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Inhibition of the AURKA/YAP1 axis is a promising therapeutic
option for overcoming cetuximab resistance in colorectal
cancer stem cells
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BACKGROUND: Primary resistance to anti-EGFR therapies affects 40% of metastatic colorectal cancer patients harbouring wild-type
RAS/RAF. YAP1 activation is associated with this resistance, prompting an investigation into AURKA’s role in mediating YAP1
phosphorylation at Ser397, as observed in breast cancer.
METHODS: We used transcriptomic analysis along with in vitro and in vivo models of RAS/RAF wild-type CRC to study YAP1 Ser397
phosphorylation as a potential biomarker for cetuximab resistance. We assessed cetuximab efficacy using CCK8 proliferation assays
and cell cycle analysis. Additionally, we examined the effects of AURKA inhibition with alisertib and created a dominant-negative
YAP1 Ser397 mutant to assess its impact on cancer stem cell features.
RESULTS: The RAS/RAF wild-type CRC models exhibiting primary resistance to cetuximab prominently displayed elevated YAP1
phosphorylation at Ser397 primarily mediated by AURKA. AURKA-induced YAP1 phosphorylation was identified as a key trigger for
cancer stem cell reprogramming. Consequently, we found that AURKA inhibition had the capacity to effectively restore cetuximab
sensitivity and concurrently suppress the cancer stem cell phenotype.
CONCLUSIONS: AURKA inhibition holds promise as a therapeutic approach to overcome cetuximab resistance in RAS/RAF wild-type
colorectal cancer, offering a potential means to counter the development of cancer stem cell phenotypes associated with
cetuximab resistance.
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INTRODUCTION
Colorectal cancer (CRC) is a leading cause of cancer-related deaths
worldwide, with 25% of individuals being diagnosed with
metastatic disease [1]. Despite advances in treatment, the survival
rate for these patients remains poor. Targeted therapies against
the Epidermal Growth Factor Receptor (EGFR), such as cetuximab,
have been FDA-approved for the treatment of patients with RAS/
RAF wild-type metastatic CRC (mCRC) [2]. However, 40% of them
experience disease progression while suffering from adverse
effects [3], highlighting the need for new biomarkers to predict
response to anti-EGFR therapies.
Drug resistance is often driven by the acquisition of cancer stem

cell (CSC) phenotypes in several cancers, including colon cancer [4],

due to the associated self-renewal capacity, plasticity, and
quiescence features. Pathways known to promote CSC traits, like
Sonic Hedgehog [5], Notch [6], or Hippo [7–9] have been linked to
resistance against EGFR tyrosine kinase inhibitors. Yes-Associated
Protein 1 (YAP1), the main effector of the Hippo pathway, is a well-
described oncogenic driver in CRC. [10–12] Despite this, the lack of
YAP1-specific inhibitors renders it an undruggable therapeutic
target [13]. Nonetheless, since its activity is fundamentally regulated
by phosphorylation [14], targeting its upstream kinases could be a
potential therapeutic alternative to control its oncogenic activity.
Recent studies have shown that nuclear phosphorylation of

YAP1 at Ser397 by Aurora Kinase A (AURKA), a master cell cycle
regulator [15], enhances its stabilisation and improves its
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transcriptional activity [16]. Specific AURKA inhibitors like alisertib
(MLN8237) are available [17] and are currently under clinical
evaluation for the treatment of solid tumours both in mono-
therapy and combination [18, 19].
While AURKA and YAP1 have been previously associated with

cetuximab resistance individually, their combined role remains
unstudied. In this study, we present the first evidence that there is
a subgroup of mCRCs displaying increased phosphorylation of
YAP1 at Ser397, resulting in augmented stem-like properties that
confer resistance to cetuximab. Sublethal alisertib regimes restrict
YAP1 Ser397 phosphorylation, overcome cetuximab resistance,
and reverse stem-like properties by reducing c-MET levels both
in vitro and in vivo. The expression of negative-dominant mutants
of YAP1 lacking the Ser397 phosphorylation site prevents YAP1-
induced c-MET expression and subsequent stemness properties.
These findings suggest that evaluating YAP1 phosphorylation at
Ser397 could serve as a biomarker for predicting cetuximab
response and identifying patients who may benefit from
combined therapies with AURKA inhibitors.

MATERIALS AND METHODS
Cell culture and reagents
Human CRC cell line HCA46 was obtained from European Collection of
Authenticated Cell Cultures (ECACC). SW48 and CaCo2 were obtained from
the American Type Culture Collection (VA, USA). Meanwhile, C10 and
KM12SM cell lines were kindly provided by Prof. Alberto Bardelli from
Torino University. HEK293T cells were gifted by Dr. Pedro Mateos from the
University of Alcalá. All the cell lines were authenticated by short tandem
repeat (STR) profiling. HCA46, C10, KM12SM, and HEK293T cells were
cultured with Dulbecco Modified Eagle’s Medium (DMEM; HyClone, UT,
USA). SW48 and CaCo2 cells were cultured with Roswell Park Memorial
Institute (RPMI) medium. In both cases, media were supplemented with
25mM HEPES (GibcoTM; ref 22400_097), 10% FBS and 1% penicillin/
streptomycin. All cells were maintained in cell culture flasks incubated at
37oC with 5% CO2 and controlled humidity. Routine screening for the
presence of mycoplasma occurred bimonthly.
Cetuximab (Erbitux®) at 5mg/mL was obtained from Merck KGaA©.

Alisertib (MLN8237®; ref. HY-10971) was obtained from MedChemExpress®
and dissolved in DMSO to obtain stocks at 1mM. EGF was obtained from
MedChem Express (HY-P7109) and dissolved in water to obtain stock at
100 μg/mL. All drugs were filtered with a 0.22 nm filter and diluted at different
concentrations in DMEM or RPMI media (Fisher brand™; ref. 15206869). Stocks
were kept at –20 oC or -80 °C until use, following manufacturers’ instructions.

Vector construction
To generate the vector for YAP1 overexpression, YAP1-V5 in pLX304
(Addgene #42555; http://n2t.net/addgene:42555) gifted by William Hahn
was used. pLX304 plasmid was used as empty vector. YAPS397A mutant form
was generated via overlapping PCR together with site-directed mutagenesis
using primers described in Table S1. YAP1-V5 pLX304 was used as template
and PCR product cloned into pLX304 vector using BamHI and NheI sites. The
presence of YAP1 S397A mutation was confirmed by sequencing.

Transfection and lentivirus production
HEK293T cells were seeded and cultured to 90% confluence. Cells were
transfected with 10 µg of lentiviral expression vector and 10.5 µg of viral
packaging plasmids (3 µg of pVSVG, 5 µg of RRE and 2.5 µg of RRV) using
1mg/ml polyethyleneimine (PEI) in a 3:1 ratio with respect to DNA
quantity. Media was replaced after 8 hours post-transfection. Forty-eight
hour later, the media was collected and filtered with 0.45 nm filters (Fisher
brand™ ref. 15216869) and then supplemented with 10 ng/µL of polybrene
(Merck H9268-5G). For infection, the viral soup was added to the SW48 and
C10 cell lines and renewed every two hours up to four times. After
24 hours, Blasticidin 20 µg/mL (Sigma-Aldrich, ref. SBR00022-1ML) was
added to select the transduced cell lines over a total of 120 hours.

