERK signaling pathway during the induction of cetuximab resistance in DiFi cells. C Cell viability assay
for the altered response of LIM1215 cells to cetuximab during resistance induction (LIM-R-T-1, induced for

2 months; LIM-R-T-2, induced for 3 months; LIM-R-T-3, induced for 4 months; LIM-R-T-4, induced for 5 months;
LIM-R, induced for more than 6 months). D WB analysis of the evolutionary trend of the ERK signaling
pathway during the induction of cetuximab resistance in LIM1215 cells. E Heat map of differentially expressed
genes in the two groups of DiFi cells before and after cetuximab resistance. F Heatmap of differentially
expressed genes in tumor tissues of two groups of patients before cetuximab treatment and after resistance.
G Comparison of miR-196b expression levels before and after cetuximab resistance (left, LIM1215; right, DiFi).
H Comparison of PFS between the miR-196b high-level group (n= 17) and the miR-196b low-level group
(n=17) in patients with head and neck squamous carcinoma (HNSCC) (n = 34) treated with cetuximab.

I In DiFi cells, miR-196b is downregulated in sustained cetuximab induction and slowly rebounds after
withdrawal of the cetuximab. J Alterations in the response of DiFi cells to cetuximab during long-term
additive induction and withdrawal of the drug (link to I). K\WB analysis of the effect of miR-196b on the ERK
signaling pathway in DiFi cells. *P < 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001

Supplementary Fig. 1A) before and after the development of drug resistance. Our
analysis revealed a significant downregulation of miR-196b following acquired resist-
ance to cetuximab in both cases. These findings were corroborated by qRT-PCR results
(Fig. 1G). To preliminarily assess the relationship between miR-196b levels and the prog-
nosis of certain targeted therapies, we analyzed the Cancer Genome Atlas (TCGA) data-
base (https://portal.gdc.cancer.gov) and grouped the patients on the basis of the median
level of miR-196b. Among patients with head and neck squamous carcinoma (HNSCC)
(n= 34) treated with cetuximab, those in the miR-196b high-expression group exhib-
ited a longer median progression-free survival (mPFS) of 19.87 months compared with
3.07 months in the low-expression group (Fig. 1H). Similarly, patients with CRC (n=41)
treated with bevacizumab and exhibiting high miR-196b expression had a longer mPFS

Page 7 of 21


https://portal.gdc.cancer.gov

Chen et al. Cellular & Molecular Biology Letters (2025) 30:64 Page 8 of 21

CTxsensitivit CTXresisits
A B _ sensitivity resisitance G UM1215 D
g Sy @ = ~ miR-
g - COLO320DM g £ 100 5100
~ DiFi o] = >
£ ~ HCT-8 e 08 £ £ 75
8 HT-29 £ g 7 2
> Lum215 @ > S 50
3 = LOVO % 04 3 50 3
© ~is4r 8§ © Tox S 25 e
0 g 5
VR PNE N 90D g 00° ON® N 290 OAND N % 5,00
PSRNENANY N U o(‘\\'b"% 6;» ,;.&/\ 60@ 040 (NS N L N N
Cetuximab (ug/mL) S P Cetuximab (ug/mL) Cetuximab (ug/mL)
o\'
E LIM1215 F
DAPI Merge
= DiFi + sh miRCont i Ll
2100 £ 100 ~ shmiR-196b  [{Ula{es! shmiRCont
£ Z 75
375 3
z S 504
3 504 = -
& %0 Jer 8 ] ShmiR-196
25— b “
ON® N OO PP SN N X v
Cetuximab (pg/mL) Cetuximab (ug/mL)
! * JAso L K ek L 24 rkk
g6 o R miRCont miR-196b 530 ____shmiRCont . shmiR-196b g
5 e T ’ “Tat % lat az| “Ta1 Q| =
3 s v r 12| & - 0.13 8.00| “10.08 517 | &1s
< 40 5 @ 20 @ 2
5 S 3 2 8 1 2
& $40 g g § v g
2 2 8 - g 3 - g
S 20 o @
£ &2 £ 55110 £. %
3 3 2 8 2 ©
L © o © o g 0
NI S oo P S
G & & & o
& & @\\@@‘ & s

s,

Fig. 2 miR-196b restores CRC cell response to cetuximab. A Response of different intestinal cancer cell lines
to cetuximab determined by cell viability assay. B Determination of miR-196b expression levels in different
intestinal cancer cell lines by gRT-PCR. C Cell viability assay detects changes in the sensitivity of LIM1215

to cetuximab upon miR-196b overexpression. D Cell viability assay detects changes in the sensitivity of