RNA extraction, complementary DNA synthesis (cDNA), and
Quantitative PCR (qPCR)
The detailed protocol of RNA extraction and RT-qPCR was reported
previously [20]. TaqMan® probes (Thermo Fisher Scientific) used for

evaluating gene expression are the following: CYR61 (Hs00155479_m1),
CTGF (Hs00170014_m1), SOX2 (Hs04234836_s1), RPLP0 (Hs99999902_m1).
The expression ratio was calculated by the ΔΔCt method as described by
Livak and Schmittgen [21], using RPLP0 as the housekeeping gene for data
normalisation. Each sample was analysed in duplicate or triplicate.

Western blot analysis and antibodies
Western blotting protocol was performed as previously described [20].
20–30 µg of protein lysate was used in each experiment. Primary
antibodies used for experiments are the following: ERK (Cell Signaling
Technology, #4695, 1:1000), p-ERK (Cell Signaling Technology, #4370,
1:1000), AKT (Cell Signaling Technology, #4691, 1:1000), p-AKT (Santa Cruz
Biotechnology, sc-7985-R, 1:250), MET (Proteintech, 25869-1-AP, 1:1000),
Tubulin (Proteintech, 66031-1-Ig, 1:3000), YAP1 (Cell Signaling Technology,
#14074, 1:1000), p-Ser397-YAP1(Cell Signaling Technology, #13619,
1:1000), MOB-1 (Cell Signaling Technology, #13730, 1:1000), p-MOB-1 (Cell
Signaling Technology, #8699 S, 1:1000), LATS-1 (Cell Signaling Technology,
#3477,1:1000), p-LATS-1 (Cell Signaling Technology, #8654, 1:1000). Anti-
mouse (GE Healthcare, United Kingdom, ref. NA931V) or anti-rabbit (GE
Healthcare, UK, ref. NA934V) secondary antibodies were used at 1:10000
dilution.

Cell Viability Assays
7000 cells were seeded in 96 well plates and incubated for 24 hours at 37
°C in a humidified incubator with 5% CO2. The media was replaced, and
cells were exposed to alisertib (350 nM for C10 and 35 nM for SW48) for
48 hours followed by 72 hours of cetuximab treatment (10 ng/µL for C10
and 1 ng/µL for SW48). The alisertib concentration was chosen to cause
less than 30% of death after 72 hours of treatment. In the case of
cetuximab, the minimum concentration that elicited an optimal response
after combination with alisertib was selected.
To determine the survival percentage of treated cells relative to the

control, Cell Counting Kit (CCK8, Sigma Aldrich #96992) was used
according to the manufacturer’s instructions.

Colony formation and colonosphere assay
C10 and SW48 cell lines were seeded in 100mm plates to reach 70%
confluence after 24 hours. Cells were treated with alisertib or cetuximab,
using the doses described above. After 48 hours, cells were stained with
trypan blue and counted.
For the colony formation assay, 3000 live cells were seeded in 100mm

plates. After 10 days, colonies were stained with methyl violet dye (Thermo
Fischer Scientific) and counted.
For the colonosphere formation assay, 1000 viable cells were grown in

special polystyrene plates (Corning) that promote the growth of ultralow
adherence cells. These cells were cultured in a mixture of DMEM/F12,
insulin (20 mg/ml, Sigma), EGF (20 ng/ml, R&D Systems), bFGF (10 ng/ml,
R&D Systems), glucose (3 mg/ml, Sigma), and antibiotics (1% penicillin-
streptomycin, PanBiotech). The plates were incubated at 37°C with 5% CO2

for 10 days when photographs of the spheres were taken. The size of the
spheres was measured using ImageJ (NIH, Maryland, USA) [22].

Cell cycle analysis
Cell cycle analysis of SW48 and C10 cell lines was performed using
Hoescht34580 (5 µg/mL, Invitrogen) and pyronin Y (0.25 µg/mL, Sigma-
Aldrich) nucleic acids dyes. Briefly, the cell pellet was fixed and permed
using cytofix/cytoperm reagent (BD Bioscience) on ice for 20min. Then,
cells were washed with permeabilization buffer 1X. After being washed,
cells were incubated in a pre-warmed solution containing Hoescht 34580
in a water bath at 37 °C for 30min. Then, pyronin Y was added into the
suspension cells and incubated for another 30min. Cell acquisition was
performed by flow cytometry in a FACS Canto-II machine equipped with
violet, blue and red lasers (BD Biosciences). To perform the analysis, we
used FACSDIVA software [23].

Patient-derived Xenograft model
Female athymic nude mice of 5–6 weeks old from Charles River
Laboratories were housed in the Animal Model Core Facility at IIS-
Fundación Jiménez Díaz. All animal procedures were approved by the
Ethical Animal Research Committee at IIS-Fundación Jiménez Díaz and
conducted in accordance with institutional and government regulations
(Reference n°: PROEXP 142-17). We analysed the RAS/RAF wild-type mCRC
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tumours available in the START Madrid-FJD preclinical biobank and
selected the one with the highest levels of YAP1 Ser397 phosphorylation
for our study. Fresh tumour fragments were subcutaneously implanted
into the dorsal region once tumour volumes achieved an average of 200
mm3. Power analysis was used to calculate the sample size required for
animal experiments. Mice were randomised into four branches (vehicle,
alisertib, cetuximab, and combinatorial treatment) and treated for 21 days.
There is no blinding of researchers or participants. Tumour growth was
monitored 3 days/week by calliper measurements and tumour volume was
calculated using the formula V = (width2 x length)/2. Additional details are
provided in the Supplementary Information.

Statistical analyses
The presented experimental data are expressed as the mean ± standard
deviation (SD). The sample size (n) for each statistical analysis is specified in
the figure captions. P-values (p) were determined using GraphPad Prism
5 software. Two-tailed t-Student’s test was employed for two-sample
comparisons. In cases involving the comparison of three or more conditions,
analysis of variance (one-way ANOVA) was initially conducted, followed by
Tukey’s multiple comparisons test. If the structural assumptions of ANOVA
were not met by the analysed samples, the Kruskal-Wallis test was applied.
Two-way ANOVA was used to compare three or more groups when two
variables were analysed. Differences were considered statistically significant
then the P values were less than 0.05. At least three biological replicates were
performed for each experiment to ensure the reliability of our results.
Other related methods were provided in the Supplementary Information.

RESULTS
Cetuximab-resistant CRC cell lines exhibit elevated YAP1
activation, correlating with increased phosphorylation
at Ser397
To explore the potential role of YAP1 in primary resistance to
cetuximab in CRC, we performed a comprehensive bioinformatic
analysis using RNA microarray data [24] from CRC cell lines with

known cetuximab-response status (GSE59857). Initially, we assessed
the expression levels of YAP1 in intrinsically resistant and sensitive
CRC cell lines and found no significant differences between the two
groups (Fig. 1a). However, to gain deeper insights, we calculated a
single-sample score for predicting YAP1 activation using a well-
established gene signature associated with its increased transcrip-
tional activity (more information about this signature is available
online at https://www.gsea-msigdb.org/gsea/msigdb/cards/
CORDENONSI_YAP_CONSERVED_SIGNATURE.html). Intriguingly, a
subgroup of cetuximab-resistant cell lines displayed significantly
higher YAP1 activity scores, while all the sensitive cell lines
displayed low values of this score. Together, these data suggest
the potential involvement of YAP1 in driving this resistant
phenotype in a subset of mCRC patients (Fig. 1b).
YAP1 phosphorylation at Ser397 by AURKA has recently

emerged as a notable post-translational modification that
enhances its stability and transcriptional activity. However, its
implications in drug resistance remain largely unexplored. To shed
light on this relationship, we conducted a comprehensive linear
regression analysis to examine the association of AURKA expres-
sion with YAP1 expression and its activity score. Strikingly, our
results revealed a significant positive correlation between AURKA
mRNA expression and YAP1 activity score (r2= 0.18, p-value=
0.03), indicating that AURKA likely plays an important role in
modulating YAP1-driven transcriptional activity (Fig. 1c). In
contrast, no significant correlation was observed between AURKA
and YAP1mRNA expression levels (Fig. 1d), suggesting that AURKA
primarily influences YAP1 activity rather than its overall expression
in CRC cells. These findings provide further evidence for the
potential involvement of the AURKA/YAP1 axis in mediating drug
resistance mechanisms in CRC.
To validate our findings, we selected three RAS/RAF wild type

CRC cell lines, including two intrinsically resistant (SW48 and C10)
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Fig. 1 YAP1 activity correlates with Ser397 phosphorylation during primary resistance to cetuximab in CRC cell lines. a Plot representing
the distribution of YAP1 expression in CRC cell lines sensitive to cetuximab compared to the resistant ones ns=non-significant *p < 0.05, two-
tailed t-Student’s test. b Plot depicting the distribution of YAP1 activity score in cetuximab-sensitive CRC cell lines compared to the resistant
ones. c Correlation analysis between AURKA expression and YAP1 activity score. d Correlation analysis between AURKA and YAP1 expression
levels. e Western blot illustrating the basal levels of total amount and phosphorylated YAP1 (Ser397) in CRC cell lines HCA46, SW48 and C10.
Tubulin was used as a loading control. Results are plotted as the average ± SD of all the biological replicates and were normalised to the
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A. Rio-Vilariño et al.

1404

British Journal of Cancer (2024) 130:1402 – 1413

https://www.gsea-msigdb.org/gsea/msigdb/cards/CORDENONSI_YAP_CONSERVED_SIGNATURE.html
https://www.gsea-msigdb.org/gsea/msigdb/cards/CORDENONSI_YAP_CONSERVED_SIGNATURE.html


and one sensitive (HCA46) to cetuximab. We assessed the protein
levels of YAP1 and its Ser397 phosphorylated form. Notably, the
resistant cell lines exhibited a 3 and 4-fold increase in YAP1
phosphorylation compared to the sensitive HCA46 cell line. In line
with prior bioinformatic analyses, these findings support heigh-
tened YAP1 activation in cetuximab-resistant phenotypes, regard-
less of total YAP1 expression. (Fig. 1e). To confirm the correlation
between YAP1 phosphorylation and activation, we examined the
expression of its main transcriptional targets, CTGF and CYR61.
Remarkably, both genes showed an exacerbated expression in the
resistant cell lines compared to the sensitive one, providing
further support for the notion of enhanced YAP1 transcriptional
activity in cetuximab-resistant phenotypes driven by Ser397
phosphorylation (Fig. 1f). These findings emphasise the potential
involvement of YAP1 hyperphosphorylation in driving cetuximab
resistance mechanisms in CRC.

Inhibition of Aurora kinase A effectively overcomes cetuximab
resistance by preventing the phosphorylation of YAP1 at
Serine 397
Given the elevated phosphorylation of YAP1 at Ser397 observed in
cetuximab-resistant CRC cell lines, we sought to verify whether
this phenomenon was mediated by AURKA. Therefore, we treated
the resistant cell lines with the AURKA inhibitor alisertib for
48 hours. As anticipated, notable decrease in YAP1 phosphoryla-
tion was noted, with no significant alterations in total YAP1 levels
(Fig. 2a), supporting our hypothesis of AURKA-mediated control of
YAP1 activation in CRC.
To assess the efficacy of targeting the AURKA/YAP1 axis to

overcome cetuximab resistance, we measured the cell prolifera-
tion changes in cetuximab-resistant CRC cell lines after a
combined therapy of 48 hours with alisertib followed by a 72-
hour cetuximab treatment. Significantly, alisertib reinstated
sensitivity to cetuximab in the resistant cell lines SW48 and C10
achieving growth reductions of more than 50% compared to non-
pre-treated controls (Fig. 2b). To confirm the enhanced efficacy of
cetuximab following pre-treatment with alisertib, we assessed the
phosphorylation levels of the downstream kinases AKT and ERK in
the EGFR pathway. These kinases are hyperphosphorylated when
EGFR is active, thus increased reductions in their phosphorylated
forms indicate higher efficacy of EGFR blockade achieved by
cetuximab. Single AURKA inhibition led to a partial reduction in
the phosphorylation levels of both ERK and AKT. However, when
combined with cetuximab, the phosphorylation of both kinases
was almost completely suppressed, confirming the effect of
alisertib in enhancing sensitivity to cetuximab (Fig. 2a).
To corroborate that alisertib-induced reversal of cetuximab

resistance stems from the inhibition of YAP1 phosphorylation at
Ser397, we selected two resistant RAS/RAF wild type cell lines
(CaCo2 and KM12SM) that exhibited low levels of YAP1
phosphorylation. As expected, AURKA inhibition failed to restore
sensitivity to cetuximab treatment in these cell lines (Figure S1).
Moreover, flow cytometry-based cell cycle analysis showed that

the combined treatment in cell lines with high p-Ser397 YAP1
levels exacerbated the G2/M arrest induced by alisertib mono-
therapy, suggesting a synergistic effect between the AURKA
inhibitor and cetuximab. Notably in the C10 cell line, which
displays very low proliferation rates and a quiescent behaviour,
treatment with alisertib resulted in the exit of cells from G0/G1
phase and accumulation in G2/M. A further treatment with
cetuximab virtually eliminated cells in the G0 phase (Figure S2).