DiFi to cetuximab upon miR-196b overexpression. E Cell viability assay detects changes in the sensitivity of
LIM1215 to cetuximab upon miR-196b silencing. F Cell viability assay detects changes in the sensitivity of
DiFi to cetuximab upon miR-196b silencing. G EdU assay was performed to detect the proliferation rate of
LIM1215 cells when cetuximab (20 pg/mL) was present and miR-196b was overexpressed. H EdU assay was
performed to detect the proliferation rate of LIM1215 cells when cetuximab (20 ug/mL) was present and
miR-196b was silenced. The scale bar is 25 um. I Quantification of LIM1215 cell proliferation upon miR-196b
overexpression (link to G). J Quantification of LIM1215 cell proliferation upon miR-196b silencing (link to H). K
The apoptosis rate of LIM1215 in the presence of cetuximab (20 pg/mL) when miR-196b was overexpressed.
L The apoptosis rate of LIM1215 upon miR-196b silencing in the presence of cetuximab (20 ug/mL). *P < 0.05,
**P<0.01,**P<0.001, ***P < 0.0001

of 38.33 months versus 12.20 months (Supplementary Material Fig. 1B). Furthermore,
an analysis of 616 patients with CRC from the TCGA database indicated a higher per-
centage of high miR-196b levels in left hemicolon carcinoma (57.1% versus 42.9%, P=
0.001) (Supplementary Material Table 1). However, there is no significant correlation
between miR-196b level and OS in the CRC/HNSCC population (Supplementary Mate-
rial Fig. 1 C-D). Additionally, we found that under the condition of continuous culture
in a medium containing cetuximab, intestinal cancer cells DiFi and LIM1215 showed the
first downregulation of miR-196b around 2 months, which became more pronounced
with time. However, there was a slow rebound trend within 2—4 months after switch-
ing to a normal medium (Fig. 1I and Supplementary MaterialFig. 1E). Importantly, on
the basis of the results of cell viability assay experiments, we observed that the degree of
response to cetuximab in both intestinal cancer cell lines was positively correlated with
miR-196b levels (Fig. 1] and Supplementary Material Fig. 1 F).

To examine the influence of miR-196b on the activation of the ERK signaling pathway,
we established miR-196b overexpression and inhibition cell models in DiFi and LIM1215
cell lines through lentiviral infection (Supplementary Material Fig. 2A-D). Subsequent
verification using western blot (WB) analysis confirmed that miR-196b can negatively
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Fig. 3 NRAS and BRAF were direct targets of miR-196b. A gPCR detection of NRAS and BRAF expression
levels in LIM1215 cell line with miR-196b overexpression. B WB analysis of NRAS evolutionary trends during
induction of cetuximab resistance (left, LIM1215; right, DiFi). C WB analysis of BRAF evolutionary trends
during induction of cetuximab resistance (left, LIM1215; right, DiFi). D gRT-PCR detection of NRAS and BRAF
expression levels in LIM1215 cell line upon miR-196b silencing. E WB analysis of changes in NRAS expression
in LIM1215 cell line upon miR-196b overexpression or silencing. F WB analysis of changes in BRAF expression
levels in LIM1215 cell line upon miR-196b overexpression or silencing. G Mutations were generated at
potential binding sites for miR-196b and the NRAS 3”UTR. H Relative luciferase activity of the wild type NRAS
3’UTR or the mutant NRAS 3”UTR at the binding site after transfection of miR-196b mimics in 293 T cells. I
Mutations were generated at potential binding sites for miR-196b and the BRAF 3”UTR. J Relative luciferase
activity of the wild-type BRAF 3"UTR or the mutant BRAF 3’ UTR at the binding site after transfection

of miR-196b mimics in 293 T cells. K gRT-PCR validation after overexpression of miR-196b in HT-29. L
Detection of sensitivity of HT-29 cell line to cetuximab upon miR-196b overexpression by cell viability

assay. M Detection of apoptosis in HT-29 cell line in the presence of cetuximab (40 pug/mL) with miR-196b
overexpression by flow cytometry. *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

regulate the ERK signaling pathway (Fig. 1K, Supplementary Material Fig. 1G). These
findings strongly suggest that miR-196b may play a crucial role in mediating resistance

to cetuximab.

miR-196b increases the sensitivity of intestinal cancer cells to cetuximab in vitro

We selected eight CRC cell lines for our study: DiFi, LIM1215, Caco-2, LS174 T, HT-29,
COLO320DM, HCT-8, and LoVo. Analysis revealed that DiFi and LIM1215 were sen-
sitive to cetuximab, while the remaining cell lines exhibited resistance to the drug
(Fig. 2A). The expression level of miR-196b was significantly lower in cetuximab-resist-
ant cells compared with sensitive cell lines, DiFi and LIM1215 (Fig. 2B).