YAP1 phosphorylation at Ser397 promotes a cancer stem cell
reprograming, favouring cetuximab resistance in CRC cells
YAP1 has been recognised as a driver of stem-like properties in
CRC [9], prompting us to explore the potential involvement of
YAP1 Ser397 phosphorylation in the development of primary
resistance to cetuximab through the acquisition of the CSC

phenotype. To investigate the relationship between CSC features
and cetuximab resistance, we used 25 CSC-related signatures
available in http://stemchecker.sysbiolab.eu/ and calculated their
scores for each sample contained in the GSE59857 dataset. The
resistant CRC cell lines showed a higher score for 23 out of the 25
signatures, being six of them statistically significant (Figure S3a).
Furthermore, these six signatures showed a positive correlation
with YAP1 activity (Figure S3b), suggesting that the AURKA/YAP1
axis potentially plays a role in the development of stem-like
features during primary resistance to cetuximab.
Since it has been reported that c-MET is a transcriptional target

of YAP1 and both contribute to the acquisition of stemness in CRC
[9], we aimed to evaluate c-MET expression and certain CSC traits
in our cell lines. We confirmed that SW48 and C10, characterised
by high levels of YAP1 Ser397 phosphorylation, showed two- and
three-fold higher c-MET expression, respectively, compared to the
cetuximab-sensitive cell line HCA46 (Fig. 3a). Moreover, the
resistant cell lines demonstrated increased stem-like properties,
as evidenced by their enhanced colony-forming capacity (Fig. 3b,
Figure S4) and elevated ALDH1 activity (Fig. 3c).
To assess whether the increased c-MET expression and stem-like

characteristics observed in cetuximab-resistant cell lines were
driven by YAP1 Ser397 phosphorylation, we generated negative
dominant mutant of YAP1 lacking the Ser397 phosphorylation site
(YAP1S397A). The overexpression of wild-type YAP1 (YAP1) led to
an increase in YAP1 phosphorylation at Ser397 accompanied by a
2-to-3-fold increase in c-MET expression in both SW48 and C10 cell
lines. Meanwhile, the transduction with the YAP1S397A mutant led
to a more than 50% reduction in c-MET levels compared to the
wild type (Fig. 3d). To determine the role of YAP1 Ser397
phosphorylation in the acquisition of CSC phenotype, colony
formation assays were performed. The results showed that YAP1
overexpression enhanced colony formation, whereas overexpres-
sion of the YAP1S397A mutant did not (Fig. 3f, Figure S4).
Additionally, an increase in ALDH1 activity was observed after
overexpression of YAP1, but not of YAPS397A (Fig. 3g). Finally, gene
expression analysis showed an upregulation of SOX2, a well-
established CSC marker, upon YAP1 overexpression, but not in
cells transduced with the mutant vector (Fig. 3h). These findings
confirm that YAP1 promotes c-MET-driven CSC reprogramming
through its phosphorylation at Ser397.

Aurora kinase A inhibition prevents stemness in CRC cell lines
These results provide support for the concept that stem-like CRC
cells exhibit increased resistance to anti-EGFR therapies, and that
the upregulation of c-MET orchestrated by YAP1 phosphorylation
plays a significant role in this phenotype. Since YAP1 phosphor-
ylation at Ser397 is disrupted by AURKA inhibition, we hypothe-
sised that alisertib would suppress c-MET levels and attenuate CSC
features, thus improving the response to EGFR blockade. Indeed,
we observed a remarkable 73% and 37% drop in c-MET levels,
respectively, in SW48 and C10 cell lines following 48-hour
treatment with alisertib, both in monotherapy and in combination
with cetuximab (Fig. 4a).
AURKA inhibition led to a 50% reduction in colony formation

ability in the SW48 cell line, while in the C10 cell line the number
of colonies was reduced by 78% with alisertib monotherapy and
by 81% in combination with cetuximab (Fig. 4b, Figure S4). ALDH1
activity assays showed a 38% and 48% reduction in ALDH1 activity
for SW48 and C10, respectively (Fig. 4c). Additionally, while
cetuximab monotherapy showed a tendency to increase SOX2
expression, treatment with alisertib significantly reduced the
expression of this gene (around 50%) and prevented the increase
in expression induced by EGFR blockade (Fig. 4d). Finally,
colonosphere formation ability was evaluated in the C10 cell line
after treatment with both drugs, alone and in combination. As
expected, cetuximab strongly induced spheroid formation com-
pared to the control, while treatments including alisertib inhibited
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Fig. 2 AURKA inhibitor alisertib disrupts YAP1 Ser397 phosphorylation and overcomes cetuximab resistance. aWestern blots showing the
total and phosphorylated forms of YAP1, AKT and ERK after cetuximab and/or alisertib treatment. Cells were stimulated with 40 ng/mL EGF
after both treatments to induce ERK and AKT phosphorylation. Tubulin was used as loading control. Results are plotted as the average ± SD of
all the biological replicates and were normalised to the EGF condition (n= 3, n= 4 for p-ERK in SW48 cell line).ns=non-significant, **p < 0.01,
***p < 0.001, one-way ANOVA. b Proliferation levels of SW48 and C10 cell lines treated with cetuximab and alisertib, either alone or in
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colonosphere development (Fig. 4e). Together, these results
indicate that AURKA inhibition prevents c-MET expression by
avoiding YAP1 phosphorylation at Ser397, thereby disrupting CSC-
like features and overcoming primary resistance to cetuximab in
CRC.

Targeting Aurora Kinase A restores cetuximab sensitivity in a
PDX model with high YAP1 Ser397 phosphorylation
To evaluate the therapeutic potential of AURKA inhibition in
cetuximab-resistant patients with elevated levels of YAP1 phos-
phorylation at Ser397, a PDX model was established as described
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in Fig. 5a. At the end of the experiment, tumour growth and T/C
ratio were calculated. As expected, cetuximab monotherapy had
no impact on tumour growth compared to the control group.
Alisertib treatment showed modest antitumor activity, consistent
with our in vitro analyses. However, the tumour volume of the
mice treated with the combination therapy remained at 487 mm3,
while the control group reached 1500 mm3 (Fig. 5b). Alisertib and
cetuximab monotherapies displayed T/C ratios of 76% and 94%,
respectively, while under the combination therapy it decreased to
35%, confirming the re-sensitising effect exerted by alisertib in the
presence of cetuximab (Fig. 5c). Following the combined therapy,
tumours exhibited a reduction of over 20% of Ki-67-positive cells
compared to both the control and the monotherapy groups.
However, statistically significant differences were only observed
compared to the control group, likely due to the limited sample
size (Fig. 5d).
To confirm the anti-tumour impact of combining cetuximab and

alisertib, we assessed the phosphorylation levels of ERK. As
expected, cetuximab monotherapy led to a partial reduction in
ERK phosphorylation. However, this inhibition significantly
increased when combined with the alisertib regime, demonstrat-
ing the synergistic effect of AURKA inhibition in PDX models with
hyperphosphorylation of YAP1 at Ser397 (Fig. 6a).

AURKA inhibition disrupts YAP1 Ser397 phosphorylation in
vivo in a Hippo-independent manner
To verify the disruption of YAP1 activation by AURKA inhibition
in vivo, we examined both the total protein levels of YAP1
and its phosphorylation at Ser397. As expected, AURKA
inhibition resulted in a reduction of YAP1 phosphorylation by
more than 50%, both when administered as monotherapy and
in combination with cetuximab. Concurrently, the total abun-
dance of YAP1 slightly decreased in the combined therapy,
although this change did not reach statistical significance
(Fig. 6a).
Given these findings, we aimed to determine whether the

disruption of YAP1 Ser397 phosphorylation operates indepen-
dently of the Hippo pathway, thereby supporting its activating
role in vivo. We examined the key effectors of the Hippo
cascade, LATS-1 and MOB-1, along with their activating
phosphorylation states. These proteins, when active, play a
crucial role in directing YAP1 for cytoplasmic retention
and degradation. Our results indicate that both the total
and phosphorylated levels of LATS-1 and MOB-1 remained
largely unchanged across all treatments (Fig. 6a). Collectively,
these findings establish that the reduction in YAP1 phosphor-
ylation exerts an inhibitory effect and is contingent on AURKA
activity.

AURKA inhibition reduces CRC stemness features in vivo
To confirm the inhibitory effect of AURKA-mediated inhibition of
YAP1 in CSC properties in vivo, we analysed c-MET protein levels

in the PDX model. Our results showed that treatment with alisertib
alone led to a 45% decrease in c-MET levels, which further
decreased to 57% when combined with cetuximab (Fig. 6b). To
validate the attenuation of CSC properties, ALDH1 activity (Fig. 6c)
and SOX2 expression (Fig. 6d) were evaluated. Consistently,
tumours treated with alisertib, either alone or in combination,
displayed over 70% reduction in SOX2 expression compared to the
control group. Notably, cetuximab-treated tumours displayed a
threefold increase in SOX-2 expression. Additionally, cetuximab
treatment induced ALDH1 activity, suggesting that long-term
cetuximab regimens enhance CSC-like properties. Importantly, the
addition of alisertib to cetuximab prevented the increase in
ALDH1 activity associated with monotherapy. Overall, these results
confirm our in vitro models and demonstrate that AURKA
inhibition disrupts the YAP1-driven c-MET mediated CSC pheno-
type in anti-EGFR therapy.

DISCUSSION
Predicting response to anti-EGFR therapies presents a significant
challenge in managing RAS/RAF wild-type mCRC patients. To
address it, we identify high levels of YAP1 phosphorylation at
Ser397 as a potential predictor of cetuximab resistance. Our results
reveal the AURKA/YAP1 axis as a therapeutic target to restore
cetuximab sensitivity in preclinical models of primary resistance in
mCRC. AURKA-mediated phosphorylation of YAP1 at
Ser397 stabilises and activates YAP1, leading to c-MET-mediated
reprogramming that promotes stemness and cetuximab resis-
tance in mCRC.
Our bioinformatic analyses demonstrate increased YAP1 activity

in cetuximab-resistant CRC cell lines, correlated with AURKA
expression. In vitro, validation experiments show that cetuximab-
resistant cell lines display heightened YAP1’s Ser397 phosphoryla-
tion, correlating with increased YAP1 activity, and suggesting its
potential as a predictive biomarker (Fig. 1). While YAP1
phosphorylation at Ser397 is frequently associated with its
targeting for cytoplasmic retention and proteasomal degradation
in a Hippo-dependent manner [25–27], its role in the context of
cancer remains ambiguous. Recent publications have presented
evidence supporting its activating role. For example, research
conducted in breast cancer shows that AURKA-mediated nuclear
phosphorylation of YAP1 at this residue increases its stability and
transcriptional activity [16]. Additionally, YAP1 phosphorylation by
CDK7 at S397 and S127 residues, classically linked to
YAP1 suppression, enhances its transcriptional activity in oeso-
phageal squamous cell carcinoma in a Hippo-pathway indepen-
dent manner [28].
We have demonstrated that AURKA promotes activating

phosphorylation of YAP1 at Ser397, leading to the primary
cetuximab-resistant phenotype in preclinical models of RAS/RAF
wild-type CRC. The AURKA-specific inhibitor alisertib, currently
under clinical evaluation for various cancer types, suppress YAP1

Fig. 3 YAP1 exerts specific regulation over c-MET and CSC features through Ser397 phosphorylation. a Western blot illustrating c-MET
levels in the HCA46, SW48 and C10 cell lines. Tubulin was used as a loading control. Results are plotted as the average ± SD of all the biological
replicates and were normalized to the HCA46 cell line (n= 3). b Colony formation assay of CRC cell lines HCA46, SW48 and C10.Results are
plotted as the average ± SD of all the biological replicates. **p < 0.01 (n= 3), one-way ANOVA. c ALDH1 relative activity in CRC cell lines
HCA46, SW48 and C10. Results were normalized to the cetuximab-sensitive HCA46 cell line. Results are plotted as the average ± SD of all the
biological replicates. **p < 0.01, ***p < 0.001, one-way ANOVA. d Western blot illustrating c-MET expression in SW48 and C10 cell line
transduced with YAP1 and YAP1S397A plasmids, along with the empty vector. Results were normalized to the YAP1-trasduced cell lines.
e Colony formation assay of SW48 and C10 cell line transduced with YAP1 and YAP1S397A plasmids, along with the empty vector. Results are
plotted as the average ± SD of all the biological replicates, **p < 0.01 (n= 3), one-way ANOVA. f ALDH1 relative activity in SW48 and C10 cell
line transduced with YAP1 and YAP1S397A plasmids, along with the empty vector. Results were normalized to the empty vector condition in
each cell line. Results are plotted as the average ± SD of all the biological replicates, *p < 0.05, **p < 0.01 (n= 3), one-way ANOVA. g SOX2 gene
expression in SW48 and C10 cell line transduced with YAP1 and YAP1S397A plasmids, along with the empty vector. Results were normalized to
the empty vector condition in each cell line. Results are plotted as the average ± SD of all the biological replicates *p < 0.05, **p < 0.01 (n= 3),
one-way ANOVA.
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Ser397 phosphorylation and restores cetuximab sensitivity both
in vitro and in PDX models, further emphasising the significance
of this event in primary resistance to cetuximab (Figs. 3, 5, 6). We
observed in tumour samples that AURKA inhibition does not
influence the expression and phosphorylation levels of LATS-1
and MOB-1, main effectors of the Hippo-dependent YAP1
phosphorylation at Ser397 (Fig. 6a). It suggests that the reduction
in YAP1 phosphorylation is independent of the Hippo kinase
cascade and supports its activating role in mCRC. It is consistent

with published evidence regarding the relationship between
AURKA and YAP1. Wang and colleagues illustrated that AURKA
stabilises YAP1 and enhances its protein levels in breast cancer
models [29]. Similarly, it has been shown that TPX2, an activator
of AURKA, can induce the stabilisation of YAP1 in human
embryonic stem cells [30]. Without assessing the phosphoryla-
tion of YAP1 at Ser397, the authors demonstrate that inhibiting
AURKA alone is sufficient to destabilise YAP1 independently from
the Hippo pathway. Therefore, our findings expand AURKA’s non-
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Fig. 4 AURKA inhibition disrupts c-MET and CSC properties. a Western blot illustrating c-MET levels after treatment with alisertib and/or
cetuximab in SW48 and C10 cell lines. Tubulin was used as loading control. Results are plotted as the average ± SD of all the biological
replicates and were normalized to the EGF condition. *p < 0.05, **p < 0.01, ***p < 0.001 (n= 3), one-way ANOVA (n= 4). b Colony formation
assay following treatment with alisertib and/or cetuximab in SW48 and C10 cell lines. Results are plotted as the average ± SD of all the
biological replicates. *p < 0.05, **p < 0.01 (n= 3), one-way ANOVA. c. ALDH1 relative activity after treatment with alisertib and/or cetuximab in
SW48 and C10 cell lines. Results were normalized to the control condition for each cell line and are plotted as the average± SD of all the
biological replicates (n= 3) **p < 0.01, ***p < 0.001, one-way ANOVA. d SOX2 gene expression after treatment with alisertib and/or cetuximab
in SW48 and C10 cell lines. Results were normalized to the control condition in each cell line and are plotted as the average ± SD of all the
biological replicates (n= 3). *p < 0.05, **p < 0.01 (n= 3), one-way ANOVA. e. Spheroid size (mm3) ability after treatment with alisertib and/or
cetuximab in C10 cell line. Results are plotted as the average ± SD of all the biological replicates *p < 0.05, **p < 0.01 (n= 3), one-way ANOVA.
CTR Control, ALS Alisertib, CTX Cetuximab, COM Combined.
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mitotic functions, uncovering novel YAP1 checkpoints beyond
the Hippo pathway.
CSCs are recognised for their resistance to conventional