To further investigate the role of miR-196b in CRC, we conducted a series of in vitro
experiments. Initially, cell viability assays revealed that overexpression of miR-196b
reduced the viability of CRC cells LIM1215 and DiFi under cetuximab treatment, as
compared with the control group. This was evidenced by a leftward shift in the IC;, trend
line, indicating a decrease in ICj, (Fig. 2C-D). Conversely, after inhibiting miR-196b
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Fig. 4 miR-196b inhibits the activation of ERK and AKT signaling pathways by negatively regulating

NRAS and BRAF. A-B. gRT-PCR was performed to detect the expression of miR-196b A and NRAS B after
knockdown of NRAS, inhibition of miR-196b or simultaneous knockdown of NRAS and miR-196b in the
LIM1215 cell. C Cell viability assay to detect the sensitivity of LIM1215 cells infected with control, shmiR-196b,
or shNRAS lentivirus and coinfected with shmiR-196b and shNRAS lentivirus to cetuximab. D-E EdU analysis
(D) to detect changes in the proliferation rate (E) of LIM1215 cells infected with control, shmiR-196b or
shNRAS lentivirus and coinfected with shmiR-196b and shNRAS lentivirus in the presence of cetuximab (20
pg/mL). The scale bar is 25 um. F-G Flow cytometry (F) to detect apoptosis rate (G) in LIM1215 cells infected
with control, shmiR-196b, or shNRAS lentivirus and coinfected with shmiR-196b and shNRAS lentivirus in

the presence of cetuximab (20 pg/mL). H-1 gRT-PCR was performed to detect the expression of miR-196b
(H) and BRAF (I) after knockdown of BRAF, inhibition of miR-196b or simultaneous knockdown of BRAF and
miR-196b in the LIM1215 cell. J WB determination of AKT and ERK signaling pathways in cetuximab (0.1 pg/
mL)-treated or untreated DiFi cells in miRCont group, miR-196b group, shCont group, and shmiR-196b group.
K WB determination of AKT and ERK signaling pathways in DiFi cells in the control group, shmiR-196b group,
shNRAS/BRAF group, and shmiR-196b + shNRAS/BRAF group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

expression, this resulted in increased cell viability and a rightward shift in the IC, trend
line, signifying an increase in IC,, (Fig. 2E-F). Notably, in the absence of cetuximab,
altering miR-196b levels did not affect the proliferation and apoptosis of CRC cells (Sup-
plementary Material Fig. 2E-]). However, in the presence of cetuximab, elevated miR-
196b levels inhibited CRC cell proliferation (Fig. 2G, I) and promoted apoptosis (Fig. 2K).
By contrast, the silencing of miR-196b accelerated CRC cell proliferation (Fig. 2H, J) and
inhibited cell apoptosis (Fig. 2L, Supplementary Material Fig. 2 K-L). Further experi-
ments on drug-resistant cells DiFi-R and LIM-R demonstrated that miR-196b overex-
pression partially restored the cetuximab response (Supplementary Material Fig. 3 A-B),
inhibited the proliferation (Supplementary Material Fig. 3C-D), and promoted apopto-
sis (Supplementary Material Fig. 3E—H) in these resistant cells. Additionally, Transwell
and wound healing assay confirmed that miR-196b inhibited CRC cell migration (Sup-
plementary Material Fig. 31-] and Supplementary Material Fig. 4).
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Fig. 5 miR-196b increases sensitivity to cetuximab in vivo. A Representative image of cetuximab-treated
or untreated tumor xenograft mouse models injected with HT-29 cells infected with control or miR-196b
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miR-196b directly targets NRAS and BRAF

To identify potential targets of miR-196b, we made the combined prediction using four
miRNA target gene databases, miRBD, Starbase, TargetScan, and DIANA (Supplemen-
tary Material Fig. 5 A). This initial screening yielded 22 candidate genes potentially linked
to cetuximab resistance, which were included in subsequent analyses (Supplementary
Material Fig. 5B). In increasing miR-196b expression in CRC cell lines and detecting
which of these target genes could be regulated by miR-196b by qRT-PCR (Fig. 3A and
Supplementary Fig. 5C-D), we noted two classical genes associated with cetuximab
resistance, which were NRAS and BRAF. Through WB assay of the acquired resistance
process of cetuximab in two CRC cell lines, we identified a gradual upregulation trend of
NRAS and BRAF (Fig. 3B—C). The results of qRT-PCR and WB analyses suggested that
these key genes are negatively regulated by miR-196b (Fig. 3D-F). To elucidate the inter-
action between miR-196b and the 3’UTR regions of NRAS/BRAF, we performed dual-
luciferase reporter assays. Cells were cotransfected with either the pGL3-NRAS—3 UTR
plasmid, pGL3-BRAF—3"UTR plasmid, or pGL3 control plasmid, along with miR-196b
mimics or a negative control. The cotransfection with miR-196b mimics significantly
reduced the firefly luciferase activity of the NRAS—3'UTR and BRAF-3'UTR reporter
genes, but not the mutant reporter genes (Fig. 3G-]). These findings confirm that NRAS
and BRAF are direct targets of miR-196b.