chemotherapeutics used for CRC treatment, such as 5-FU [31]
or oxaliplatin [32]. Additionally, the loss of epithelial character-
istics has been associated with a lack of response to cetuximab
[33], and populations of CSCs resistant to anti-EGFR therapies
have been identified in HNSCC [34]. YAP1 is a well-known driver
of stemness features [9, 35–37]. Indeed, recent evidence has
demonstrated its role in driving the acquisition of CSC traits in
CRC through the induction of c-MET expression [9]. In our study,
we show that the suppression of YAP1 Ser397 phosphorylation

abrogates the YAP1-mediated CSC reprogramming driven by
c-MET induction (Fig. 3). Accordingly, inhibition of AURKA
reduced c-MET protein levels and disrupted the CSC phenotype
both in vitro and in vivo (Figs. 4, 6). These results are consistent
with the decrease in ERK and AKT phosphorylation observed in
cell lines treated with alisertib monotherapy (Fig. 3), since they
are downstream effectors of the c-MET signalling. Thus, this
tyrosine-kinase receptor converges with EGFR and its over-
activation mimics that of EGFR, being it a well-documented
mechanism for bypassing its blockade and promoting cetuximab
resistance across various cancer types, including HNSCC, NSCLC,
or CRC [38–40].
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alisertib five days a week and/or 0.4 mg/mice/day cetuximab twice a week for 21 days. Tumor volume and body weight was measured three
times a week. Created with BioRender.com b Tumor volume measurement during 21-day treatment with alisertib and/or cetuximab.
Representative images of tumors extrated from each group of mice. Results are plotted as the average ± SD of all the tumor volumes for each
condition, ***p < 0.001 (n= 6), two-way ANOVA. c T/C (treated/control) ratio of tumors after the 21-day treatment with alisertib, cetuximab and
combination. d Ki67 staining of tumors treated with alisertib, cetuximab, the combination of both or neither. *p < 0.05 (n= 3), Welch and
Brown-Forsythe ANOVA. CTR Control, ALS Alisertib, CTX Cetuximab, COM Combined.
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Furthermore, the increased quiescence of CSCs contributes to
therapy resistance, as most cytotoxic and cytostatic agents
primarily target proliferating cells [41]. YAP1 and Hippo Pathway
have been linked to CSC quiescence through the loss of MYC
expression [42], a gene significantly downregulated during
primary resistance to cetuximab (data not shown). Cell cycle
analyses (Figure S2) reveal that the C10 line is highly quiescent,
with over half of the population in the G0/G1 phase. The
combination of alisertib and cetuximab nearly eliminates cells in
G0 and decreases G1 arrest by almost half. Persistent cells after
EGFR inhibition have been reported to exhibit quiescent
phenotypes favoured by constitutive AKT and ERK activation
[43, 44]. In our model, AURKA inhibition partially supress both ERK
and AKT phosphorylation, potentially reversing quiescent states
that promote innate resistance to EGFR blockade.
Recent studies have shed light on the significant roles of

AURKA and YAP1 in the landscape of cetuximab resistance. While
investigations on the combined efficacy of AURKA inhibitors and
cetuximab in vivo are limited to a single report, the results have
revealed diverse outcomes, ranging from synergistic to antag-
onistic effects [45]. These findings highlight that the potential of
AURKA inhibition in combination with cetuximab is limited to a
subset of CRCs, supporting the notion that YAP1 hyperpho-
sphorylation at Ser397 would determine the success of this
therapeutic strategy (Figure S1). YAP1 activation has been
associated with poor prognosis in RAS wild-type patients and
heightened resistance to anti-EGFR therapies [7]. Furthermore,
suppressing YAP1 expression has shown the potential to
enhance cetuximab efficacy at higher doses in KRAS mutant cell

lines [8]. However, there is still much to uncover regarding the
molecular mechanisms underlying YAP1-mediated resistance in
RAS/RAF wild-type CRC. In our study, we have unravelled the
puzzle of AURKA-mediated cetuximab resistance, highlighting
YAP1 phosphorylation by AURKA as a promising predictive
biomarker for cetuximab response in mCRC. Moreover, our
investigation has shown previously unrecognised mechanisms
involving Hippo-independent YAP1 phosphorylation at Ser397
and the subsequent activation of stem-cell transcriptional
programs as critical drivers of targeted therapy resistance. Future
studies should focus on exploring other specific transcriptional
programs mediated by YAP1 Ser397 phosphorylation to eluci-
date the full extent of this post-translational modification’s role
in drug resistance.

REFERENCES
1. Kekelidze M, D’Errico L, Pansini M, Tyndall A, Hohmann J. Colorectal cancer:

current imaging methods and future perspectives for the diagnosis,
staging and therapeutic response evaluation. World J Gastroenterol.
2013;19:8502–14.

2. Wong SF. Cetuximab: an epidermal growth factor receptor monoclonal antibody
for the treatment of colorectal cancer. Clin Ther. 2005;27:684–94

3. Pitts TM, Kulikowski GN, Tan AC, Murray BW, Arcaroli JJ, Tentler JJ, et al. Asso-
ciation of the epithelial-to-mesenchymal transition phenotype with responsive-
ness to the p21-activated kinase inhibitor, PF-3758309, in colon cancer models.
Front Pharm. 2013;4:35.

4. Paschall AV, Yang D, Lu C, Redd PS, Choi JH, Heaton CM, et al. CD133+CD24lo
defines a 5-Fluorouracil-resistant colon cancer stem cell-like phenotype. Onco-
target. 2016;7:78698–712.

0.0

0.5

1.0

1.5

2.0

p-YAP (S397)

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n

0.0

0.5

1.0

1.5

p-ERK

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n

0.0

0.5

1.0

1.5

2.0

p-MOB1

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n

CTR
ALS

CTX
COM

0.0

0.5

1.0

1.5

2.0

p-LATS1

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

CTR
ALS

CTX
COM

Treatment condition

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n

0.0

0.5

1.0

1.5

2.0
LATS1

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n

0.0

0.5

1.0

1.5

2.0
YAP1

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n

0.0

0.5

1.0

1.5
ERK

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n

0.0

0.5

1.0

1.5

2.0
MOB1

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n

0.0

0.5

1.0

1.5
c-MET

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n

0

1

2

3

4

A
L

D
H

1 
re

la
ti

ve
 a

ct
iv

it
y

(n
o

rm
al

is
ed

 t
o

 c
o

n
tr

o
l)

0
1
2
3
4
5

R
el

at
iv

e 
S

O
X

2 
ex

p
re

ss
io

n
(n

o
rm

al
is

ed
 t

o
 c

o
n

tr
o

l)
 

a

b c

c-MET

LATS1

p-LATS1

p-YAP (S397)

YAP

p-ERK

Tubulin

Tubulin

ERK

MOB1

pMOB1

CTR ALS CTX COM

CTR ALS CTX COM d

Fig. 6 Alisertib reduces c-MET expression levels and impairs CSC features in vivo. a Western blot analysis of total (n= 3) and
phosphorylated (n= 4) levels of LATS-1, YAP1, ERK and MOB-1 in tumors treated with alisertib and/or cetuximab, normalized to the control.
Results are plotted as the average ± SD of all the biological replicates, **p < 0.01, one-way ANOVA. Differences in p-ERK expression were
compared by using Welch and Brown-Forsythe ANOVA since residuals did not meet the homoscedasticity criteria of one-way ANOVA.
b Analysis of SOX2 expression levels in tumors after treatment with alisertib and/or cetuximab, normalized to non-treated tumors. Results are
plotted as the average ± SD of all the biological replicates, *p < 0.05 (n= 4), one-way ANOVA. c Assessment of ALDH1 activity after treatment
with alisertib and/or cetuximab, normalized to non-treated tumors. Results are plotted as the average ± SD of all the biological replicates,
*p < 0.05 (n= 4), one-way ANOVA. d. Evaluation of the gene expression levels of SOX2 in tumors after being treated with alisertib and/or
cetuximab. Results are plotted as the average ± SD of all the biological replicates, *p < 0.05 (n = 4), one-way ANOVA. CTR Control, ALS
Alisertib, CTX Cetuximab, COM Combined.

A. Rio-Vilariño et al.

1411

British Journal of Cancer (2024) 130:1402 – 1413



5. Park SH, Jo MJ, Kim BR, Jeong YA, Na YJ, Kim JL, et al. Sonic hedgehog pathway
activation is associated with cetuximab resistance and EPHB3 receptor induction
in colorectal cancer. Theranostics. 2019;9:2235–51.

6. Brijwani N, Jain M, Dhandapani M, Zahed F, Mukhopadhyay P, Biswas M, et al.
Rationally co-targeting divergent pathways in KRAS wild-type colorectal cancers
by CANscript technology reveals tumor dependence on Notch and Erbb2. Sci
Rep. 2017;7:1502.

7. Lee KW, Lee SS, Kim SB, Sohn BH, Lee HS, Jang HJ, et al. Significant association of
oncogene YAP1 with poor prognosis and cetuximab resistance in colorectal
cancer patients. Clin Cancer Res. 2015;21:357–64.

8. Liu BS, Xia HW, Zhou S, Liu Q, Tang QL, Bi NX, et al. Inhibition of YAP reverses
primary resistance to EGFR inhibitors in colorectal cancer cells. Oncol Rep.
2018;40:2171–82.

9. Gu Y, Chen Y, Wei L, Wu S, Shen K, Liu C, et al. ABHD5 inhibits YAP-induced c-Met
overexpression and colon cancer cell stemness via suppressing YAP methylation.
Nat Commun. 2021;12:6711.

10. Bai Z, Wu Q, Zhang C, Chen J, Cao L. Effects of YAP1 and SFRP2 overexpression on
the biological behavior of colorectal cancer cells and their molecular mechan-
isms. J Gastrointest Oncol. 2021;12:1601–12.

11. Jin L, Chen Y, Cheng D, He Z, Shi X, Du B, et al. YAP inhibits autophagy and
promotes progression of colorectal cancer via upregulating Bcl-2 expression. Cell
Death Dis. 2021;12:1–10.

12. Chen H, Shang Y, Li X, Wang R YAP1 expression in colorectal cancer confers the
aggressive phenotypes via its target genes. Cell Cycle. 2024;1–9. E-pub ahead of
print.

13. Sun Y, Hu L, Tao Z, Jarugumilli GK, Erb H, Singh A, et al. Pharmacological blockade
of TEAD–YAP reveals its therapeutic limitation in cancer cells. Nat Commun.
2022;13:6744.

14. Han Y. Analysis of the role of the Hippo pathway in cancer. J Transl Med.
2019;17:116.

15. Kim CH, Kim DE, Kim DH, Min GH, Park JW, Kim YB, et al. Mitotic protein kinase-
driven crosstalk of machineries for mitosis and metastasis. Exp Mol Med.
2022;54:414–25.

16. Chang SS, Yamaguchi H, Xia W, Lim SO, Khotskaya Y, Wu Y, et al. Aurora A kinase
activates YAP signaling in triple-negative breast cancer. Oncogene.
2017;36:1265–75.

17. Liewer S, Huddleston A. Alisertib: a review of pharmacokinetics, efficacy and
toxicity in patients with hematologic malignancies and solid tumors. Expert Opin
Investig Drugs. 2018;27:105–12.

18. Dickson MA, Mahoney MR, Tap WD, D’Angelo SP, Keohan ML, Tine BAV, et al.
Phase II study of MLN8237 (Alisertib) in advanced/metastatic sarcoma. Ann
Oncol. 2016;27:1855–60.

19. Semrad TJ, Kim EJ, Gong IY, Li T, Christensen S, Arora M, et al. Phase 1 study of
Alisertib (MLN8237) and weekly Irinotecan in adults with advanced solid tumors.
Cancer Chemother Pharm. 2021;88:335–41.

20. Solanes-Casado S, Cebrián A, Rodríguez-Remírez M, Mahíllo I, García-García L, Río-
Vilariño A, et al. Overcoming PLK1 inhibitor resistance by targeting mevalonate
pathway to impair AXL-TWIST axis in colorectal cancer. Biomed Pharmacother.
2021;144:112347.

21. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001;25:402–8.

22. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image
analysis. Nat Methods. 2012;9:671–5.

23. Serrano López J, Jiménez-Jiménez C, Chutipongtanate S, Serrano J, Rodríguez-
Moreno M, Jiménez Á, et al. High-throughput RNA sequencing transcriptome
analysis of ABC-DLBCL reveals several tumor evasion strategies. Leuk Lymphoma.
2022;63:1861–70.

24. Medico E, Russo M, Picco G, Cancelliere C, Valtorta E, Corti G, et al. The molecular
landscape of colorectal cancer cell lines unveils clinically actionable kinase tar-
gets. Nat Commun. 2015;6:7002.

25. Moon S, Kim W, Kim S, Kim Y, Song Y, Bilousov O, et al. Phosphorylation by NLK
inhibits YAP‐14‐3‐3‐interactions and induces its nuclear localization. EMBO Rep.
2017;18:61–71.

26. Zhao B, Li L, Tumaneng K, Wang CY, Guan KL. A coordinated phosphorylation by
Lats and CK1 regulates YAP stability through SCF(beta-TRCP). Genes Dev.
2010;24:72–85.

27. Yu FX, Zhao B, Panupinthu N, Jewell JL, Lian I, Wang LH, et al. Regulation of the
Hippo-YAP pathway by G-protein-coupled receptor signaling. Cell. 2012;150:
780–91.

28. Lv M, Gong Y, Liu X, Wang Y, Wu Q, Chen J, et al. CDK7-YAP-LDHD axis promotes
D-lactate elimination and ferroptosis defense to support cancer stem cell-like
properties. Sig Transduct Target Ther. 2023;8:1–19.

29. Wang P, Gong Y, Guo T, Li M, Fang L, Yin S, et al. Activation of Aurora A
kinase increases YAP stability via blockage of autophagy. Cell Death Dis.
2019;10:1–14.