Previous studies have identified RAS/RAF gene mutations as significant drivers of
cetuximab resistance [7]. Building on this, we investigated whether miR-196b could
influence the responsiveness of RAS/RAF-mutated cell lines to cetuximab, particularly
after identifying NRAS and BRAF as targets of miR-196b. Due to the lack of available
NRAS-mutated CRC cell lines, our experiments focused on the BRAF V600E-mutated
CRC cell line, HT-29. As we expected, overexpression of miR-196b (Fig. 3K) enhanced
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the sensitivity of HT-29 to cetuximab, enabling a response in cells that were previously
completely resistant (Fig. 3L). Flow cytometry analysis further revealed that increasing
miR-196b expression in the presence of cetuximab elevated the apoptosis rate in HT-29
cells (Fig. 3M). In the CRC cell lines DiFi and LIM1215 without BRAF mutation, miR-
196b was also able to regulate BRAF expression and further modulate the sensitivity of
CRC cell lines to cetuximab (Supplementary Material Fig. 6).

miR-196b affects CRC cell sensitivity to cetuximab by negatively regulating NRAS and BRAF
The experiments discussed above identified NRAS as a downstream mRNA of miR-
196b. To further investigate the relationship between NRAS and miR-196b in influenc-
ing the sensitivity of CRC cells to cetuximab, we employed lentiviral infection to inhibit
miR-196b and knock down the expression of NRAS in CRC cell lines. The knockdown
efficiency was subsequently verified using qRT-PCR experiments. Our findings revealed
that co-infection with lentivirus targeting NRAS and inhibiting miR-196b resulted in the
sustained inhibition of miR-196b (Fig. 4A), while the knockdown efficiency of NRAS was
lost (Fig. 4B). These results suggest that miR-196b can regulate the expression of NRAS,
whereas NRAS does not influence the expression of miR-196b.

Cell viability assay experiments demonstrated that the knockdown of NRAS in CRC
cells elevated their sensitivity to cetuximab compared with the control group. Con-
versely, the inhibition of miR-196b decreased cell sensitivity to cetuximab. However,
when both NRAS and miR-196b were simultaneously downregulated, there was no sig-
nificant difference in cetuximab sensitivity compared with the control group (Fig. 4C). In
the presence of cetuximab, miR-196b inhibition was found to promote cell proliferation
and inhibit apoptosis. Further knockdown of NRAS effectively counteracted the effects
of miR-196b on proliferation and apoptosis (Fig. 4D-Q).

We performed the same experiments on another target gene, BRAF, and found that
miR-196b could regulate BRAF expression, while BRAF did not influence miR-196b
expression (Fig. 4H-I). The knockdown of BRAF counteracted the effects of miR-196b
on cetuximab sensitivity (Supplementary Material Fig. 7 A), proliferation (Supplemen-
tary Material Fig. 7B) and apoptosis (Supplementary Material Fig. 7C) in CRC cells.
Additionally, both NRAS and BRAF were able to eliminate the effect of miR-196b on cell
migration (Supplementary Material Fig. 7D-G). These results indicate that NRAS and
BRAF serve as functional targets of miR-196b in CRC cells.

Given that several studies have linked the AKT signaling pathway to cetuximab resist-
ance [15-17], we examined the AKT signaling pathway as well. Western blot analysis
revealed that elevating miR-196b expression reduced the phosphorylation levels of AKT
and ERK1/2, whereas inhibition of miR-196b led to the opposite effect (Fig. 4]). Further-
more, the knockdown of NRAS and BRAF counteracted the activation of AKT and ERK
signaling pathways caused by miR-196b inhibition (Fig. 4K). These results suggest that
miR-196b influences the activation of ERK and AKT signaling pathways by targeting
NRAS and BRAFE.

miR-196b restores sensitivity to cetuximab in vivo
To assess the potential of miR-196b in modulating the responsiveness of CRC tumors to
cetuximab in vivo, we used two CRC cell lines, HT-29 and LIM1215, for xenograft mouse
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experiments. The results suggested no significant difference in tumor size between the
miR-196b overexpression group and the control group without cetuximab treatment.
However, upon administering cetuximab, the miR-196b overexpression group exhibited
a significant reduction in both the size and weight of the HT-29 cell xenografts (Fig. 5A—
C). Consistent findings were observed with the LIM1215 cell line, where tumors in the
miR-196b overexpression group were notably smaller than those in the control group
at various time points following drug administration (Supplementary Material Fig. 8 A).
Immunohistochemical (IHC) staining of tumor tissues showed decreased antigen Kiel
67 (Ki-67) positive staining in the miR-196b overexpression group treated with cetuxi-
mab. Furthermore, the expression levels of phosphorylated (p)-ERK1/2, p-AKT, NRAS,
and BRAF in the tumor tissues of mice were evaluated by IHC and WB analyses. These
analyses demonstrated reduced positive staining and expression the miR-196b group,
aligning with our in vitro findings (Fig. 5D-E, Supplementary Material Fig. 8B). From
the above experimental results, we conclude that miR-196b effectively inhibits CRC
tumor growth in vivo when combined with cetuximab treatment.

The role of miR-196b as a predictor of cetuximab efficacy in patients with mCRC

Data from 97 patients with CRC treated with cetuximab were analyzed in this study.
The patients had a median age of 57 years, ranging from 23 to 77 years, and a mPFS
of 13 months. Serum miR-196b level was evaluated by ddPCR. The miR-196b level was
divided into high and low groups, with a median value of 31,850 copies/mL; the upper
normal limits for carcinoembryonic antigen (CEA) and lactate dehydrogenase (LDH)
were set at 5 pg/mL and 245 U/L, respectively. Univariate Cox regression analyses indi-
cated that baseline levels of CEA (p=0.009), LDH (p=0.028), neutrophil to lymphocyte
ratio (NLR) (p=0.01) , miR-196b (p<0.001), and the rate of NLR increase in the first
month (p=0.008) were significantly associated with PFS (Table 1, Fig. 6A-B and Sup-
plementary Material Fig. 9A—C). We then conducted a multivariate Cox regression
analysis incorporating various factors and identified that only the baseline miR-196b
levels (p<0.001) and the change in NLR within the first month (p=0.035) emerged as
independent prognostic indicators for PFS. The Kaplan—Meier curve analysis further
supported these findings. Specifically, patients with high baseline miR-196b levels exhib-
ited significantly longer PFS compared with those with low levels, with median PFS
values of 19.6 months versus 9.8 months, respectively (P< 0.01) (Fig. 6A). Additionally,
patients whose NLR increased within the first month experienced significantly shorter
PES than those whose NLR decreased, with median PFS values of 14.5 months and 22.7
months, respectively (P< 0.01) (Fig. 6B).

On the basis of the results of the multivariate COX regression analysis, we hypoth-
esized that a combined score could more effectively predict the prognosis of patients
with mCRC treated with cetuximab. To test this, we calculated the combined scoring
of baseline miR-196b levels and NLR growth rate (MNL) score, which incorporates the
first month’s NLR growth rate and baseline miR-196b levels. Patients were categorized
into three groups: the good MNL score group (baseline miR-196b high + NLR decreased
within the first month), the intermediate group (baseline miR-196b high +NLR
increased within the first month, or baseline miR-196b low + NLR decreased within the



Chen et al. Cellular & Molecular Biology Letters (2025) 30:64 Page 14 of 21

Table 1 Cox regression analysis of PFS in patients with advanced CRC treated with cetuximab

Characteristics Univariate analysis Multivariate analysis
Hazard ratio (95% P-value Hazard ratio (95% Cl) P-value
confidence intervals,
cl)
Age (years) 1.001 (0.986-1.016) 0.876
Sex
Male Reference
Female 0.674 (0.431-1.054) 0.084
Body mass index 0.981 (0.947-1.016) 0.288
Smoking history
Never smoke Reference
Smoke 0.915 (0.592-1.415) 0.689
Drinking history
Never drink Reference
Drink 1471 (0.953-2.272) 0.082
Metastatic sites
0-1 Reference
>2 1438 (0.946-2.185) 0.089
Liver metastasis
Absent Reference
Present 1.115(0.724-1.718) 0.62
NLR
<3 Reference Reference
>3 1.820 (1.153-2.874) 0.01 1.831(1.000-3.355) 0.05
NLR increase rate in the first month 1.148 (1.037-1.271) 0.008 1.119(1.008-1.243) 0.035
LDH level 1.000 (1.000-1.001) 0.028 1.000 (1.000-1.001) 0403
Cancer antigen (CA) 19-9 level (U/ml)
Normal Reference
High 1.279 (0.830-1.973) 0.265
CEA level (ug/ml)
Normal Reference Reference
High 1.981 (1.182-3.320) 0.009 1.031(0.532-1.998) 0.929
CEA increase rate in first month 0.991(0.968-1.015) 0.459
Cancer antigen (CA) 72-4 level (U/ml)
Normal Reference
High 1.247 (0.812-1.915) 0312
miR-196b level (copies/ml) 0.960 (0.945-0.976) <0.001 0.956 (0.933-0.980) <0.001
miR-196b increase rate in first month  0.882 (0.108-7.177) 0.907

NLR neutrophil to lymphocyte ratio; LDH lactate dehydrogenase

first month), and the poor MNL score group (baseline miR-196b low + NLR increased
within the first month). Our analysis revealed that patients in the good MNL score group
had significantly longer PFS compared with those in the intermediate/poor score group,
with mPFS of 22.7 months versus 10.7 months, respectively (P< 0.01). We introduced
the concept of AAmPFS to denote the difference in mPFS between groups. For exam-
ple, the difference (AmPEFS is the mPFS of the miR-196b high group minus the mPFS
of the miR-196b low group) is used to assess the predictive effect of miR-196b levels on
mPFS. A larger AmPFS implies a more significant predictive value. Compared with the
baseline miR-196b-predicted PFS (/AAmPFS =9.8 months) and the NLR increase rate in
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Fig. 6 miR-196b can be used to predict the efficacy of cetuximab in patients with CRC (n=97). A
Comparison of PFS between the high-level (n = 49) or low-level (n= 48) miR-196b groups in patients with
CRC treated with cetuximab. B Comparison of PFS between NLR first-month-rise (n= 24) and first-month-fall
(n=73) groups in patients with CRC treated with cetuximab. C Comparison of PFS between the good
combined scoring of baseline miR-196b levels and NLR growth rate (MNL) score (n= 25) or intermediate/
poor group (n= 72) in patients with CRC treated with cetuximab. D Absolute quantification of baseline copy
number of miR-196b in plasma from patients with partial response (PR)/complete response (CR), stable
disease (SD), and progressive disease (PD) by droplet digital PCR. E-F ROC curves for baseline miR-196b levels
to predict PR E or PD F in the first efficacy evaluation. G Dynamic monitoring of patient efficacy of cetuximab
treatment using miR-196b levels. H ROC curves were used to determine the magnitude of miR-196b decline
when efficacy was assessed as PD. *P < 0.05, **P< 0.01, ***P< 0.001

the first month (/AAmPFS =8.2 months), the difference of the MNL coscoring /AAmPFS
of 12 months was larger, i.e., the difference of the median survival between the good
MNL coscoring and the intermediate/poor score was nearly 1 year. This indicates that
the MNL combined score is a good indicator for predicting PFS in patients with mCRC
using cetuximab (Fig. 6C).

We collected the baseline levels of several metrics, including miR-196b, tumor mark-
ers cancer antigen (CA) 19-9, CA 72-4, CEA, and NLR, to evaluate the association with
the initial efficacy of cetuximab treatment. Our findings indicate a strong correlation
between baseline miR-196b levels and the initial efficacy in patients with mCRC treated
with cetuximab. Specifically, patients exhibiting high miR-196b levels were more likely
to have a partial response (PR) or complete response (CR) during the first efficacy evalu-
ation. In contrast, those with low miR-196b levels were more prone to experience pro-
gressive disease (PD) at the initial assessment (Fig. 6D). Conversely, baseline levels of
CA 19-9, CA 72-4, CEA, and NLR did not show a significant correlation with first effi-
cacy outcomes in patients with mCRC undergoing cetuximab treatment (Supplementary
Fig. 9D-@).

After establishing that baseline miR-196b levels correlate with the initial response
to cetuximab, we then employed ROC curve analysis to determine the cutoff value for
predicting the PR at the first efficacy evaluation. The analysis revealed that the maxi-
mum Youden index was 0.695 at a cutoff value of 42,262.5 copies/mL, with a sensitivity
of 86.2%, specificity of 83.3%, and an area under the curve (AUC) of 0.873 (95% con-
fidence interbals, CI 0.7970-0.9491), P< 0.01. This indicates that patients with base-
line miR-196b levels above 42,262.5 copies/mL are more likely to achieve PR at the first
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Fig. 7 Graphical Abstract. (1) During the process of acquired resistance to cetuximab in CRC cells, alterations
in sensitivity are accompanied by significant changes in multiple cellular functions, including proliferation,
apoptosis, and migration. (2) During acquired resistance to cetuximab in CRC cells, miR-196b expression

was decreased, thus leading to the elevation of NRAS and BRAF, and ERK and AKT signaling pathways were
activated. (3) miR-196b serves as a predictive and monitoring biomarker for assessing changes in patients’
conditions

evaluation (Fig. 6E). Similarly, we investigated the cutoff value for predicting PD using
ROC curve analysis. The maximum Yoden index of 0.561 was observed at a cutoff value
of 23,800.0copies/mL, with a sensitivity of 83.3%, specificity of 72.7%, and an AUC of
0.7495 (95% CI 0.6034—0.8955), P< 0.01. This suggests that patients with baseline miR-
196b levels below 23,800.0 copies/mL are more likely to experience PD at the first evalu-
ation (Fig. 6F).

To explore whether miR-196b levels can serve as a dynamic marker for monitoring
the efficacy of cetuximab in patients with mCRC, we conducted a longitudinal study
involving 19 patients, measuring miR-196b levels in their plasma. Our analysis found
that during long-term cetuximab treatment, most of the patients that developed PD
exhibited a noticeable decline in miR-196b levels concurrent with disease progression
(Fig. 6G). Through ROC curve analysis, we determined that the maximum Yoden index
of 0.770 was reached at a 26.8% decrease in miR-196b levels from baseline, with a sen-
sitivity of 90.6% and a specificity of 86.4% under this condition. The AUC was 0.8615
(95% CI 0.7356—0.9874), with a significance of P< 0.01. This suggests that a reduction
in blood miR-196b levels exceeding 26.8% from baseline may indicate disease progres-
sion (Fig. 6H). Therefore, miR-196b can potentially be utilized to dynamically monitor
cetuximab efficacy in patients with mCRC.

Discussion

Current research on the relationship between ncRNA and resistance to anti-EGFR ther-
apy remains sparse and necessitates further investigation. Notably, ncRNAs can exhibit
diverse or even contradictory roles across different tumor types. For example, miR-196b
functions as a tumor suppressor in CRC, where its high expression inhibits the migra-
tion of CRC cells and was associated with a good prognosis for patients [18]. Conversely,
in lung cancer, miR-196b facilitates the proliferation of cancer cells [19]. By analyzing
the TCGA database, we found a higher percentage of miR-196b high expression in left
hemicolon cancer. A recent study by Solar Vasconcelos et al. showed a better progno-
sis with cetuximab in left hemicolon cancer [20], which we presumed may be related
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to miR-196b overexpression in left hemicolon cancer. Small RNA sequence analysis
revealed that miR-196b was significantly downregulated both in cetuximab-resistant
CRC cell models and in drug-resistant tissues from patients with mCRC, suggesting a
potential link between miR-196b downregulation and cetuximab resistance develop-
ment. By analyzing the TCGA database, we found that patients with HNSCC with high
miR-196b expression had longer PFS with cetuximab treatment (19.87 m versus 3.07
m). The collection of patients with CRC using cetuximab in the TCGA database was
too small for statistical analysis. Bevacizumab targets vascular endothelial growth factor
(VEGE), while cetuximab targets EGFR, and there are common downstream signaling
pathways between them, such as ERK1/2 and PI3 K/AKT signaling pathways (Supple-
mentary Material Fig. 11). Therefore, we evaluated the data of patients with CRC treated
with bevacizumab in the TCGA database. We found similar conclusions as HNSCC,
in that high expression of miR-196b is associated with a better prognosis with targeted
therapies. In vitro experiments demonstrated that miR-196b overexpression, in the pres-
ence of cetuximab, inhibited CRC cell proliferation, promoted apoptosis, and reduced
the IC;, of cetuximab. Conversely, silencing miR-196b produced the opposite effects.
Regardless of the presence or absence of cetuximab, overexpression of miR-196b can
slow down the migration of CRC cells, which is consistent with the previous study by
Stiegelbauer et al. [18].

Numerous studies have established a strong correlation between RAS/RAF path-
ways and resistance to cetuximab [21, 22]. Our research corroborates these findings,
demonstrating that NRAS and BRAF expression levels increase progressively during
the simulated drug resistance process. Importantly, we found that miR-196b was able
to negatively regulate these two critical targets, thus making tumor cells more sensitive
to cetuximab. NRAS/BRAF was upregulated upon miR-196b silencing, thereby leading
to the activation of the ERK signaling pathway and the PI3 K/AKT signaling pathway
and, ultimately, cetuximab resistance. miR-196b acts mainly through NRAS/BRAF, and
further inhibition of NRAS/BRAF expression on the basis of miR-196b silencing would
counteract the effects of miR-196b silencing. Notably, in the HT-29 cell line, a natural
drug-resistant cell line with BRAF V600E mutation, miR-196b overexpression was also
able to partially restore its sensitivity to cetuximab independent of the BRAF mutation.
Therefore, we speculate that as long as the binding site of miR-196b to its target gene is
not at the mutation site, it can successfully regulate its target gene. However, since there
were no NRAS-mutated CRC cell lines available, we were unable to validate the same
for NRAS-mutated CRC cells. Although there are effective regimens for maintaining the
efficacy of cetuximab in patients with CRC with BRAF V600E mutation in clinical treat-
ment [23, 24], there is currently no drug that can target both NRAS and BRAF. Owing
to the significant individualized differences among patients with tumor, not all patients
treated with cetuximab had only one mechanism of resistance, a BRAF mutation; sev-
eral patients’ acquired resistance was due to the emergence of a NRAS mutation, and
there was no available NRAS inhibitor in CRC treatment. Therefore, miR-196b was a
very promising sensitizing factor for cetuximab.

Numerous studies have investigated the resistance mechanisms of anti-EGFR mon-
oclonal antibodies, with particular focus on the ERK and AKT signaling pathways [7,
25, 26]. Specifically, cotargeting the EGFR and PI3 K/AKT pathway or the MAPK/ERK
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pathway can produce a synergistic effect of drugs, thus restoring sensitivity to sensitivity
to EGER inhibitors [27, 28]. In our study, miR-196b was found to be able to downregu-
late the activities of both ERK and AKT signaling pathways, and NRAS and BRAF were
the bridges of communication between miR-196b and ERK and AKT signaling path-
ways. The ERK signaling pathway is recognized as the downstream signaling pathway
of RAS/RAF. Further studies found that miR-196b was upregulated after the inhibition
of the ERK signaling pathway using U0126, a result that suggests that there appears to
be a negative correlation between the ERK signaling pathway and miR-196b, of which
key regulators have been mentioned in several previous studies (Supplementary Mate-
rial Fig. 10 F). Sun et al. found that the expression of METTL3 was higher upon ERK
activation. Inhibition of ERK increased the ubiquitination of METTL3, suggesting that
ERK activation stabilizes the protein by decreasing METTL3 ubiquitination [29], while
another study indicated that miR-196b maturation is inhibited and expression decreases
upon increased METTL3 expression [30]. On the basis of the findings of these two stud-
ies, we verified METTL3, which may play a key role, and determined that the activation
of the ERK signaling pathway could upregulate the expression of METTL3 and lead to
the downregulation of miR-196b. Combined with previous studies, we confirmed that
miR-196b is regulated by the activation of the ERK signaling pathway and that METTL3
plays a key role in it (Supplementary Material Fig. 10 A—F). Therefore, there is a criti-
cal signaling loop in the cetuximab resistance process, and downregulation of miR-196b
can upregulate the expression of target genes NRAS and BRAF, thus activating the ERK
signaling pathway. The activation of the ERK signaling pathway can upregulate METTL3
expression and thus downregulate miR-196b expression (Supplementary Material
Fig. 10G). A recent study summarized the crosstalk between several signaling pathways,
including the interaction between the ERK signaling pathway and the AKT signaling
pathway. The ERK signaling pathway can activate its downstream STAT3, which is the
upstream activator of AKT, and thus can activate the AKT signaling pathway [31]. This
also explained why NRAS and BRAF, as key components of the RAS/RAF/MEK/ERK
signaling pathway, can affect the activation of the AKT signaling pathway. Afterward, we
reconfirmed the above conclusions by conducting in vivo experiments in nude mice and
performing IHC and WB tests on tumor tissues.

Regarding clinical treatment, we collected clinicopathologic data from patients with
advanced CRC treated with cetuximab at the Chinese PLA General Hospital as well as
blood samples from multiple cycles to test miR-196b levels. Univariate analysis suggested
that patients’ baseline CEA, LDH, NLR, miR-196b levels, and changes in NLR within the
first month of treatment were all associated with patients’ PES after treatment with cetux-
imab. Several previous studies have demonstrated the predictive value of NLR for progno-
sis in the treatment of a variety of cancers [32]. Similar conclusions were obtained in our
study. Further multivariate analysis showed that the change of NLR within the first month
was an independent prognostic factor for PFS. In addition, we found that miR-196b,
which we focused on, was also an independent prognostic factor for PFS. The mPFS was
significantly longer in the baseline miR-196b high-level group compared with the low-
level group, at 19.6 and 9.8 months, respectively (P< 0.01). On the basis of the results of
the multifactorial analysis, we hypothesized that a combined score of the two could better
predict the prognosis of advanced patients with CRC treated with cetuximab. Therefore,
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we first proposed to calculate the MNL combined score on the basis of the changes in
NLR within the first month of treatment and the baseline level of miR-196b. The analysis
suggests that the MNL joint score can better predict the prognosis of patients with CRC
treated with cetuximab than the change in NLR within the first month of treatment or the
baseline level of miR-196b. This prognostic indicator can be inferred from patients’ blood
test results, which are easily reproducible and widely available.

In addition, this study also found that baseline miR-196b level can be used to predict
the initial efficacy of cetuximab. The ROC curve analysis results showed that when the
baseline miR-196b level was higher than 42,262.5 copies/mL, the patients were more
likely to achieve PR in the first evaluation. When the baseline miR-196b level was lower
than 23,800.0 copies/mL, patients were more likely to be evaluated for PD for the first
time. However, in our study, although the baseline CEA level was associated with PFS in
patients with CRC treated with cetuximab, it could not be used to predict the initial effi-
cacy of cetuximab. CEA is a relatively broad-spectrum tumor marker that is expressed in
many epithelial tumors and is mainly used to evaluate the changes in tumor load caused
by recurrent metastasis [33]; however, it cannot directly affect the efficacy of cetuximab.
However, miR-196b is different. In our study, basic experiments have confirmed that it
can promote the efficacy of cetuximab and is a favorable sensitizer. Therefore, this also
explains why miR-196b can be used to predict the first efficacy of cetuximab.

More importantly, the study found that miR-196b can be used to dynamically monitor
the efficacy of cetuximab in patients with CRC. When the miR-196b level of the patient’s
blood decreases by more than 26.8% compared with the baseline, it indicates that the
patient’s disease may be progressing, which needs to be paid attention to by clinicians. In
our clinical work, imaging examinations are generally performed every 6-8 weeks, but
routine laboratory tests are performed after each treatment (approximately once every
2—-4 weeks). Therefore, changes in miR-196b levels obtained by blood tests can help us
realize the progression of patients’ disease during cetuximab treatment 2—6 weeks in
advance, which has clinical application value.

Conclusions

In conclusion, our study demonstrated that miR-196b plays a crucial role in modulat-
ing the response of CRC to cetuximab by negatively regulating NRAS and BRAF, which
leads to the downregulation of ERK and AKT signaling pathway activities. Furthermore,
miR-196b serves as a robust predictive and monitoring biomarker for assessing changes
in patients’ conditions (Fig. 7). This capability aids clinicians in identifying patients with
CRC who are most likely to benefit from cetuximab treatment, thereby facilitating indi-
vidualized and precise therapeutic strategies.
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