30. Kim YJ, Go YH, Jeong HC, Kwon EJ, Kim SM, Cheong HS, et al. TPX2 prompts
mitotic survival via the induction of BCL2L1 through YAP1 protein stabilization in
human embryonic stem cells. Exp Mol Med. 2023;55:32–42.

31. Cho YH, Ro EJ, Yoon JS, Mizutani T, Kang DW, Park JC, et al. 5-FU promotes
stemness of colorectal cancer via p53-mediated WNT/β-catenin pathway acti-
vation. Nat Commun. 2020;11:5321.

32. Zhou S, Peng J, Xiao L, Zhou C, Fang Y, Ou Q, et al. TRIM25 regulates oxaliplatin
resistance in colorectal cancer by promoting EZH2 stability. Cell Death Dis.
2021;12:1–14.

33. Yoshioka M, Ohashi S, Ida T, Nakai Y, Kikuchi O, Amanuma Y, et al. Distinct effects
of EGFR inhibitors on epithelial- and mesenchymal-like esophageal squamous
cell carcinoma cells. J Exp Clin Cancer Res. 2017;36:101.

34. Zhang C, Chen Z, Gao N, Xiong G, Chen P, Li H, et al. SOX18 meditates the
resistance of Bmi1-expressing cells to cetuximab in HNSCC. Oral Dis. 2023;1–14.
https://doi.org/10.1111/odi.14596.

35. Giraud J, Molina-Castro S, Seeneevassen L, Sifré E, Izotte J, Tiffon C, et al. Verte-
porfin targeting YAP1/TAZ-TEAD transcriptional activity inhibits the tumorigenic
properties of gastric cancer stem cells. Int J Cancer. 2020;146:2255–67.

36. Zhang Y, Liu X, Dang W, Liu L. Thymoquinone inhibits lung cancer stem cell
properties via triggering YAP degradation. Carcinogenesis. 2023;44:426–435.

37. Zou H, Luo J, Guo Y, Liu Y, Wang Y, Deng L, et al. RNA-binding protein complex
LIN28/MSI2 enhances cancer stem cell-like properties by modulating Hippo-YAP1
signaling and independently of Let-7. Oncogene. 2022;41:1657–72.

38. Bardelli A, Corso S, Bertotti A, Hobor S, Valtorta E, Siravegna G, et al. Amplification
of the MET receptor drives resistance to anti-EGFR therapies in colorectal cancer.
Cancer Discov. 2013;3:658–73.

39. Bosch-Vilaró A, Jacobs B, Pomella V, Abbasi Asbagh L, Kirkland R, Michel J, et al.
Feedback activation of HER3 attenuates response to EGFR inhibitors in colon
cancer cells. Oncotarget. 2017;8:4277–88.

40. Brand TM, Iida M, Stein AP, Corrigan KL, Braverman CM, Luthar N, et al. AXL
mediates resistance to cetuximab therapy. Cancer Res. 2014;74:5152–64.

41. Das PK, Islam F, Lam AK. The roles of cancer stem cells and therapy resistance in
colorectal carcinoma. Cells. 2020;9:1392.

42. Corvaisier M, Bauzone M, Corfiotti F, Renaud F, Amrani ME, Monté D, et al. Reg-
ulation of cellular quiescence by YAP/TAZ and Cyclin E1 in colon cancer cells:
Implication in chemoresistance and cancer relapse. Oncotarget. 2016;7:56699–712.

43. Luciano F, Jacquel A, Colosetti P, Herrant M, Cagnol S, Pages G, et al. Phos-
phorylation of Bim-EL by Erk1/2 on serine 69 promotes its degradation via the
proteasome pathway and regulates its proapoptotic function. Oncogene.
2003;22:6785–93.

44. Zhang Z, Kobayashi S, Borczuk AC, Leidner RS, Laframboise T, Levine AD, et al.
Dual specificity phosphatase 6 (DUSP6) is an ETS-regulated negative feedback
mediator of oncogenic ERK signaling in lung cancer cells. Carcinogenesis.
2010;31:577–86.

45. Pitts TM, Bradshaw EL, Bagby SM, Hyatt SL, Selby HM, Spreafico A, et al. Anti-
tumor activity of the aurora a selective kinase inhibitor, alisertib, against pre-
clinical models of colorectal cancer. Oncotarget. 2016;7:50290–301.

ACKNOWLEDGEMENTS
We thank Professor Alberto Bardelli (Torino University, Italy) for kindly providing the
C10 cell line.

AUTHOR CONTRIBUTIONS
Conceptualisation: JGF, AC; Methodology: ARV, ACC, AGB, LPN, OA, LGG; Investiga-
tion: ARV, PAMG, MIS, IdM, JSL, NB; Visualisation: CG, MJFA; Supervision: AC, EM;
Writing original draft: ARV, AC; Writing review & editing: ARV, PAMG, JCL, EM, JGF, AC;
Funding acquisition: JGF, AC.

FUNDING
This work was supported by the grant PI19/01231 funded by AEI and the European
Union. A.R-V contract was funded by the program “CONTRATOS PREDOCTORALES DE
FORMACIÓN EN INVESTIGACIÓN EN SALUD (PFIS)”, grant FI20/00213 from the Instituto
de Salud Carlos III (ISC-III) and co-funded by the European Union (ERDF/ESF, “A way to
make Europe”/“Investing in your future”) associated with the project PI19/01231.

COMPETING INTERESTS
The authors declare no competing interests.

A. Rio-Vilariño et al.

1412

British Journal of Cancer (2024) 130:1402 – 1413

https://doi.org/10.1111/odi.14596


ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-024-02649-z.

Correspondence and requests for materials should be addressed to
Jesús. García-Foncillas or Arancha Cebrián.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024, corrected publication 2024

A. Rio-Vilariño et al.

1413

British Journal of Cancer (2024) 130:1402 – 1413

https://doi.org/10.1038/s41416-024-02649-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Inhibition of the AURKA/YAP1 axis is a promising therapeutic option for overcoming cetuximab resistance in colorectal cancer stem�cells
	Introduction
	Materials and Methods
	Cell culture and reagents
	Vector construction
	Transfection and lentivirus production
	RNA extraction, complementary DNA synthesis (cDNA), and Quantitative PCR�(qPCR)
	Western blot analysis and antibodies
	Cell Viability�Assays
	Colony formation and colonosphere�assay
	Cell cycle analysis
	Patient-derived Xenograft�model
	Statistical analyses

	Results
	Cetuximab-resistant CRC cell lines exhibit elevated YAP1 activation, correlating with increased phosphorylation at�Ser397
	Inhibition of Aurora kinase A effectively overcomes cetuximab resistance by preventing the phosphorylation of YAP1 at Serine�397
	YAP1 phosphorylation at Ser397 promotes a cancer stem cell reprograming, favouring cetuximab resistance in CRC�cells
	Aurora kinase A inhibition prevents stemness in CRC cell�lines
	Targeting Aurora Kinase A restores cetuximab sensitivity in a PDX model with high YAP1 Ser397 phosphorylation
	AURKA inhibition disrupts YAP1 Ser397 phosphorylation in vivo in a Hippo-independent�manner
	AURKA inhibition reduces CRC stemness features in�vivo

	Discussion
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION


