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¿Qué hay más excitante que el desvergonzado aprendizaje? Traicionero e insolente. 

El niño se regodea en la voluptuosidad del nuevo descubrimiento, y el adulto, se retuerce por 

el desengaño del inusitado error. El cual la vejez mancilla con su sabor a sabiduría. Y con su 

aroma cada vez más intenso a la pestilencia de la muerte. Esplendor, para unos. Para otros; 

revelación. Un pequeño demonio con piel de cocodrilo, la materia de su alma. Un impulso vivaz 

de muerte infinita, que se burla de la eterna vitalidad. Acción, fallo y acierto; su fórmula secreta 

de aspecto divino. Pues es el fallo, solo fallo para el humano. Y es el acierto, solo acierto en la 

mente dualista humana. Nada más lejana al inefable equilibrio del universo. 

Cabalgando el niño la banqueta, 

se la acerca al reluciente piano. 

El maestro mira con recelo, 

pues sabe; va a profanarlo. 
 

La escarcha en sus manos 

se precipita en rocío; 

y de las teclas,  

reverbera el brillo. 
 

Reverbera también el sonido. 

El niño ha irrumpido. 

-Mi, fa, do- 

Suenan sin equilibrio. 
 

-Mi, fa do- 

Pero ahora, con más estrépito. 

Y sigue: 

-Sol, la, do- 

El maestro sonríe. 

Pero el niño está serio. 
 

Y piensa: 

“¿Qué hay de divertido en no saber hacerlo?” 
 

El maestro lo mira: 

“Querido aprendizaje, es usted un atrevido.” 
 

Preciosa torpeza, 

entusiasmo infinito. 

Tanto el niño como el adulto, 

bailan al mismo ritmo. 

 

Aleix Giménez Artigues 

 

 



  



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

"La mayoría de la gente cree que el intelecto hace al gran científico. 

Se equivocan: es el carácter" 

 

Albert Einstein (1879-1955) 
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Brief abstract 

Anti-HER2 therapies have dramatically improved prognosis in HER2-positive 

breast cancer patients. However, around 20% of these patients develop resistance to 

therapies, leading to relapse and metastasis, which nowadays is considered 

incurable. In this context, several mechanisms have been described to play a role in 

treatment resistance. Here, we identified AXL overexpression as an essential 

mechanism of acquired resistance to trastuzumab in cell lines, organoids and in vivo 

patient-derived xenograft HER2-positive breast cancer models. Mechanistically, AXL 

orchestrated epithelial to mesenchymal transition, promoting a mesenchymal-like 

phenotype. Besides, AXL heterodimerized with HER2, which lead to activation of 

PI3K/AKT and MAPK/ERK pathways in a ligand-independent manner. Genetic 

depletion and pharmacological inhibition of AXL decreased phosphorylation of these 

two pathways and restored trastuzumab response in in vitro and in vivo HER2-positive 

breast cancer models. Importantly, the combination of AXL inhibitor plus trastuzumab 

achieved complete regression of the tumor in trastuzumab-resistant patient-derived 

xenograft in vivo models with no evidence of tumor regrowth after a long period follow-

up. Moreover, these animals presented a good quality of life with no symptoms of 

treatment toxicity. In the clinical setting, AXL mRNA expression in HER2-positive 

breast cancer primary tumor tissue was able to predict treatment response and was 

negatively associated with disease-free survival and overall survival. Data from the 

multicentre phase II PAMELA clinical trial showed a significant increase in AXL 

expression in tumor tissue during neoadjuvant dual HER2 blockade, supporting its 

role in resistance. In accordance with preclinical data, AXL showed direct correlation 

with VIM expression, however GAS6 expression was no related to prognosis in 

patient’s samples.  These rapid changes in AXL expression upon trastuzumab 

resistance suggest increased transcription activity that could be performed by JUNB 

transcription factor. Therefore, our study highlights the importance of targeting AXL in 

combination with anti-HER2 drugs as a potential therapeutic strategy across HER2-

amplified breast cancer patients with high AXL expression. Furthermore, it unveils the 

potential value of AXL as a druggable prognostic biomarker in HER2-positive breast 

cancer treated with trastuzumab.
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Resumen breve 

La disponibilidad de las terapias anti-HER2 ha mejorado drásticamente el 

pronóstico de las pacientes de cáncer de mama HER2 positivo. Sin embargo, 

alrededor de un 20% de estas pacientes desarrollan resistencia a estas terapias 

dando lugar a recaída y a enfermedad metastásica, la cual actualmente se considera 

incurable. En este contexto, se ha demostrado la existencia de diferentes 

mecanismos implicados en la adquisición de resistencia a dichos tratamientos. En 

este trabajo se identifica la sobreexpresión de AXL como un mecanismo esencial en 

la adquisición de resistencia a trastuzumab en líneas celulares, modelos 3D y 

xenoinjertos derivados de paciente de cáncer de mama HER2 positivo. A nivel 

mecanístico, AXL regula la transición epitelio-mesénquima, promoviendo un fenotipo 

mesenquimal. Además, AXL heterodimeriza con HER2 dando lugar a la activación de 

las rutas PI3K/AKT y MAPK/ERK mediante un mecanismo independiente de ligando. 

El silenciamiento genético y la inhibición farmacológica de AXL disminuyen la 

fosforilación de estas dos rutas moleculares y recuperan la respuesta a trastuzumab 

en modelos in vitro e in vivo de cáncer de mama HER2 positivo.  Cabe destacar que 

la combinación de inhibidores de AXL y trastuzumab logró la remisión completa del 

tumor en modelos in vivo de xenoinjertos derivados de paciente con resistencia 

adquirida a trastuzumab sin observarse evidencia de crecimiento del tumor después 

de un largo tiempo de seguimiento. Además, los animales que recibieron este 

tratamiento mantuvieron buena calidad de vida y no mostraron síntomas de toxicidad. 

En el contexto clínico, la expresión de AXL a nivel de ARN mensajero en muestras 

de tejido de tumor primario HER2 positivo es capaz de predecir respuesta al 

tratamiento y se asocia a una menor supervivencia libre de enfermedad y 

supervivencia global. Los datos del ensayo clínico multicéntrico fase II PAMELA, 

muestran un aumento significativo de la expresión de AXL en tejido tumoral durante 

el tratamiento neoadyuvante de doble bloqueo de HER2, lo cual apoya su papel en 

la adquisición de resistencia.  En línea con lo observado en modelos preclínicos, AXL 

muestra una correlación directa con la expresión de VIM, mientras que GAS6 no se 

relaciona con pronóstico en muestras de pacientes. Este rápido cambio en la 

expresión de AXL ligado a la resistencia a tratuzumab sugiere un aumento de la 
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actividad transcripcional, que podría llevarse a cabo por el factor de transcripción 

JUNB. Por lo tanto, este estudio destaca la importancia de la inhibición AXL en 

combinación con las drogas anti-HER2 como una potencial estrategia terapéutica en 

aquellos pacientes de cáncer de mama HER2 positivo con altos niveles de AXL. 

Además, desvela el potencial de AXL como biomarcador pronóstico en cáncer de 

mama HER2 positivo tratado con trastuzumab.
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Extended abstract 

Introduction: 

Breast cancer is a heterogeneous disease consisting of uncontrolled growth of 

epithelial cells originating in the ducts or breast lobules. It is currently the most 

diagnosed cancer worldwide and the fifth cause of cancer-related death in general 

population, but the first cause in women. Breast cancer incidence is higher in 

developed countries due to increased risk factors and to increased and earlier 

detection by mammography screening, which considerably reduces mortality. This is 

the reason why transitioning countries have higher mortality despite having lower 

incidence. 

Regarding the origin of the disease, it is evidenced that the pathways implicated 

in normal development of the mammary gland are deregulated in breast cancer 

disease. Nevertheless, despite several models have been proposed, the specific 

mechanism by which breast cancer is originated and how its formation and 

progression occur is still unknown. Between the risk factors, genetic risk factors are 

responsible of around 10% of breast cancers, being BRCA1 and BRCA2 the most 

common inherited mutations. Non-genetic risk factors are related to ethnicity, breast 

conditions or previous breast pathologies and lifestyle factors, such as hormonal 

therapy, alcohol consumption, overweight, lack of physical activity and late age at 

giving birth or not breastfeeding.  

Diagnosis in the very initial steps of the disease is one of the major issues in the 

clinic and enables efficacy of the therapies and reduces the risk of breast cancer 

death. For this issue, mammography screening has been demonstrated to be the best 

strategy and is implemented in most of the developed countries. Mammography 

together with clinical examination, imaging and needle biopsy are performed for 

diagnosis. After diagnosis, breast tumors should be classified according to TNM 

stage, mainly based of tumor size, lymph node involvement and metastasis; 

histological grading based on differentiation; histological subtypes that include ductal 

invasive carcinoma, lobular invasive carcinoma and other special subtypes, and 
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pathological or intrinsic subtypes. Currently pathological subtype, which is based on 

expression of estrogen and progesterone receptors, HER2 and Ki67 by 

immunohistochemistry, determines treatment decision. Molecular intrinsic subtyping 

is based on gene expression in tumor tissue and classifies breast cancer into six 

subtypes. This classification has demonstrated potential value to predict prognosis 

and treatment response. However, it is not fully applicable to the clinic nowadays. 

Regarding treatment, locoregional therapy of early breast cancer consists of a 

surgery and radiation therapy if necessary. For systemic treatment, neoadjuvant or 

adjuvant strategies could be performed with endocrine therapy in luminal tumors, 

HER2 blockade in HER2+ breast cancer and chemotherapy, that could be used in all 

subtypes but is the standard of care for triple negative breast cancer.  

HER2+ breast cancer presents overexpression of HER2 receptor which, upon 

dimerization, leads to activation of downstream pathways involved in proliferation, 

angiogenesis, survival, differentiation, apoptosis, invasion and metastasis. Between 

them, RAS/RAF, MAPK, JAK/STAT and PI3K/AKT/mTOR are the most studied. 

HER2+ breast cancer accounts for 15-20% of the cases and is characterized by an 

aggressive biological and clinical behaviour which correlates with poor prognosis. 

However, development of targeted therapies against HER2 has considerably 

improved HER2+ breast cancer patients’ outcome and changed the paradigm of 

clinical management.  Based on this fact, a variety of anti-HER2 agents have been 

approved for the treatment of HER2+ breast cancer and others are under evaluation. 

The antibody trastuzumab was the first anti-HER2 agent to be developed and 

approved and, in combination with pertuzumab, remains the standard of care for 

HER2+ breast cancer. Despite the evident improvement of HER2+ breast cancer 

disease management and the effectiveness of anti-HER2 therapies, still around 20% 

of HER2+ breast cancer patients experience relapse leading to metastatic disease, 

that nowadays is considered incurable. Disease relapse may occur due to resistance 

to anti-HER2 agents. Thus, the main challenge in the last years has been to decipher 

the mechanisms underlying anti-HER2 resistance, to identify biomarkers to predict 

treatment response and to develop new therapeutic strategies to overcome 
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resistance. Four major mechanisms have been described to be involved in anti-HER2 

therapy resistance: impediments of drug binding to HER2 due to upregulation of 

mucines or HER2 isoforms; failure to trigger immune response because of Fc receptor 

dysfunctions; activation PI3K/AKT/mTOR downstream signaling pathway due to 

PIK3CA mutations, loss of PTEN or AKT deregulation; and upregulation of alternative 

pathways such as cell cycle, SRC or FASN. Crosstalk with other receptors has also 

been described to occur and to activate alternative pathways. Between them, 

crosstalk with hormone receptors, HER family members and other receptors tyrosine 

kinase have been involved in anti-HER2 resistance. 

Epithelial to mesenchymal process is implicated in metastasis, invasion, 

migration and colonization and has been related to drug resistance, including anti-

HER2 resistance. Some receptors tyrosine kinase, such as AXL and MET, have been 

described to be involved in this process and subsequently take part in metastasis and 

mechanisms of therapy resistance. AXL can be activated by ligand-dependent or 

independent mechanism and by dimerization, leading to activation of downstream 

signaling pathways, such as PI3K/AKT/mTOR, JAK/STAT, NF-κB, and 

RAS/RAF/MEK/ERK that play major roles in tumor cell survival, migration, invasion, 

anoikis, angiogenesis and drug resistance. AXL is overexpressed in several types of 

cancer including breast cancer and correlates with worse prognosis. In breast cancer, 

it was shown to be a driver for metastasis and to be essential for epithelial to 

mesenchymal process, besides, AXL has been proposed as a therapeutic target in 

triple negative breast cancer. Regarding drug resistance, associations between AXL 

and chemotherapy or targeted drugs resistance have been reported in several 

cancers. In the particular case of breast cancer, AXL is involved in chemo- and radio-

resistance and EGFR-targeted therapy resistance in triple negative breast cancer. 

However, the role of AXL in anti-HER2 therapy resistance has been poorly 

investigated. Several AXL-targeted therapies have been shown to supress tumor 

growth and metastasis and to potentiate the effect of chemotherapy and targeted 

therapies and some of them are currently under clinical evaluation in solid tumors.  
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Given the knowledge of AXL's role in resistance to therapy, future studies will 

help to determine the translational application of AXL as a biomarker of treatment 

response and as a therapeutic target in HER2+ breast cancer. 

Objectives: 

In the frame of the antecedents described above, we hypothesize that AXL could 

be involved in acquisition of trastuzumab resistance in HER2+ breast cancer maybe 

due to crosstalk with HER2 receptor.  Thus, the present work is focused on the study 

of the role of AXL in acquisition of trastuzumab resistance, as well as its applicability 

as a therapeutic target and prognostic biomarker. 

Methods: 

In this study AU565, BT474 and SKBR3 HER2+ breast cancer cell lines were 

selected for in vitro experiments and acquired trastuzumab-resistant cell lines 

(AU565R, BT474R and SKBR3R) were generated by exposure to increasing 

concentrations of the drug for prolonged time. Innate trastuzumab-resistant HCC1954 

HER2+ and MDA-MB-231 triple negative breast cancer cell lines were used as 

controls. Tumor tissue samples were obtained from patients with early-stage HER2+ 

breast cancer treated at the Hospital Clínico Universitario de Valencia by standard 

guidelines, after signature of informed consent and ethical approval of the study. Data 

from neoadjuvant phase II PAMELA study were used to analyze gene expression in 

this cohort of HER2+ breast cancer patients. 

To evaluate changes in gene expression, mRNA levels were measured by real 

time quantitative PCR on RNA isolated from breast cancer cells and patients’ 

samples.  For protein expression analysis, western blot, immunohistochemistry and 

flow cytometry were performed and co-immunoprecipitation and proximity ligation 

assay were used to evaluate dimerization between AXL and HER2 proteins. 

Apoptosis and viability were analyzed with Annexin V and propidium iodide staining 

by flow cytometry. 
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To study the effect of the loss and gain of function of specific proteins, small-

interfering RNAs or cDNA overexpression plasmids were transfected into the cells by 

lipofectamine reagent and several functional assays were carried out.  Proliferation 

was measured by WST-1 assay and migration and invasion were studied by wound 

healing and transwell assays. Mammospheres were generated from BT474R cells 

and number of live cells was measured by flow cytometry with propidium iodide.  

Patient-derived xenograft model was obtained from a HER2+ breast cancer 

patient. Two in vitro trastuzumab-resistant patient-derived xenograft cell lines were 

established by subculture in presence of increasing concentrations of trastuzumab 

and five trastuzumab-resistant in vivo patient-derived xenografts were generated by 

transplantation of tumor tissue into NOD-SCID mice treated with trastuzumab and 

grown with serial passages. 3D models were also generated from patient-derived 

xenograft cell lines and in vivo models in which viability and apoptosis were measured 

after treatment. For the in vivo experiment, NOD-SCID mice were injected in 

mammary fat pad with trastuzumab-resistant patient-derived xenograft tumors 

(N=30), randomly divided into 4 groups and treated with either vehicle, trastuzumab, 

TP-0903 or a combination of both. Tumor size and body weight were measured during 

follow-up and animals were sacrificed at the end of the experiment or when 

institutional euthanasia criteria for tumor size and health condition were reached. 

In-silico analysis were performed for gene expression studies in public 

databases and for transcription factor binding site prediction. The prognostic value of 

AXL and GAS6 mRNA expression was analyzed in 252 HER2+ breast cancer patients 

with available data from Kaplan-Meier Plotter Software. To identify predicted putative 

binding sites of JUNB in AXL promoter JASPAR 2022 and PROMO software were 

used. 

Statistical analysis was performed using GraphPad Prism and R software. 

Results were expressed as means ± SD, means ± SEM for in vivo tumor size and 

median and interquartile for mRNA expression in patients’ samples. Normality was 

checked using Shapiro-Wilks’s test. Mean comparison was carried out using two-
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tailed t-Student test. All experiments were reproduced at least three times. mRNA 

expression in patients’ cohort was dichotomized by the median and ROC analysis was 

carried out. Disease-free survival and overall survival were described graphically 

using Kaplan-Meier curves and differences were evaluated using log-rank test. 

Selection of the best model was done according to Akaike’s Information Criterion. To 

identify AXL gene expression changes in PAMELA trial we used two-tailed paired t-

tests. Two-way ANOVA with Bonferroni correction post-hoc was used for in vivo 

statistical analysis. The cut-off for statistical significance in all tests was p-value <0.05. 

Results: 

To study the mechanisms of acquired resistance to trastuzumab in our models, 

we first characterized the three generated trastuzumab-resistant cell lines. We 

checked response to trastuzumab and, as expected, treatment reduced proliferation 

in resistant cells by less than 20% in comparison with approximately 50% of reduction 

observed in parental trastuzumab-sensitive cell lines, thus confirming the acquisition 

of resistance in these in vitro models. Given that the standard of care for HER2+ breast 

cancer consists of trastuzumab plus pertuzumab, we next evaluated the effect of 

pertuzumab in our models and observed that those cell lines with resistance to 

trastuzumab, were also resistant to pertuzumab and combination of both drugs, thus 

giving higher clinical value to our study. In addition, the acquired trastuzumab-

resistant cell lines were significantly more proliferative at basal level than parental cell 

lines. No substantial changes were found between resistant and parental cell lines in 

ER, PR and HER2 by immunohistochemistry. However, despite still HER2-amplified, 

ERBB2 mRNA and protein expression were decreased in resistant versus parental 

cells.  

Given that AXL has been previously associated with resistance to therapies, we 

compared AXL expression between trastuzumab-sensitive and resistant cell lines, 

finding that both AXL mRNA and protein expression, together with AXL 

phosphorylation, were upregulated in resistant cell lines compared to their respective 

parental cell lines, suggesting its role in trastuzumab resistance. To address this 

question, AXL knockdown and pharmacological inhibition by TP-0903 were carried 
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out and cells were treated with trastuzumab. Our data demonstrated that both 

strategies were able to resensitize trastuzumab-resistant cells, reaching IC50 values 

similar to those observed in parental cell lines. AXL downregulation or inhibition had 

no effect on trastuzumab response in sensitive or innate resistant HER2+ breast 

cancer cell lines. Conversely, these results were confirmed by AXL gain of function in 

parental cell lines, which significantly reduced growth rate inhibition by trastuzumab, 

thus leading to trastuzumab resistance. Basal proliferation rates were not affected by 

AXL gain and loss of function. These results suggest that AXL promotes acquired 

resistance to trastuzumab, and that AXL inhibition restores trastuzumab sensitivity in 

acquired resistant in vitro models. 

Given that the mesenchymal phenotype is related to worse response to 

trastuzumab and that AXL has been described as a component of the acquired 

mesenchymal phenotype, we next analyzed the association between AXL expression 

and epithelial to mesenchymal transition. First, we observed that trastuzumab-

resistant cell lines showed a mesenchymal-like phenotype by upregulation 

mesenchymal markers and downregulation of epithelial marker, besides, they 

presented increased migration and invasion ability compared to parental cells. We 

next demonstrate that AXL gain and loss of function was sufficient to modulate a 

mesenchymal-like phenotype.  

To determine the biological mechanism underlying the resistance to trastuzumab 

mediated by AXL overexpression, we checked expression of its ligand GAS6 in our 

models, are no overexpression was observed in acquired trastuzumab-resistant cells 

at mRNA or protein level, nor in percentage of GAS6+ cells, indicating a ligand-

independent activation of AXL. On the basis of these data, we hypothesized 

heterodimerization between AXL and HER2 as the trigger in our trastuzumab-

resistant models. Co-immunoprecipitation and proximity ligation assays confirmed the 

presence of HER2-AXL dimer in our resistant cell lines. We next studied signaling on 

HER2-AXL downstream pathways and observed hyperphosphorylation in our 

resistant models compared to sensitive parental cell lines. Furthermore, genetic 

knockdown or pharmacological inhibition of AXL plus trastuzumab achieved the 
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greatest inactivation of HER2 downstream pathways by reducing phosphorylation in 

both PI3K/AKT and MAPK/ERK pathways, even in acquired trastuzumab-resistant 

cells. Conversely, pathway inhibition by trastuzumab was considerably less effective 

in AXL overexpressed cell lines than in control cell lines. These data indicate that AXL-

HER2 dimerization activates PI3K/AKT and MAPK/ERK signaling pathways, thus 

leading to reduced trastuzumab treatment efficacy. 

In order to obtain more translational results, we tested the combination of 

trastuzumab and AXL inhibition in different in vitro and in vivo acquired trastuzumab-

resistant patient-derived xenograft models from a HER2+ breast cancer patient. 

Assays performed in the two acquired trastuzumab-resistant patient-derived xenograft 

cell lines (PDX118-TR1 and TR2) confirmed results from previous cell lines. PDX118-

TR1 and TR2 cell lines were resistant to trastuzumab, pertuzumab and combination 

of pertuzumab plus trastuzumab and overexpressed AXL together with VIM. The in 

vitro combination of TP-0903 plus trastuzumab resensitized PDX118-TR1 and TR2 

cells and significantly decreased trastuzumab IC50 in 2D and 3D models, while this 

strategy did not increase trastuzumab response in parental cell line. In accordance 

with the results from HER2+ breast cancer cell lines, AXL inhibition plus trastuzumab 

significantly inhibited phosphorylation of PI3K/AKT and MAPK/ERK pathways in 

patient-derived xenograft trastuzumab-resistant cell lines.  

Next, we analyzed AXL expression in five different in vivo acquired trastuzumab-

resistant patient-derived xenograft models and observed AXL overexpression in all of 

them compared to parental tumor. In addition, AXL correlated with VIM expression in 

the selected resistant model (PDX118-TR4). First, AXL inhibition plus trastuzumab 

treatment strategy was tested in organoids from PDX118-TR4: trastuzumab or TP-

0903 alone did not significantly reduce cell numbers, whereas combination decreased 

cell numbers to 38.2% compared to control. In a PDX118-TR4 in vivo experiment, 

mice were treated with vehicle, trastuzumab, TP-0903 or a combination of these two 

drugs. Results showed that trastuzumab and the AXL inhibitor alone had no significant 

effect on tumor growth; however, the two drugs in combination abrogated tumor 

growth and achieved a complete regression after 21 days of treatment with no 
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evidence of tumor growth after therapy during a total of 321 days follow-up; likewise, 

treatment did not affect animal weight, showing that AXL inhibition did not lead to a 

significant toxic effect in preclinical models. Histopathological analysis in tumor tissue 

at endpoint confirmed on-target effect of AXL inhibitor by decreased phosphorylation 

of AXL in the tumor of TP-0903 treated animals. In accordance with tumor size, no 

differences in Ki67 nor c-CASP3 were found between control and trastuzumab. 

However, despite tumor size did not achieve statistical difference between control and 

TP-0903 treated groups, percentage of Ki67+ cells was significantly decreased while 

percentage of c-CASP3+ cells was increased in AXL inhibitor group. With these 

results, we conclude that the combination of TP-0903 with trastuzumab is a promising 

therapeutic strategy to treat HER2+ breast cancer resistant to standard care.  

On the basis of these preclinical data, we hypothesized that upregulation of AXL 

might promote acquired resistance to trastuzumab treatment in HER2+ breast cancer 

patients. To test this hypothesis, we analyzed AXL expression in a retrospective 

cohort of 50 HER2+ breast cancer patients. AXL expression was significantly 

upregulated in primary tumor tissue from patients who later experienced relapse and 

ROC analysis revealed that AXL expression may robustly discriminate between 

HER2+ breast cancer patients who will relapse from those who will be free of disease. 

Moreover, AXL significantly correlated to shorter disease-free survival and overall 

survival. The prognostic value of AXL was also confirmed in-silico in an independent 

public early HER2+ breast cancer patients’ cohort. Interestingly, we found a strong 

positive correlation between VIM and AXL expression and, indeed, VIM expression 

was associated with worse prognosis. Furthermore, there was no significant 

correlation between GAS6 levels and disease-free survival or overall survival. In the 

multivariable model, AXL was selected the best model for both disease-free survival 

and overall survival.  Collectively, these findings reveal a ligand-independent 

association between high AXL expression and worse prognosis in patients with 

HER2+ breast cancer treated with trastuzumab and taxanes plus anthracycline-based 

chemotherapy.  
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To identify early molecular changes induced by dual HER2 blockade in HER2+ 

breast cancer patients, gene expression profiling was performed in tumor samples 

from phase II PAMELA clinical trial. Of particular interest was that AXL significantly 

increased at day 14 of treatment compared to baseline. Interestingly, in agreement 

with previous gene expression analysis in the PAMELA trial, we found a rebound 

effect in AXL expression between day 14 and surgery samples, potentially due to 

discontinuation of dual HER2 inhibition which reverses its biological effects. According 

to our previous preclinical data, VIM expression presented similar biological changes 

to AXL, whereas ERBB2 expression decreased after dual HER2 blockade. These 

observations were particularly significant as the biological changes observed in our 

preclinical models recapitulated the biological changes observed in patients from a 

phase II clinical trial. 

The increase in AXL mRNA expression upon trastuzumab resistance indicates 

for enhanced transcription activity. Thus, to better understand the mechanism 

underlying trastuzumab resistance through AXL, we aimed to investigate potential 

transcription factors regulating AXL. Results from in-silico analysis, JUNB 

overexpression in acquired trastuzumab-resistant cell lines and patient-derived 

xenograft models and gain and loss of function experiments indicated that JUNB 

transcription factor might be regulating AXL as a mechanism of trastuzumab 

resistance.  

Discussion: 

Trastuzumab is an essential and effective anticancer targeted agent for HER2+ 

breast cancer patients. Unfortunately, despite the efficacy of this anti-HER2 treatment, 

a significant number of patients develop progressive disease, requiring additional 

therapeutic strategies. Given the urgent need to develop new therapeutic approaches 

for this group of patients, the current study was conducted to investigate the potential 

role of AXL activation in acquired resistance to trastuzumab with the aim of exploring 

AXL inhibition as a new potential therapeutic strategy for HER2+ breast cancer 

patients and evaluating the performance of AXL as a prognostic biomarker.  
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Based on the obtained results, we demonstrated that acquired trastuzumab-

resistant HER2+ breast cancer cells have significantly higher AXL expression than 

their parental counterparts and that AXL upregulation occurs in the context of a 

mesenchymal-associated transcriptional program, which is consistent with previous 

studies. Moreover, we demonstrated AXL implication on trastuzumab resistance and, 

interestingly, AXL inhibition by TP-0903 was able to restore response to anti-HER2 

therapy in vitro. After exploring the mechanism leading to trastuzumab resistance 

through AXL, results provided evidence that AXL activation arises through AXL-HER2 

heterodimerization followed by the trigger of PI3K and MAPK cascades, which is 

consistent with previous studies showing that AXL can drive oncogenic signaling of 

these pathways in other cancer types. Simultaneous AXL inhibition and trastuzumab 

treatment achieved a significantly great inhibition of these pathways in all cell lines, 

including resistant. Besides, we demonstrated that AXL activation in our models 

occurs in a ligand-independent manner. 

Moreover, we were able to confirm these results in trastuzumab-resistant patient-

derived xenograft models. Trastuzumab-resistant patient-derived xenograft cell lines 

and tumors showed overexpression of AXL and its pharmacological inhibition restored 

sensitivity to trastuzumab in 2D and 3D in vitro models. Importantly, we reported that 

simultaneous therapeutical ablation of AXL and HER2 activity in vivo results in 

complete regression of trastuzumab-resistant tumors with no evidence of tumor 

regrowth nor symptoms of toxicity after follow-up. These data support the potential of 

AXL inhibitors in the treatment of cancer previously reported in other studies and 

suggest that the combination of HER2 and AXL inhibition might avoid treatment 

escape by tumor cells with acquired trastuzumab resistance, leading to a potential 

long-term benefit for HER2+ BC patients.  

Analysis of AXL expression in HER2+ breast cancer patients’ samples evidenced 

its potential as a prognostic biomarker. Besides, rapid changes in AXL expression 

during HER2 blockade observed in PAMELA trial suggest the importance of AXL 

overexpression in development of anti-HER2 resistance and the consequent high risk 

of metastases.  
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The increased in AXL mRNA upon trastuzumab resistance indicates increased 

transcription activity. Previous works demonstrated AP-1 transcription factor family as 

a main regulator of AXL, and specifically, JUNB has been related to drug resistant in 

other types of cancer. Here, observed overexpression of JUNB in trastuzumab-

resistant models and demonstrate that JUNB regulates AXL, thus suggesting the role 

of JUNB in anti-HER2 resistance though AXL regulation. 

This work has shed the light on how HER2+ breast cancer cells acquire 

resistance to trastuzumab through AXL activation. However, future work directed at 

better understanding AXL activation in HER2+ breast cancer will extend our 

knowledge of its contribution of acquisition to anti-HER2 resistance. Future studies 

regarding JUNB involvement in trastuzumab resistance, role of AXL in tumor 

microenvironment in the context of HER2+ breast cancer and trastuzumab resistance 

and validation of AXL as a biomarker in a prospective clinical trial would be of special 

interest. 

Conclusions: 

In conclusion, this study has demonstrated the substantial biological significance 

of AXL activation in acquired trastuzumab resistance in HER2+ breast cancer. Our 

findings demonstrate AXL-HER2 heterodimerization that induces resistance through 

PI3K and MAPK pathways activation. Importantly, the combination of trastuzumab 

with AXL inhibition overcomes resistance to trastuzumab both in vitro and in vivo. This 

dual inhibition induced complete tumor regression in in vivo trastuzumab-resistant 

patient-derived xenograft models without tumor regrowth after follow-up. The strong 

independent correlation of AXL expression with reduced disease-free survival and 

overall survival in HER2+ breast cancer patients suggests that patients with high AXL 

expression could benefit from AXL-targeted therapy.
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Resumen extendido 

Introducción:  

El cáncer de mama es una enfermedad heterogénea que consiste en el 

crecimiento incontrolado de las células epiteliales en los ductos o lobulillos de la 

mama. El cáncer de mama es actualmente el más diagnosticado en el mundo y la 

quinta causa de muerte por cáncer en la población general, la primera en mujeres. 

Su incidencia es mayor en los países desarrollados dada la mayor presencia de 

factores de riesgo y el mayor número de diagnósticos tempranos debido a los 

programas de cribado mediante mamografía, que reducen considerablemente la 

mortalidad. Por esta razón, los países en desarrollo presentan mayor mortalidad a 

pesar de tener menor incidencia. 

Respecto al origen del cáncer de mama, se ha demostrado que las rutas 

moleculares implicadas en el desarrollo normal de la glándula mamaria son las que 

se encuentran desreguladas en la enfermedad. Sin embargo, a pesar de que se han 

propuesto varios modelos, el mecanismo específico por el cual se origina y progresa 

el cáncer de mama todavía se desconoce. Entre los factores de riesgo del cáncer de 

mama, los factores genéticos son responsables de aproximadamente un 10% de los 

casos, siendo las mutaciones en BRCA1 y BRCA2 las más comunes. Los factores no 

genéticos se asocian a la etnia, características de la mama, patologías mamarias 

previas y factores relacionados con el estilo de vida como el uso de terapia hormonal, 

el consumo de alcohol, el sobrepeso, la falta de actividad física, la edad avanzada en 

el parto o la ausencia de lactancia. 

El diagnóstico en estadios muy iniciales de la enfermedad es uno de los mayores 

objetivos en la clínica, ya que aumenta la eficacia de los tratamientos y reduce el 

riesgo de muerte. El cribado mediante mamografía ha demostrado ser la mejor 

estrategia para ello y se ha implementado en la mayoría de países desarrollados. El 

diagnóstico se realiza mediante mamografía, exploración clínica, técnicas de imagen 

y biopsia. Tras el diagnóstico de cáncer de mama, el tumor se clasifica de acuerdo al 

estadio, que se basa en el tamaño, la afección de nódulos linfáticos y la presencia de 
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metástasis; el grado histológico, basado en la diferenciación; el subtipo histológico, 

que puede ser ductal, lobulillar u otros subtipos especiales, y los subtipos patológicos 

e intrínsecos. Actualmente, el subtipo patológico, basado en la expresión de receptor 

de estrógeno y progesterona, HER2 y Ki67, es el que determina el tipo de tratamiento. 

Los subtipos intrínsecos se basan en la expresión génica en el tejido tumoral y se 

distinguen seis subtipos. Esta clasificación ha demostrado alto potencial pronóstico y 

predictivo de la respuesta a tratamiento, sin embargo, no está todavía implementada 

en la clínica. 

En al tratamiento del cáncer de mama, la terapia loco regional consiste en 

cirugía y radioterapia cuando sea necesaria. En cuanto al tratamiento sistémico, tanto 

la estrategia de adyuvancia como la de neoadyuvancia se pueden aplicar a la terapia 

endocrina para los tumores luminales, la terapia anti-HER2 para los tumores HER2+ 

y la quimioterapia, que se puede emplear en todos los subtipos, pero es el tratamiento 

estándar para al cáncer de mama triple negativo.  

El cáncer de mama HER2+ presenta sobreexpresión del receptor HER2, el cual, 

tras la dimerización, activa vías implicadas en proliferación, angiogénesis, 

supervivencia, diferenciación, apoptosis, invasión y metástasis. Entre ellas, 

RAS/RAF, MAPK, JAK/STAT and PI3K/AKT/mTOR son las rutas más estudiadas. El 

subtipo HER2+ representa en torno al 15-20% de los casos de cáncer de mama y se 

caracteriza por su comportamiento agresivo que se asocia a un peor pronóstico. Sin 

embargo, el desarrollo de terapias dirigidas contra HER2 ha mejorado 

considerablemente el pronóstico de estas pacientes y ha cambiado el manejo de la 

enfermedad a nivel clínico. Por este motivo, varias drogas anti-HER2 han sido 

desarrolladas e incluidas en la práctica clínica y otras se encuentran actualmente en 

evaluación. El anticuerpo trastuzumab fue el primer fármaco anti-HER2 desarrollado 

y aprobado y, en combinación con pertuzumab, es todavía la terapia estándar en 

cáncer de mama HER2+. A pesar de la evidente mejora en el manejo de la 

enfermedad HER2+ y la eficacia de las terapias anti-HER2, todavía aproximadamente 

un 20% de las pacientes presentan recaídas dando lugar a enfermedad metastásica, 

que hoy en día se considera incurable. Estas recaídas se deben a la resistencia a las 



Resumen extendido 

 

29 
 

terapias anti-HER2. Por ello, el principal reto de los últimos años ha sido descifrar los 

mecanismos implicados en resistencia a anti-HER2, identificar biomarcadores para 

predecir la respuesta a la terapia y desarrollar estrategias terapéuticas para superar 

la resistencia. Se han descrito cuatro mecanismos principales implicados en la 

resistencia a la terapia anti-HER2: impedimento de la unión del fármaco, debido a la 

sobreexpresión de mucinas o a isoformas de HER2; fallo en la respuesta inmunitaria 

debido a mutaciones en los receptores Fc; activación de la ruta molecular 

PI3K/AKT/mTOR debido a mutaciones de PIK3CA, pérdida de PTEN o desregulación 

de AKT, y activación de rutas alternativas como ciclo celular, SRC o FASN. Además, 

el crosstalk o cruce con receptores hormonales, otros receptores de la familia HER2 

y otros receptores tirosina quinasa ha sido relacionado con resistencia a la terapia 

anti-HER2. 

La transición epitelio-mesenquimal está implicada en metástasis, invasión, 

migración, colonización y se ha relacionado con resistencia a drogas, incluida la 

resistencia anti-HER2. Algunos receptores tirosina quinasa, como AXL o MET, juegan 

un papel en la transición epitelio-mesenquimal y, a consecuencia, en la metástasis y 

la resistencia a la terapia. AXL puede ser activado mediante mecanismos 

dependientes o independientes de ligando y mediante dimerización, lo cual 

desencadena rutas moleculares como PI3K/AKT/mTOR, JAK/STAT, NF-κB y 

RAS/RAF/MEK/ERK que juegan un papel importante en supervivencia, migración, 

invasión, anoikis, angiogénesis y resistencia a fármacos. AXL se encuentra 

sobreexpresado en varios tipos de cáncer incluyendo cáncer de mama y se asocia a 

peor pronóstico. En cáncer de mama, ha demostrado jugar un papel clave en la 

metástasis y la transición epitelio-mesenquimal, además, AXL se ha propuesto como 

diana terapéutica en el subtipo triple negativo. Respecto a la respuesta al tratamiento, 

AXL se ha asociado a resistencia a quimioterapia y a terapia dirigida en varios tipos 

de cáncer. En particular, en cáncer de mama, AXL está involucrado en resistencia a 

quimioterapia, radioterapia y terapia dirigida contra EGFR en tumores triple 

negativos. Sin embargo, el papel de AXL en la resistencia a la terapia anti-HER2 ha 

sido poco explorado. Varios fármacos anti-AXL han demostrado ser capaces de 
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reducir el crecimiento tumoral y la metástasis, así como potenciar el efecto de la 

quimioterapia y de terapias dirigidas y algunos de ellos se encuentran en evaluación 

para tumores sólidos.  

Dado el papel de AXL en la resistencia a tratamientos, estudios futuros podrían 

determinar la aplicación de AXL como un biomarcador de predicción de respuesta a 

tratamiento y como diana terapéutica en cáncer de mama HER2+. 

Objetivos: 

En el contexto de los antecedentes explicados anteriormente, planteamos la 

hipótesis de que AXL puede estar implicado en la adquisición de resistencia a 

trastuzumab en cáncer de mama HER2+, probablemente mediante crosstalk con el 

receptor HER2. Por ello, el presente trabajo se centra en el estudio del papel de AXL 

en la adquisición de resistencia a trastuzumab, así como su aplicabilidad como diana 

terapéutica y biomarcador pronóstico. 

Métodos: 

En este estudio se seleccionaron las líneas celulares de cáncer de mama HER2+ 

AU565, BT474 y SKBR3 para los experimentos in vitro y a partir de ellas se generaron 

las líneas con resistencia adquirida a trastuzumab (AU565R, BT474R y SKBR3R) 

mediante exposición a concentraciones crecientes del fármaco durante un largo 

periodo de tiempo. La línea HER2+ con resistencia innata a trastuzumab HCC1954 y 

la línea triple negativa MDA-MB-231 se usaron como controles. Las muestras de 

tejido tumoral se obtuvieron de pacientes con cáncer de mama temprano HER2+ 

tratados en el Hospital Clínico Universitario de Valencia mediante las directrices 

estándar, previa firma del consentimiento informado y aprobación del estudio por el 

comité de ética. Los datos del ensayo clínico fase II PAMELA se utilizaron para 

análisis de expresión génica en esta cohorte de pacientes HER2+. 

Para evaluar cambios en la expresión génica, los niveles de ARN mensajero se 

midieron mediante PCR cuantitativa a tiempo real, tras obtener del ARN de células o 

muestras de tejido. Para el análisis de expresión de proteínas se llevaron a cabo las 
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técnicas de Western Blot, inmunohistoquímica y citometría de flujo, mientras que la 

co-inmunoprecipitación y el proximity ligation assay (ensayo de ligadura de 

proximidad) se emplearon para evaluar la dimerización entre AXL y HER2. La 

apoptosis y viabilidad se analizaron mediante citometría de flujo tras la tinción con 

anexina V y yoduro de propidio. 

Para estudiar el efecto de la pérdida y ganancia de función de determinadas 

proteínas, se transfectaron ARNs de interferencia y plásmidos de sobreexpresión con 

lipofectamina y se llevaron a cabo diferentes ensayos funcionales. Entre ellos, la 

proliferación se midió mediante ensayo WST-1 y la migración e invasión mediante los 

ensayos de cierre de surco y transwell. Además, se generaron mamosferas a partir 

de las células BT474R en las que el número de células vivas se evaluó mediante 

citometría de flujo con yoduro de propidio. 

A partir de una paciente de cáncer de mama HER2+ se obtuvo un xenoinjerto 

derivado de paciente a partir del cual se generaron dos líneas celulares resistentes a 

trastuzumab mediante cultivo con concentraciones crecientes de la droga y cinco 

tumores resistentes a trastuzumab generados mediante injerto del tejido en ratones 

NOD-SCID tratados con trastuzumab. También se generaron modelos 3D a partir 

tanto de las líneas celulares como de los tumores en los cuales se evaluó la viabilidad 

celular y la apoptosis tras el tratamiento. Para el experimento in vivo, los tumores 

resistentes fueron inoculados en la mama de ratones NOD-SCID (N=30) y se 

dividieron aleatoriamente en cuatro grupos tratados con vehículo, trastuzumab, TP-

0903 o combinación de ambos fármacos. Los datos de tamaño tumoral y peso de los 

ratones fueron recogidos durante el tiempo de seguimiento y los animales fueron 

sacrificados al final del experimento o cuando se alcanzaron los criterios de punto 

final.  

Para el análisis de expresión génica en bases de datos públicas y la predicción 

de sitios de unión de factores de transcripción, se llevaron a cabo estudios in-silico. 

El valor pronóstico de la expresión de AXL y GAS6 se analizó en 252 muestras de 

pacientes de cáncer de mama HER2+ disponibles en el software Kaplan-Meier Plotter. 
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Para la identificación de sitios de unión del factor de transcripción JUNB en el 

promotor de AXL, se utilizaron los softwares JASPAR 2022 y PROMO. 

El análisis estadístico se realizó mediante los softwares GraphPad Prism y R. 

Los resultados se expresaron con media ± desviación estándar, media ± error 

estándar para el tamaño tumoral del experimento in vivo y mediana con intercuartil 

para la expresión génica en muestras de pacientes. El test Shapiro-Wilks’s se usó 

para evaluar la normalidad de los datos. La comparación de medias se realizó 

mediante prueba t de Student de dos colas. Todos los experimentos fueron 

reproducidos al menos tres veces. La expresión génica en muestras de pacientes fue 

dicotomizada según la mediana y se llevó a cabo el análisis ROC. La supervivencia 

libre de enfermedad y la supervivencia global se representaron mediante curvas 

Kaplan Meier y las diferencias se evaluaron con test log-rank. La selección del mejor 

modelo se llevó a cabo de acuerdo a Akaike’s Information Criterion. Para identificar 

cambios en la expresión de AXL en los datos del ensayo PAMELA se utilizó la prueba 

t pareada de dos colas. Para el análisis estadístico de los datos in vivo se utilizó 

ANOVA bidireccional con corrección de Bonferroni. El punto de corte para la 

significancia estadística fue un p-valor menor de 0.05. 

Resultados: 

Para estudiar los mecanismos de resistencia adquirida a trastuzumab en 

nuestros modelos, se caracterizaron las tres líneas resistentes generadas. Primero 

se evaluó la resistencia a trastuzumab y, como era de esperar, el tratamiento redujo 

la proliferación menos de un 20% en estas líneas en comparación con la disminución 

de alrededor del 50% observada en las líneas parentales sensibles a trastuzumab, lo 

cual confirmó la resistencia en nuestros modelos in vitro. Dado que la terapia estándar 

para el cáncer de mama HER2+ consiste en trastuzumab y pertuzumab, a 

continuación, se evaluó el efecto del pertuzumab en las líneas celulares y se observó 

que aquellas líneas resistentes a trastuzumab eran también resistentes a pertuzumab 

y a la combinación de ambos fármacos, lo cual dota a nuestro estudio de mayor valor 

a nivel clínico. Además, las tres líneas resistentes a trastuzumab eran más 

proliferativas a nivel basal que las parentales. No se observaron cambios sustanciales 



Resumen extendido 

 

33 
 

en la expresión de receptor de estrógeno y progesterona y HER2 mediante 

inmunohistoquímica entre las líneas resistentes y las sensibles. No obstante, a pesar 

de seguir siendo HER2 amplificadas, las líneas resistentes presentaron menor 

expresión de ERBB2 a nivel de ARN mensajero y proteína. 

Dado que AXL se había asociado previamente a resistencia a tratamiento, se 

comparó su expresión en las líneas resistentes y sensibles a trastuzumab, 

encontrando que AXL se sobreexpresa en las líneas resistentes tanto a nivel génico 

como de proteína, así como su fosforilación, lo cual sugiere que juega un papel en la 

adquisición de resistencia a trastuzumab. Para abordar esta cuestión, se llevaron a 

cabo el silenciamiento y la inhibición farmacológica de AXL y se trataron las células 

con trastuzumab. Los resultados demuestran que ambas estrategias fueron capaces 

de sensibilizar las líneas resistentes, alcanzando valores de IC50 de trastuzumab 

similares a los obtenidos en las líneas parentales sensibles. Ni el silenciamiento ni la 

inhibición de AXL aumentaron el efecto del trastuzumab en las líneas sensibles ni en 

la línea con resistencia innata. De lo contrario, la ganancia de función de AXL en 

líneas sensibles redujo significativamente la inhibición de proliferación causada por 

trastuzumab, dando lugar a resistencia al mismo. La proliferación basal no se vio 

afectada por la pérdida o ganancia de función de AXL. Estos resultados sugieren que 

AXL promueve la adquisición de resistencia a trastuzumab y que su inhibición 

recupera la sensibilidad a éste en modelos in vitro con resistencia adquirida. 

Puesto que el fenotipo mesenquimal se asocia a peor respuesta a trastuzumab 

y que AXL ha sido descrito como un componente de dicho mecanismo, a 

continuación, se analizó la relación entre AXL y la transición epitelio-mesenquimal. 

Primero, se observó que las líneas con resistencia adquirida a trastuzumab 

presentaban un fenotipo mesenquimal con sobreexpresión de marcadores 

mesenquimales, infraexpresión de marcador epitelial y mayor capacidad de invasión 

y migración que las células parentales. Además, se demostró que la ganancia y 

pérdida de función de AXL es suficiente para modular el fenotipo mesenquimal. 

Para determinar el mecanismo biológico subyacente a la resistencia a 

trastuzumab a través de AXL, comprobamos la expresión de su ligando GAS6 en 
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nuestros modelos y no se detectó mayor expresión del mismo en las líneas con 

resistencia adquirida a nivel génico ni de proteína y tampoco en cuanto al porcentaje 

de células GAS6+, lo cual indica que la activación de AXL es independiente de 

ligando. En base a estos resultados, se planteó la hipótesis de la heterodimerización 

entre AXL y HER2 como el desencadenante de la resistencia a trastuzumab. Los 

ensayos de co-inmunoprecipitación y ligadura de proximidad confirmaron la 

presencia de dímeros AXL-HER2 en las líneas celulares resistentes. Seguidamente, 

se estudiaron las rutas moleculares aguas debajo de HER2 y se observó 

hiperfosforilación de las mismas en las células resistentes en comparación a las 

sensibles. Asimismo, el silenciamiento o la inhibición farmacológica de AXL junto con 

trastuzumab alcanzó la mayor inactivación de estas rutas moleculares mediante la 

reducción de la fosforilación tanto en PI3K/AKT como en MAPK/ERK, incluso en las 

líneas celulares con resistencia adquirida a trastuzumab. Contrariamente, la 

inhibición de la ruta molecular causada por trastuzumab fue considerablemente 

menos efectiva en las células sensibles con sobreexpresión de AXL que en las 

células control. Estos resultados indican que la dimerización de AXL y HER2 activa 

las rutas moleculares PI3K/AKT y MAPK/ERK, dando lugar a una menor eficacia del 

tratamiento con trastuzumab. 

Con la intención de obtener un enfoque más traslacional, se evaluó la 

combinación de trastuzumab e inhibidor de AXL en diferentes modelos in vitro e in 

vivo de xenoinjerto derivado de paciente HER2+ con resistencia adquirida a 

trastuzumab. Los ensayos realizados en las dos líneas celulares resistentes a 

trastuzumab derivadas de xenoinjerto derivado de paciente (PDX118-TR1 y TR2) 

confirmaron los resultados anteriores. Las líneas celulares PDX118-TR1 y TR2 

mostraron resistencia a trastuzumab, pertuzumab y a la combinación de pertuzumab 

y trastuzumab así como sobreexpresión de AXL junto con VIM. La combinación in 

vitro de TP-0903 y trastuzumab resensibilizó ambas líneas resistentes y disminuyó 

significativamente el valor IC50 de trastuzumab en modelos 2D y 3D, mientras que 

esta estrategia no aumentó la respuesta a trastuzumab en la línea parental. En 

concordancia con los resultados obtenidos anteriormente en líneas celulares HER2+, 
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la inhibición simultánea de AXL y HER2 redujo significativamente la fosforilación de 

las rutas moleculares PI3K/AKT y MAPK/ERK en las líneas celulares resistentes a 

trastuzumab derivadas de xenoinjerto de paciente. 

Tras esto, se midió la expresión de AXL en cinco modelos de resistencia 

adquirida a trastuzumab generados in vivo a partir de xenoinjerto de paciente y todos 

ellos mostraron sobreexpresión de AXL en comparación con el tumor parental. 

Además, AXL se correlacionó con VIM en el tumor resistente seleccionado (PDX118-

TR4). La estrategia terapéutica basada en la inhibición de AXL y trastuzumab se 

evaluó primero en organoides derivados de PDX118-TR4: ni trastuzumab ni TP-0903 

de manera individual lograron reducir significativamente el número de células, sin 

embargo, la combinación lo disminuyó hasta el 38.2% respecto al control. 

Seguidamente, para el experimento in vivo con el tumor PDX118-TR4, los animales 

se trataron con vehículo, trastuzumab, TP-0903 o la combinación. Los resultados 

muestran que ninguna de las dos drogas individualmente redujo de manera 

significativa el crecimiento de los tumores, mientras que la combinación inhibió el 

crecimiento tumoral y eliminó por completo el tumor tras 21 días de tratamiento sin 

evidencias de crecimiento tras un tiempo de seguimiento de 321 días. Asimismo, el 

tratamiento no afectó al peso de los animales, lo que indica que la inhibición de AXL 

no conlleva efectos secundarios significativos en modelos preclínicos. El análisis 

histopatológico de los tumores tras el sacrificio confirmó el efecto esperado de TP-

0903 mediante la disminución de la fosforilación de AXL en los tumores de los 

animales tratados con dicho fármaco. De acuerdo con el tamaño tumoral, no se 

observaron diferencias en la expresión de Ki67 ni caspasa 3 escindida entre el grupo 

control y el grupo tratado con trastuzumab. No obstante, aunque la reducción del 

tamaño tumoral no alcanzó valor estadístico, el porcentaje de células positivas para 

Ki67 disminuyó mientras que el de células positivas para caspasa 3 escindida 

aumentó significativamente en el grupo tratado con inhibidor de AXL respecto al 

control. Con esto, podemos concluir que la combinación de inhibidores de AXL y 

trastuzumab es una prometedora estrategia terapéutica para el tratamiento del 

cáncer de mama HER2+ resistente a la terapia estándar. 
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En base a estos datos preclínicos, se hipotetizó que la sobreexpresión de AXL 

podría promover resistencia adquirida a trastuzumab en pacientes de cáncer de 

mama HER2+. Para comprobar esta hipótesis, se analizó la expresión de AXL en una 

cohorte retrospectiva de 50 pacientes de cáncer de mama HER2+. La expresión de 

AXL se encontró significativamente incrementada en el tejido de tumor primario de 

aquellos pacientes que después presentaron recaída en comparación a aquellos que 

seguían libres de enfermedad en el momento del estudio. Las curvas ROC revelaron 

que AXL puede discriminar de manera robusta los pacientes que sufrirán recaída de 

los que no. Además, AXL se correlacionó significativamente con la supervivencia libre 

de enfermedad y con la supervivencia global. El valor pronóstico de AXL se confirmó 

in-silico en una cohorte independiente de pacientes con cáncer de mama HER2+. 

Curiosamente, encontramos correlación positiva entre AXL y VIM, cuya expresión 

también se asoció a peor pronóstico. Como se observó en los modelos preclínicos, 

la expresión de GAS6 no se asoció a supervivencia libre de enfermedad ni a 

supervivencia global. AXL fue seleccionado como el mejor modelo para ambos casos, 

supervivencia libre de enfermedad y supervivencia global. Conjuntamente, estos 

hallazgos revelan la asociación entre una elevada expresión de AXL, independiente 

de ligando, y un peor pronóstico en pacientes de cáncer de mama HER2+ tratados 

con trastuzumab y quimioterapia basada en taxanos y antraciclinas. 

Para identificar cambios moleculares tempranos inducidos por el doble bloqueo 

de HER2 en pacientes de cáncer de mama HER2+, se estudió el perfil genético en 

muestras de tumores del ensayo clínico fase II PAMELA. Fue de particular interés el 

hecho de que AXL aumentó significativamente en el día 14 de tratamiento respecto 

al tiempo inicial. De acuerdo con anteriores estudios de expresión génica en muestras 

de PAMELA, se observó un efecto rebote de AXL entre el día 14 y la cirugía, 

potencialmente debido a la discontinuación del bloqueo de HER2, el cual revierte los 

efectos biológicos. De acuerdo con los datos preclínicos, VIM presentó cambios 

similares a AXL, mientras que la expresión de ERBB2 disminuyó tras el bloqueo de 

HER2. Estas observaciones son de particular importancia dado que los cambios 
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biológicos observados en modelos preclínicos recapitulan los observados en 

pacientes de un ensayo clínico fase II. 

El aumento de la expresión de AXL a nivel de ARN mensajero tras la adquisición 

de resistencia a trastuzumab indica un aumento de la actividad transcripcional. Por 

ello, para entender mejor el mecanismo subyacente a la resistencia trastuzumab a 

través de AXL, se investigaron potenciales factores de transcripción que regulan AXL. 

Los resultados de análisis in-silico, la sobreexpresión de JUNB en líneas celulares y 

modelos de xenoinjertos de paciente resistentes a trastuzumab y los experimentos 

de pérdida y ganancia de función indican que el factor de transcripción JUNB puede 

regular AXL como mecanismo de resistencia a trastuzumab. 

Discusión: 

El trastuzumab es un fármaco dirigido a HER2 efectivo y esencial en el 

tratamiento de pacientes con cáncer de mama HER2+. Desafortunadamente, pese a 

su eficacia, un considerable número de pacientes presenta recaídas, y requiere de 

estrategias terapéuticas adicionales. Dada la urgente necesidad de desarrollar 

nuevas estrategias terapéuticas para estas pacientes, el presente estudio se llevó a 

cabo para investigar el potencial papel de la activación de AXL en la adquisición de 

resistencia a trastuzumab con el objetivo de explorar la inhibición de AXL como una 

posible estrategia terapéutica para pacientes de cáncer de mama HER2+ y evaluar 

su potencial como biomarcador pronóstico. 

En base a los resultados obtenidos, se demostró que las células tumorales 

HER2+ con resistencia adquirida a trastuzumab presentan un significativo aumento 

de la expresión de AXL en comparación a las líneas parentales y que esta 

sobreexpresión ocurre en el contexto de la transición epitelio-mesenquimal, lo cual 

coincide con estudios previos. Además, se demostró la implicación de AXL en la 

resistencia a trastuzumab y, lo que es más interesante, la inhibición de AXL mediante 

TP-0903 fue capaz de recuperar la sensibilidad a trastuzumab in vitro. Tras explorar 

el mecanismo que da lugar a la resistencia a trastuzumab a través de AXL, los 

resultados evidenciaron que la activación de AXL emerge a través de la dimerización 
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con HER2 seguido de la activación de las cascadas PI3K y MAPK, lo cual coincide 

con estudios previos que muestran que AXL puede impulsar la señalización 

oncogénica de estas vías en otros tipos de cáncer. La inhibición de AXL simultánea 

al tratamiento con trastuzumab logró una significativa inactivación de estas rutas 

moleculares en todas las líneas celulares, incluyendo las resistentes. Además, se 

demostró que la activación de AXL ocurre de manera independiente de ligando. 

De la misma manera, se confirmaron estos resultados en modelos de 

xenoinjerto derivado de paciente. Tanto las líneas celulares como los tumores de 

xenoinjerto derivado de paciente con resistencia adquirida a trastuzumab presentaron 

sobreexpresión de AXL y su inhibición reestableció la sensibilidad a trasuzumab en 

modelos 2D y 3D. Lo que es más importante, la inhibición simultánea de la actividad 

de AXL y HER in vivo resultó en la completa regresión del tumor resistente a 

trastuzumab sin evidencia de crecimiento tumoral ni efectos secundarios durante el 

tiempo de seguimiento. Estos datos apoyan el potencial de los inhibidores de AXL 

para el tratamiento de cáncer que ha sido anteriormente propuesto en otros estudios 

y sugieren que la combinación de la inhibición de HER2 y AXL podría evitar que las 

células tumorales con resistencia adquirida a trastuzumab escapen al tratamiento, lo 

que genera un posible beneficio a largo plazo para los pacientes con cáncer de mama 

HER2+. 

El análisis de la expresión de AXL en muestras de paciente de cáncer de mama 

HER2+ evidenció su potencial como biomarcador pronóstico. Además, los cambios 

en la expresión de AXL durante en bloqueo de HER2 observados en el ensayo clínico 

PAMELA sugieren la importancia de la sobreexpresión de AXL en el desarrollo de 

resistencia a tratamientos anti-HER2 y el consecuente riesgo de metástasis. 

El aumento de la expresión de ARN mensajero de AXL tras la resistencia a 

trastuzumab indica un aumento en la actividad transcripcional. Estudios previos 

demuestran que la familia de factores de transcripción AP-1 es uno de los principales 

reguladores de AXL y, específicamente, JUNB se ha relacionado con resistencia a 

fármacos en otros tipos de cáncer. En este estudio, se observó sobreexpresión de 

JUNB en los modelos de resistentes a trastuzumab y se demostró que es capaz de 
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regular AXL, lo cual sugiere el papel de JUNB en la resistencia a trastuzumab a través 

de la regulación de AXL. 

Este trabajo arroja luz sobre cómo las células de cáncer de mama HER2+ 

adquiren resistencia a trastuzumab a través de la activación de AXL. Sin embargo, 

futuros estudios dirigidos a entender mejor la activación de AXL en cáncer de mama 

HER2+ aumentarán nuestro conocimiento sobre su contribución a la resistencia a la 

terapia anti-HER2. Estudios sobre la implicación de JUNB en la resistencia a 

trastuzumab, el papel de AXL en el microambiente tumoral en el contexto de la 

enfermedad HER2+ y la resistencia a trastuzumab y la validación de AXL como 

biomarcador en un ensayo clínico prospectivo serían de gran interés. 

Conclusiones: 

En conclusión, este estudio demuestra la importancia biológica de la activación 

de AXL en la resistencia adquirida a trastuzumab en cáncer de mama HER2+. 

Nuestros hallazgos demuestran la heterodimerización de AXL y HER2, la cual induce 

resistencia a través de la activación de las vías PI3K y MAPK. Es importante destacar 

que la combinación de trastuzumab con la inhibición de AXL supera la resistencia a 

trastuzumab tanto in vitro como in vivo. Esta doble inhibición indujo la remisión 

completa del tumor en modelos in vivo de xenoinjerto derivado de paciente sin que el 

tumor volviera a crecer después del seguimiento. La fuerte correlación independiente 

de la expresión de AXL con una peor supervivencia libre de enfermedad y 

supervivencia global en pacientes de cáncer de mama HER2+ sugiere que las 

pacientes con una expresión alta de AXL podrían beneficiarse de la terapia dirigida a 

AXL. 
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1.1. Breast cancer 

Breast cancer (BC) is a heterogeneous disease consisting of uncontrolled 

growth of epithelial cells originating in the ducts or breast lobules 1. 

1.2 Epidemiology: breast cancer stat facts 

Nowadays, cancer remains as one of the leading causes of premature death, 

together with cardiovascular disease 2. In 2020, 19.3 million of new cancer cases 

appeared worldwide and caused 10 million of deaths. Despite lung cancer still 

remains the main cause of cancer death, BC has recently surpassed it as the most 

diagnosed cancer, with 2.3 million new cases per year (11.7%), followed by lung 

(11.4%), colorectal (10%), prostate (7.3%) and stomach cancer (5.6%) (Fig. 1). It is 

estimated that 1 in 8 women will be diagnosed with BC in her life. BC also occurs in 

men, but it is a rare disease which only represents 1% of BC cases 3. Despite being 

the most prevalent cancer type, BC is the fifth cause of cancer death, with 685 

thousand deaths per year (6.9%) (Fig. 1) 4.  
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Figure 1. Estimated number of incident cases and deaths worldwide among both 

sexes (A) and women (B) for the Top 10 Most Common Cancers in 2020. Source: 

GLOBOCAN 2020. 

 

However, regarding women, BC is not only the most diagnosed (1 in 4 cancer 

cases) (Fig. 2A), but also the leading cause of cancer death worldwide (1 in 6 cancer 

deaths) (Fig. 2B) 4. 

Cancer incidence and mortality are increasing in part due to the growth of the 

population, aging and risk factors associated to socioeconomic development. In 

particular, BC incidence rises with annual increase of 3.1% 5 and is 88% higher in 

transitioned than transitioning countries (55.9 and 29.7 per 100,000, respectively), 

being higher in Australia/New Zealand, Western and Northern Europe and Northern 

America. This incidence distribution is related to increased risk factors in developed 

countries such as reproductive factors (advance age at menopause and first birth, 

fewer children, less breastfeeding, oral contraceptives), lifestyle factors (body weight, 
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alcohol consumption) and also to increased and earlier detection due to 

mammography screenings, which considerably reduces mortality 4. 

Screening programs at average risk for BC age decrease mortality rate due to 

early detection and effective treatments. This is the reason why transitioning countries 

have a 17% higher mortality rate in women compared to developed countries (15.0 

and 12.8 per 100,000, respectively), despite having lower incidence 6. 
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Figure 2. World map representative of the most common type of cancer incidence 

(A) and mortality (B) in women in 2020. Source: GLOBOCAN 2020. 
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In particular, around 275 thousand of cancer cases were diagnosed in 2020 in 

Spain, where cancer is the main cause of premature death with 113 thousand deaths. 

Colorectal cancer, followed by prostate, breast, lung and bladder, are the most 

diagnosed cancer types in general population. However, BC is the most diagnosed 

(12%, around 34 thousand cases) and the second cause of cancer death in women 

(14.6%, around 6 thousand deaths) in our country, after colorectal cancer. 

Following the trend of Europe 7, cancer mortality in Spain has considerably 

decreased in the last years due in part to detection screenings and advances in 

therapeutic strategies. Specifically, BC presents a current 5-year survival rate of 80% 

in Spain 8 (GLOBOCAN 2020).  

1.3 Etiology: the origin of breast cancer 

The mammary gland is a dynamic organ that undergoes important changes in 

its epithelium during puberty and reproductive cycles. These changes include 

proliferation, lactation and involution, between others, and are controlled by stem cells 

and highly influenced by hormonal cycles 9. Mammary gland development starts as 

an embryo, involutes after birth and development returns after puberty 10.  

Adult mammary gland is a complex structure composed by a branched system 

of ducts that end in a lobulus formed by alveoli, that are secretory cells for milk 

production. Ducts contain two types of cells: apically oriented luminal epithelial cells 

in the inner layer and basally oriented contractile myoepithelial cells in the outer layer 

for contraction during lactation (Fig. 3). During lactation a process of rapid 

differentiation and proliferation of stem cells is required and once it is finished the 

gland involutes 11,12. Normal development of the mammary gland is controlled by 

several signaling pathways and driven by stem cells, and it is evidenced that these 

same pathways, such as TGF-β, Wnt, FGF-Hedgehog, EGF, Estrogen and Notch, are 

deregulated and implicated in BC disease 9,13–17.  
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Figure 3. Anatomy of the mammary gland. Adapted from Harbeck et al., 2019. 1 

A comprehensive understanding of the etiology of BC is a current paradigm 

which will help to identification of new treatments and prevention strategies. 

Nevertheless, the specific mechanism by which BC is originated and how its formation 

and progression occur is still unknown 1.  

Regarding BC cell origin, two models are accepted and both of them might be 

simultaneously implicated in breast tumor development: first, the clonal evolution 

model, by which cells accumulate mutations and epigenetic modifications that provide 

advantage to survive and proliferate; second, the cancer stem cell (CSC) model, by 

which CSC initiate and maintain breast tumor progression. In addition to this 

complexity, it is also suggested that CSC may also evolve by a clonal manner during 

progression or following therapeutic interventions 1,18,19. Given that breast stem cells 

(BSC) are long-time tissue residents, these are susceptible to accumulate mutations 

that could deregulate their normal self-renewal ability and lead to CSC. Two scenarios 

have been proposed as link between tumor-initiating cells and BC subtypes: first, the 

“cell of origin” model: BSC gives rise to a common progenitor that differentiates into 

luminal or myoepithelial progenitors, which later differentiates into myoepithelial or 

lobular or ductal epithelial cells, respectively; each subpopulation presents a gene 
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signature similar to one of the BC subtypes, being the link between population of origin 

and BC subtype. Second, “genetic factors” model: the tumor-initiating cells are derived 

from the common progenitor cell and can originate any BC subtype by genetic and 

epigenetic events 18,20 (Fig. 4). Nevertheless, the regulators of the differentiation 

pathways and, consequently, their relationship with BC subtypes still remain unclear. 

 

Figure 4. Schematic models of origin of BC subtypes. “Cell of origin” model proposes 

that each subtype derives from a specific cell population, while “genetic factors” model 

proposes that each subtype is determined by specific genetic and epigenetic events. 

Adapted from Polyak et al, 2007 19. 
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Regarding BC progression, two models are proposed for ductal and lobular 

carcinoma. The ductal model proposes a multi-step process in which normal 

epithelium evolves to flat epithelial atypia, atypical ductal hyperplasia, ductal 

carcinoma in situ (DCIS) and invasive ductal carcinoma. The lobular model 

recognizes only two steps before lobular invasive carcinoma: atypical lobular 

hyperplasia and lobular carcinoma in situ (LCIS) 18. Invasive carcinomas will finally 

evolve to metastatic disease 19. 

At molecular level, BC evolves by one of these two molecular pathways: “low 

grade-like” pathway, characterized by a gene signature associated to estrogen 

receptor-phenotype; and “high grade-like” pathway, characterized by gene signature 

related to proliferation and cell cycle. As indicated by denomination, most low and 

intermediate grade tumors are associated to the first pathway and most high grade 

tumors are defined by second pathway, although a small percentage of tumors are 

exceptional and heterogeneous 1,21.  

It is to highlight that all the proposed models for BC initiation and progression 

could be oversimplified, as recent studies demonstrate that tumors are composed by 

several clones with different genetic alterations. Both, stem cells and differentiated 

progenitors, could experience malignant transformation by clonal evolution which 

confers a high intratumor heterogeneity 14,22. This cellular heterogeneity represents a 

major therapeutic challenge. In addition, other non-neoplastic cells, as inflammatory 

and endothelial cells, fibroblasts, adipocytes and other types of cells, and also 

extracellular matrix molecules, are part of the tumor microenvironment and 

orchestrates BC development and progression by bidirectional signaling 18,19. 

The currently published studies are only the beginning of the deciphering mission 

about BC origin and evolution, however our understanding of factors implicated in 

tumor progression are still far behind.  

 

 



CHAPTER 1 

 

50 
 

1.4 Risk factors for breast cancer 

Several conditions have been defined to increase the probability to suffer BC, 

thus considered risk factors. BC risk factors can be divided into two groups: genetic 

alterations and environmental risk factors that alter cellular functions. 

1.4.1 Genetic risk factors 

Between the genetic risk factors, the fact of being a woman is the main factor 

increasing probability to develop BC. Women have 100 times more chances to 

develop the disease than men. 

Previous BC cases in first-degree relatives duplicate the chance to develop the 

disease 23,24. Genetic inherited mutations are responsible of around 10-15% of BC, 

and this genetic susceptibility is driven by highly penetrant dominant autosomal genes 

25. Between them, BRCA1 and BRCA2 mutations, involved in DNA repair through 

homologous repair 26, are the most common, increase around 60% and 45% the 

lifetime risk of BC, respectively 27, and are also related to ovarian cancer 27. In addition 

to BRCA, other inherited mutated genes involved in DNA repair and genomic integrity, 

such as ATM, TP53, CHK2, PTEN, CDH1, STK11, PALB2,  increase BC risk 19,23,28–

31. Genetic testing in women with previous familiar BC, would increase the chance for 

early detection and successful treatment.  

1.4.2 Non-genetic risk factors 

Non-genetic risk factors are also involved in BC predisposition, in fact around 

85% of BC patients do not have family history of the disease. Between them, some 

are referring to genetic mutations caused by lifestyle and others are non-depending 

on oneself circumstances such as aging 32: most of the BC cases are diagnosed over 

the age of 50 17. Some of these risk factors are summarized next. 

Ethnicity: Probability to develop BC is higher in Caucasian than African-

American women. Nevertheless, African-American women present the highest 
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mortality and incidence at low age. The lowest risk and mortality of BC is observed in 

Asian, Native American or Hispanic women 24,33,34. 

Breast conditions and pathologies: high breast density, non-proliferative lesions 

such as fibrosis, calcifications, papilloma, mild hyperplasia or mastitis and proliferative 

lesions such as fibroadenoma, ductal or lobular hyperplasia, sclerosing adenosis and 

LCIS, increase BC risk 23,34–38. Besides, radiation treatment for previous pathologies 

such as Hodgkin’s disease also increases BC risk 39. 

Regarding to risk factors related to lifestyle and personal conducts:  

Use of hormonal therapy: contraceptive strategies using hormones 23,40–42 and 

use of estrogens and progesterone to relieve the symptoms of menopause and to 

prevent osteoporosis 43,44 considerably increase the risk of BC. 

Other lifestyle factors such as alcohol consumption 45,46, overweight 47,48, not 

breastfeeding or not giving birth or do it after 30 years old, early menstruation and late 

menopause, that increase the time of exposure to hormones 49, and lack of physical 

activity 50 are directly related to increased risk of BC. 

1.5 Diagnosis and detection of breast cancer 

Given that early-stage BC has the best outcome and response to treatment, 

diagnosis in the very initial steps of the disease is one of the major issues in the clinic. 

Population screening of BC using mammography has been demonstrated to be the 

best strategy for early detection, to enable efficacy of the therapies and to reduce in 

20% the risk BC death 51. The small percentage of women diagnosed nowadays with 

advanced BC (around 5%) in comparison of approximately 44% of the cases 

diagnosed at early-stage gives evidence that mammography represents the best 

available screening option for BC 52. 

Mammography screening is currently implemented in most of the health systems 

from developed countries. According to the World Health Organization (WHO) 

recommendations, screening mammography is performed in women between 50 and 
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69 years old and since younger age in the case of family history of BC. However, 

several harms have been debated paying special attention to false-positives and 

overdiagnosis which would lead to unnecessary overtreatment 51,53. Ultrasonography, 

magnetic resonance imaging and digital breast tomosynthesis are also used to 

improved detection in women with high breast tissue density 54. 

Diagnosis for women experiencing BC symptoms such as pain, lump, skin 

changes or positive mammography consists of a triple test: clinical examination, 

imaging and needle biopsy, performed before initiation of any treatment 55. A standard 

pathology report providing specific details about tumor classification is indispensable 

for an optimal patient management, as described in the next section. 

1.6 Classification and staging of breast cancer 

In the case of invasive carcinoma, pathology report may include staging, 

histological grade and classification, and pathological subtype of the tumor. In the last 

years, molecular subtyping has also been implemented to better understand tumor 

biology. 

1.6.1 TNM classification 

The most extended and universally used system for BC staging is the TNM 

system, which is published by the American Joint Committee on Cancer (AJCC) and 

the Union for International Cancer Control (UICC). This system traditionally evaluated 

tumor size (T), lymph node involvement (N) and distant metastasis (M) and classified 

BC in different staging groups, from stage I (early-stage of disease) to stage IV 

(advanced or metastatic disease). A simplified description of traditional score system 

is described in table S1. 

However, since 2018, TNM implemented some changes as incorporation of 

biomarkers (estrogen receptor (ER), progesterone receptor (PR), Human Epidermal 

Growth Factor Receptor 2 (HER2) and Ki67) and histological grade, that modified the 

traditional TNM staging system 56. It is estimated that approximately 40% of BC 
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patients classified with previous system would change stage grouping with the new 

TNM system (Table S2), which is considered the most accurate and precise staging 

system for prognostication and clinical management 56,57. Regarding prognosis, 5-

year survival rate of patients diagnosed at stage I arises 100%, 92% for stage II, 75% 

for stage III, and approximately 26% for stage IV BC patients 52. The stage should be 

determined at baseline assessment before any treatment nor intervention to the 

patients and is based on physical exploration and imaging 57,58. 

1.6.2 Histological grading 

Histological grading represents the morphological assessment of tumor 

characteristics and classifies breast tumors based on the percentage of tubule 

formation, the variation of nuclei size and shape of the cells (anisokaryosis) and the 

number of mitosis, according to Nottingham Grading System 59. Tumors are classified 

as G1-well differentiated, G2-moderately differentiated or G3-poorly differentiated, 

which reflect the aggressiveness and are directly associated with prognosis. High 

grade BC generally metastasize or recur within 8 years after diagnosis, while low 

grade tumors show a good outcome and are less likely to recur or recur later in 

lifetime. G2 tumors show intermediate outcome, however they tend to recur after a 

long-term. This information also helps in the clinical management of BC patients 60. 

Nevertheless, histological grading has been proven to have limited prognostic 

potential in HER2-positive (HER2+) and triple negative BC, given that most of these 

tumors are G3, and in metastatic disease. Conversely, the recent high-throughput 

technologies have opened the door to new opportunities to classify BC based on gene 

expression patterns that could replace histopathology as the gold standard for BC due 

to its reproducibility and potential in all BC subtypes 60. 

1.6.3 Histological classification 

Histological classification of BC based on the WHO guidelines remains the gold 

standard of classification and divides BC tumors in 19 subtypes and their 

subclassifications 61.  
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No special type carcinomas include tumors that do not fit into specific subtypes, 

and are frequently referred as “ductal invasive carcinomas” because of their ductal 

origin. This group represents around 70-75% of BC cases. Cells are pleomorphic, 

present prominent nuclei and high mitosis and vary in shape and size 1,61,62. 

Lobular invasive carcinomas represent 10-15% of BC and include tumors with 

lobular origin. Cells are typically rounded, uniform, small, non-cohesive and present 

single-file infiltration of the stroma as a growth pattern. This BC subtype is more 

frequent in post-menopausal women and characterized by loss of E-cadherin 61,62. 

Special type carcinomas are rare and infrequent and can be classified into 17 

groups: mucinous, tubular, papillary, medullary, neuroendocrine, metaplastic, 

micropapillary, apocrine, cribriform, lipid-rich, secretory, oncocytic, adenoid cystic, 

acinic-cell, glycogen-rich, sebaceous and mixed special type carcinoma. Some of 

them such as mucinous, cribriform, medullary or  carcinoma have good prognosis and 

others like pleiomorphic lobular, high-grade metaplastic, and micropapillary have 

poorer clinical outcome 1,63.  

1.6.4 Pathological subtypes  

Determination of ER, PR and HER2 status is recognized by international 

guidelines. These biomarkers are routinely tested by immunohistochemistry (IHC) of 

formalin-fixed paraffin-embedded (FFPE) tissue samples from core biopsy and are 

essential for BC therapy decision. HER2 could be also assessed by in situ 

hybridization assays, especially in those cases with ambiguous IHC. Together with 

these receptors, Ki67 expression is determined by IHC in tumor biopsy as an indicator 

of tumor cells proliferation. Despite its determination is not standardized, normally a 

cut-off of 14% stained nuclei is accepted to consider low or high proliferation 64. 

In clinical terms, expression of these biomarkers leads to four subtypes of BC 

based on routine pathology: luminal A (ER+, PR+/-. HER2-, Ki67 low), luminal B (ER+, 

PR+/-. HER2-, Ki67 high), HER2+ (ER+/-, PR+/-. HER2+, any Ki67) and triple negative 

(ER-, PR-. HER2-, any Ki67) (Table 1). 
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Table 1. Pathological classification of BC subtypes. 

 

Luminal BC represents approximately 70% of BC cases and is most common in 

postmenopausal women. However, this subtype presents the best 5-year survival rate 

(92%), related to the availability of targeted therapies. ER-negative PR-positive (ER-

PR+) tumors are extremely infrequent, but would be included into luminal subtype 65,66.  

HER2+ BC subtype could be subclassified into pure HER2+, which is negative 

for hormonal receptors (HR-), and luminal-HER2, which in addition to HER2 is also 

positive for HR 66. HER2+ BC represents 15-20% of BC cases and has a 5-year 

survival rates of 89% for luminal-HER2 and 83% for pure HER2+ BC. This subtype 

was considered of worse prognosis until the approvement of anti-HER2 targeted 

therapies some decades ago, that considerably improved clinical management 65. 

Triple negative includes 10-15% of BC. It presents the worst prognosis with 70% 

5-year survival rate, due to the aggressive behaviour of the tumor, but also to the lack 

of targeted therapies, which makes chemotherapy as the only available treatment 

option 65. 

1.6.5 Molecular intrinsic subtypes 

Molecular intrinsic subtypes of BC were first proposed by Perou et al. in 2000 67. 

Since then, 6 subtypes have been accepted and deeply studied: luminal A, luminal B, 

HER2-enriched (HER2-E), basal-like, claudin-low and normal-like. Intrinsic subtype 

classification captures the majority of biological diversity of BC and its importance lies 

Subtype ER PR HER2 Ki67 

Luminal A + +/- - <14% 

Luminal B + +/- - ≥14% 

HER2+ +/- +/- + Any 

Triple negative - - - Any 
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on its value to predict prognosis and treatment response 68–70. In this context, a 50 

genes signature (PAM50) was developed and clinically validated to properly identify 

the intrinsic subtypes and predict patient’s outcome 69. Despite, they overlap in most 

cases, molecular subtypes are not fully recapitulated by IHC classification (Fig. 5). In 

around 30% of the cases, pathological subtypes do not correspond to intrinsic 

subtype. In particular, 80% of triple negative BC group in basal-like group, and the 

concordances of luminal A, luminal B and HER2+ are approximately 60%, 50% and 

50%, respectively 70, thus intrinsic subtypes could complement clinical subgrouping. 

Since 2013, St. Gallen International Breast Cancer Conference agreed that intrinsic 

subtypes should be taken into account for BC therapeutic management 71. 

Nonetheless, intrinsic classification is not fully applicable to the clinic nowadays, 

because it is not completely standardized and requires a considerable economical 

outlay. 

 

Figure 5. Distribution of ER+/HER2+, ER+/HER2-, ER-/HER2+ and ER-/HER2- clinical 

groups in each intrinsic subtype. Adapted from Prat et al, 2010 70. 
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Luminal A BC represents around 40% of the cases 70. It is characterized by 

expression of genes activated by ER, low expression of cell cycle/proliferation genes, 

low number of mutations and chromosomal copy-number alterations and low 

histological grade. 67–69. Luminal A patients have the best prognosis and the lowest 

risk of relapse with 10-year overall survival (OS) of 70% and 15-year relapse rate of 

27.8%. Regarding site of metastasis, tumors tend to metastasize preferentially to 

bone (18.7%). Luminal A BC have low response to chemotherapy but show high 

benefit from adjuvant therapy with aromatase inhibitors 71–73 

Luminal B subtype supposes around 20% of BC 70,71. It shows higher expression 

of cell cycle/proliferation genes but less of luminal-related genes, more DNA 

mutations and copy-number alterations than luminal A BC, together with lower 

disease-free survival (DFS) rates. Bone is also the most common metastatic site 

(30%), but recurrence in other sites such as liver (13.8%) are also observed 69,71. This 

subtype shows worse response to hormonal therapy than luminal A and better 

response to neoadjuvant chemotherapy, but still lower than HER2-E or basal-like 74.  

HER2-E BC represents around 15% of the cases 70. These tumors are 

characterized by high expression of ERBB2, high proliferation, low expression of 

luminal genes and almost no expression of basal cluster genes. The incidence of 

mutations, in particular in TP53 and PI3KCA,  is high in this subtype 69,71,72. HER2-E 

BC is related to poor prognosis, short OS and DFS rates which have recently 

improved with anti-HER2 therapies. HER2-E tumors show high benefit from anti-

HER2 therapy and present high response to neoadjuvant chemotherapy 71. 

Basal-like intrinsic subtype represents 20% of breast tumors 70,75. This subtype 

is characterized by lack of expression of ER, PR and HER2, high expression of 

proliferation genes, intermediate expression of HER2-related genes and low 

expression of luminal genes 69,72. It is commonly associated to young age BC, high 

histological grade, size and lymph node affection. Normally, this subtype includes 

tumors with high infiltrating pattern and high mitotic index, BRCA1 and TP53 

mutations and chromosomal instability 75.  Basal-like tumors have poor prognosis as 

they are aggressive and tend to metastasize in visceral organs, mainly nervous 
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system, lymph nodes and lung and present a high relapse rate within the 3 years after 

diagnosis 71,75. However, basal-like tumors are highly sensitive to chemotherapy, thus 

it may be the possible standard of care for these patients, specially crosslinking 

agents such as platinum 72. 

Claudin-low was the last identified subtype and represents around 12% of BC. 

These tumors are normally high grade and negative for ER, PR and HER2. Most of 

them are invasive ductal carcinoma with metaplastic and medullary differentiation, 

present stem cell properties, mesenchymal phenotype and tumor initiating cell 

characteristics 76,77. Its gene expression features are low expression of proliferation, 

luminal and cell adhesion genes and high expression of immune system response 

genes, that associates with immune infiltration of claudin-low tumors, which is the 

main difference with basal-like 70. BC patients with claudin-low tumors present poor 

prognosis compared to luminal A, but similar to other intrinsic subtypes. They usually 

present some insensitivity to neoadjuvant chemotherapy, however their response is 

still higher than luminal tumors 70. 

Only 3% of breast tumors fall in normal-like subtype and show high expression 

of genes typically expressed in adipose tissue or non-epithelial cells and basal 

epithelial genes and low expression of luminal cluster genes 69. These tumors usually 

present low cellularity and are composed by a high percentage of normal breast cells. 

Given that some normal-like tumors group with normal healthy samples, some 

clinicians and researchers question the existence of this subtype. In any case, it is 

accepted that a very accurate healthy tissue control should be use to properly 

distinguish normal-like BC tissue 78. Based on the currently available information, 

larger studies should be performed to validate the existence of this intrinsic subtype 

70. 
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1.6.6 Gene expression platforms for breast cancer classification 

Since gene expression patterns have been identified in breast tumors and 

correlated to distinct biological behaviour and response to specific treatments, gene 

signatures have emerged as new predictors of response to therapy and patients risk 

stratification 68. Multiple tests are currently available that analyze different, and 

sometimes overlapping, clusters of genes and successfully predict DFS. However, 

they require further validation in larger cohorts of patients to provide sufficient 

robustness and accuracy to be used in the clinic 68,79,80. Among the available tests, 

PAM50, Mammaprint and Oncotype DX should be detailed.  

PAM50 allows to classify BC tumors into intrinsic subtypes based on analysis of 

50 genes and provides a risk of recurrence score to predict relapse-free survival (RFS) 

of patients with no adjuvant therapy 81,82. Albeit it is still investigational PAM50 assay 

is the most well described and reliable classifier of BC tumors nowadays and its 

potential remains significant in multivariate models. Besides, it can be performed in 

fixed tissue which is usually available in laboratories 82–86.  

Mammaprint test analyzes expression of 70 genes related to proliferation, 

invasion and angiogenesis and classifies patients into low or high risk of recurrence 

87. It is approved by FDA for specific groups of patients, adds additional prognostic 

value to clinic-pathological risk estimations and has been validated in several 

retrospective studies 87–91. Mammaprint is mainly recommended for luminal BC and 

clinical trials suggest that low score patients can avoid chemotherapy 92. Nonetheless, 

Mammaprint requires to be performed in frozen tumor samples, which associates with 

complex logistic. 

Oncotype DX is the most used predictive and prognostic test in the clinical 

practice. It is based on expression of 21 genes, mainly related to proliferation, ER and 

HER2 signaling pathways. This test is performed in FFPE samples from HR+ BC 

patients’ and allows to classify them into low, high or intermediate risk of recurrence 

93. Its potential has been retrospectively validated in several cohorts 94–97. Oncotype 

DX score has changed management of around 35% of patients and decreased 
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adjuvant chemotherapy treatments, which makes it a reasonable assay for therapy 

decision. It is suggested by American Society of Clinical Oncology and the National 

Comprehensive Cancer Network 79,98–101. Promising results from clinical trials will 

validate the potential of Oncotype DX 80,102,103. 

1.7 Treatment of breast cancer  

BC treatment consists in eliminating primary tumor and metastatic lesions and 

preventing recurrence. Treatments are classified into local and systemic and can be 

used alone or in combination. Regardless tumor subtype, locoregional therapy of early 

BC consists of a surgery to remove primary tumor and affected axillary lymph nodes. 

Breast conservative surgery is the primary surgical goal and it is preferred than 

mastectomy, nevertheless, decision is based on breast size, comorbidity and patient’s 

choice 66,104,105. Sentinel node biopsy would be performed during surgery and minimal 

axillary dissection should be addressed to avoid morbidity 64,66. 

Local radiation therapy is indicated for early BC patients with lymph node 

involvement or patients that underwent conservative surgery. It has been proven to 

decrease around 75% the risk of local recurrence, however distant metastasis 

depends on other risk factors and response to systemic therapy 64,106. 

Most of non-metastatic BC patients are eligible for surgery, however most of 

them also need systemic therapy, which could be classified into two main strategies: 

neoadjuvant therapy, given before surgery in patients with large tumors to reduce 

tumor burden or in cases where pathological complete response (pCR) has a 

prognostic value; and adjuvant therapy, given after surgery if required by surgical 

results or if it exists risk of recurrence. 

The systemic therapies used for BC treatment are chemotherapy, endocrine 

therapy, and molecular targeted therapy. First therapeutic decision is mainly based 

on tumor burden and molecular pattern.  

In general terms, endocrine therapy is indicated for early HR+ tumors, however 

the need and benefit of chemotherapy for these patients remain a challenge and 
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decision could be helped by the use of the available gene expression tests explained 

above 1,66. The main endocrine therapy agents are selective ER modulators, such as 

tamoxifen, and aromatase inhibitors, such as letrozole or anastrozole. Standard of 

care for HR+ BC consists of 5 years of endocrine therapy after surgery. Currently, the 

use of CDK4/6 inhibitors plus endocrine therapy is being evaluated for this group of 

BC patients 1. 

In the case of early HER2+ BC, neoadjuvant chemotherapy plus dual HER2 

blockade with trastuzumab plus pertuzumab is the standard of care, given that pCR 

associates with DFS and OS and response to adjuvant therapy 107. If pCR, adjuvant 

HER2 blockade will be maintained for 1 year, and if non-pCR therapy will consist of 

T-DM1 (trastuzumab-emtansine conjugate) 1,64,66,108. 

Early triple negative BC standard of care consists of neoadjuvant chemotherapy. 

In the case of non-pCR, adjuvant chemotherapy with capecitabine improves DFS and 

OS 64,66,109,110. No targeted therapy is still available nor validated for triple negative BC 

as mentioned before. 

Nevertheless, when diagnosed at inoperable locally advanced or metastatic 

stage, BC is considered an incurable, but treatable, disease as metastasis is the main 

cause of BC death. Metastatic BC patients’ treatment mainly consists in relieving 

symptoms and prolonging their good-quality life. Evaluation of systemic and 

locoregional treatment will aim to reduce the risk of death because of metastasis.  

Regarding resection of primary tumor in de novo metastatic patients and 

resection of metastatic lesions each particular case should be discussed 111,112. 

Radiation therapy is an option for alleviating symptoms from bone, brain and soft 

tissue metastasis and should be adequate for each individual 66,113. Besides, radiation 

therapy may induce an immune response that could stimulate microenvironment, 

which is currently arousing research interest. Systemic treatment of advanced BC, as 

in the early setting, is guided by tumor biology. That is the reason why a biopsy of the 

first metastasis would be recommendable to assess changes from primary tumor. 

Some drugs have been recently approved in the metastatic setting such as CDK4/6, 
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mTOR and phosphatidylinositol 3-kinase (PI3K) inhibitors for luminal BC, 

trastuzumab-deruxtecan for HER2+ BC and immunotherapy for triple negative BC 114. 

Independently of the subtype and status of the disease, individualized treatment 

is the main current challenge in the clinics. Personalized treatment would decrease 

toxicities and improve outcome and quality of life of BC patients.  

1.8 HER2-positive breast cancer 

HER2 is a member of the HER family membrane tyrosine kinases, which 

includes EGFR (also named as HER1), HER2, HER3 and HER4 receptors. HER2 is 

a 185 kDa transmembrane glycoprotein encoded by the proto-oncogene HER2/neu 

(also known as c-erbB-2) mapped in chromosome 17q12 115–117. 

HER family proteins comprise a cysteine-rich extracellular ligand binding 

domain, a lipophilic transmembrane segment and an intracellular tyrosine kinase 

domain with a regulatory carboxyl-terminal segment. After ligand binding, HER 

proteins extracellular domains undergo dimerization and transphosphorylation. 

However, a particularity of HER2 is the absence of a known ligand, thus it acts as a 

co-receptor enabling to form homo- and heterodimers with other tyrosine kinases, 

preferentially HER3, to be activated. The preference for HER2-HER3 dimer happens 

due to the special characteristics of HER3, which lacks some residues in the catalytic 

domain and has six binding sites for p85 subunit of PI3K, thus making it the most 

potent mitogenic combination. The phosphorylated residues participate in a complex 

signaling network and activate downstream pathways involved in proliferation, 

angiogenesis, survival, differentiation, apoptosis, invasion and metastasis. Between 

the pathways activated by HER2 phosphorylation RAS/RAF, MAPK, JAK/STAT and 

PI3K/AKT/mTOR are the most studied 117 (Fig. 6). 
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Figure 6. Heterodimer formation of HER proteins and downstream signaling and 

approved and emerging HER2-targeted agents. HER family receptor tyrosine kinases 

form homo- and heterodimers leading to a phosphorylation of their intracellular tyrosine 

kinase domain and initiating downstream oncogenic signaling pathways such as RAS/RAF, 

MAPK, JAK/STAT and PI3K/AKT/mTOR, which control survival and proliferation. Seven 

HER2-targeted agents are currently approved by FDA for HER2+ BC. Monoclonal 

antibodies: trastuzumab and pertuzumab; small molecule tyrosine kinase inhibitors: 

lapatinib, neratinib and tucatinib; and two antibody-drug conjugates: T-DM1 and 

trastuzumab-deruxtecan. Other anti-HER2 agents are currently under development. 

Adapted from Bredin et al, 2020 118 
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In 1987, Slamon and colleagues identified expression of HER2 in around 30% 

of 189 breast tumor samples 119. In general population, HER2+ BC accounts for 15-

20% of BC cases and 50% of them are also HR+. HER2+ BC is defined by evidence 

of HER2 protein overexpression, commonly caused by gene amplification. HER2 

overexpression is normally 100 times higher in cancer cells than normal cells and is 

measured by IHC and defined as 3+ or positive, 2+ or intermediate and 1+ or negative, 

based on number of receptors per cell (2 million, 500 thousand or 20 thousand, 

respectively). In those cases of intermediate equivocal HER2 overexpression (2+), 

Fluorescence In Situ Hybridization (FISH) is used to measure HER2 gene copy 

number by HER2/CEP17 ratio 120,121. HER2+ breast tumors are characterized by an 

aggressive biological and clinical behaviour, given that HER2 mediates signaling in 

cancer cells leading to a high proliferation 117,119,122. 

In the absence of treatment, HER2+ breast tumors present poor prognosis and 

tend to metastasize, regardless of their HR expression. Initial studies by Slamon et 

al., revealed that median OS of HER2+ BC patients was 3 years compared to 6-7 

years of those HER2- BC patients. 119,122. In the same trend, Kennecke et al., observed 

a 10-year OS of 46.1 and 48.1% in luminal-HER2+ and HER2+ BC patients, 

respectively, compared to 70% in luminal BC patients. Regarding relapse after 15-

years follow-up, only 27.8% of luminal A BC patients relapsed compared to 47.9 and 

51.4% of luminal-HER2+ and HER2+, respectively. HER2+ BC patients showed even 

higher percentage of relapse than triple negative patients 73. These and other studies 

demonstrated the high value of HER2 as an independent prognostic biomarker, even 

in multivariate analysis 119,122–124. 

Regarding metastatic potential, around 25 to 50% of advanced HER2+ BC 

patients will develop metastatic lesions. Several studies indicate that this subtype 

presents higher rate of visceral metastasis, in particular in the brain (38.7%) compared 

to other subtypes (25.2% in triple negative and 22% in HR+ BC) 73. A possible reason 

of this high incidence of brain metastasis has been studied and two main hypothesis 

are proposed: on the one hand, the low penetrance of trastuzumab in central nervous 

system makes it less effective against brain metastasis; on the other hand, cancer 
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cells could have specific migration to the brain due to interaction between HER2 and 

HER family ligands present in brain microenvironment 125. 

HER2 positive status has also been associated to therapy resistance such as 

tamoxifen that could be related to a crosstalk between ER and HER2 signaling  126,127, 

and anthracycline-based chemotherapy 128, however there is still some controversy 

about it. 

Despite of the initial poor prognosis of this BC subtype, development of targeted 

therapies against HER2 has considerably improved HER2+ BC patients’ outcome. 

Understanding of HER2 tumor biology and the comprehensive study of HER2 

signaling and HER family proteins’ structure have opened the door to the development 

of specific anti-HER2 targeted therapies, changing the paradigm of clinical practice.  

Introduction of trastuzumab in HER2+ BC therapy decreased the risk of relapse in 

50% and increased survival in more than 30% of the cases 129.  

1.8.1 Current anti-HER2 treatment strategies 

The deep knowledge of HER2 and its low expression in healthy tissue allow a 

suitable therapeutic window for specific targeted treatments with minimum damage to 

non-cancerous cells. Based on this fact, several anti-HER2 drugs have been 

developed and included in the current clinical practice. A variety of agents including 

trastuzumab, lapatinib, pertuzumab, neratinib, T-DM1, tucatinib and trastuzumab-

deruxtecan have been approved for the treatment of HER2+ BC (Fig. 6). 

1.8.1.1 Trastuzumab 

Trastuzumab is a monoclonal antibody and the first anti-HER2 agent developed 

in 1990. Trastuzumab binds the extracellular domain (subdomain IV) of HER2, close 

to transmembrane domain, thus blocking ligand-independent activation of 

downstream signaling. It activates several mechanisms that interfere in HER2 

signaling: inhibition of dimerization, receptor internalization and/or degradation, 

inhibition of PI3K/AKT pathway, cell cycle arrest, induction of apoptosis, inhibition of 



CHAPTER 1 

 

66 
 

angiogenesis, interference with DNA repair, antibody-dependent cellular cytotoxicity 

(ADCC) and recruitment of immune innate effector cells to mediate tumor lysis 

dependent on expression of Fc receptors 129. 

Trastuzumab was the first anti-HER2 agent approved by FDA in 1998 for 

metastatic HER2+ BC after clinical trials demonstrated that, in combination with 

chemotherapy, significantly increased progression-free survival (PFS) from 4.6 to 7.4 

months and OS from 20.3 to 25.1 months 130. Currently, triple agent trastuzumab plus 

pertuzumab plus taxanes is the first-line treatment in metastatic patients 131. Later in 

2005, it was included in adjuvant setting for early-stage HER2+ BC, given that addition 

of trastuzumab increased in 8.4% and 12% 2-year and 3-year DFS, respectively, and 

reduced a 33% the risk of death 108,132. Adjuvant trastuzumab is recommended by US 

and St. Gallen European guidelines after several large trials demonstrated a 

significant increase in DFS and OS by trastuzumab monotherapy or plus 

chemotherapy 129,133. In the neoadjuvant setting, addition of trastuzumab to 

chemotherapy improves pCR rates and DFS in early-stage HER2+ BC 134,135. 

Trastuzumab has been the standard of care for both early and advanced HER2+ 

BC for two decades. Currently, standard trastuzumab therapy remains 12 months in 

combination with chemotherapy for appropriated time, preferentially taxanes, in early 

HER2+ BC and trastuzumab until progression or toxicity in advanced HER2+ BC. 

Trastuzumab is generally well-tolerated, but cardiac events, such as decrease in left 

ventricular ejection fraction, are a concern. Recently, subcutaneous formulation of 

trastuzumab has been approved to reduce toxicity while maintaining efficacy 136. 

1.8.1.2 Lapatinib 

Lapatinib is an orally administrated, reversible tyrosine kinase inhibitor (TKI) of 

EGFR and HER2 receptors tyrosine kinase (RTKs) that supresses downstream 

pathways such as MAPK/ERK and PI3K/AKT 129. As it is a small molecule, lapatinib 

could penetrate the blood–brain barrier and thus prevent or treat central nervous 

system metastasis as shown in several clinical trials 137,138. 
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In HER2+ BC patients who experienced disease progression to trastuzumab plus 

chemotherapy, lapatinib significantly increased PFS with no increase of toxicity, 

leading to FDA approval in 2007. Importantly, despite lapatinib is less effective and 

more toxic than trastuzumab, clinical trials demonstrated superiority of combination of 

both agents than any agent alone 139–142. Nonetheless, later results from ALTO and 

TEACH trials showed no role of lapatinib in the adjuvant setting for early-stage HER2+ 

BC patients, supporting trastuzumab as standard of care 143,144. 

Lapatinib is also recommended together with endocrine therapy in HER2+HR+ 

BC. Addition of lapatinib showed an increase in PFS of 8.2 months versus 3 months 

in postmenopausal advanced HER2+ BC patients 145. 

1.8.1.3 Pertuzumab 

Pertuzumab is a recombinant humanized IgG1 monoclonal anti-HER2 antibody 

with different binding site than trastuzumab. It binds dimerization domain of HER2 

(subdomain II), thus inhibiting ligand-induced heterodimerization, mostly with its most 

potent partner HER3. Pertuzumab inactivates HER2 downstream signaling network, 

including PI3K/AKT/mTOR, RAS/RAF/MEK/ERK and triggers ADCC 129. 

The synergetic effect of pertuzumab and trastuzumab was first demonstrated in 

phase III CLEOPATRA trial. Addition of pertuzumab to trastuzumab and docetaxel in 

HER2+ BC patients significantly increased median PFS from 12.4 to 18.5 months and 

OS from 40.8 to 56.6 months. These results led to approvement of this combination 

therapy in first-line for advanced HER2+ BC 131,146.  Regarding early HER2+ BC, FDA 

approved pertuzumab for neoadjuvant therapy in 2013 based on results from 

TRYPHAENA trial 147. Addition of pertuzumab increased the percentage of pCR 148 

and showed benefit  in terms of 3-years DFS 149. 

1.8.1.4 T-DM1 

T-DM1 is an antibody–drug conjugate consisting of trastuzumab linked to the 

tubulin-binding agent DM1 (emtansine) via a stable thioether linker. This drug is based 

on a dual mechanism: selective deliver of high amount of toxin to HER2 
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overexpressing cells combined with activation of ADCC and inhibition of HER2 

signaling by trastuzumab, which leads to minimum side effects in normal cells 150.  

T-DM1 was approved by FDA in 2013 for advanced HER2+ BC patients that 

progressed to trastuzumab plus taxanes based on results from phase III EMILIA trial 

that showed superiority of T-DM1 over lapatinib plus capecitabine 150,151. Moreover, 

T-DM1 showed benefit upon progression of second-line therapies in comparison with 

physician’s choice therapy in terms of OS 152. First-line T-DM1 is recommended for 

locally advanced or metastatic HER2+ BC patients who are not suitable for taxane-

based therapy 153. Regarding early-stage HER2+ BC, T-DM1 is currently being 

explored in phase III trials. 

1.8.1.5 Neratinib 

Neratinib is an oral TKI that irreversibly inhibits HER1, HER2 and HER4 and, 

consequently, PI3K/AKT and MAPK pathways 129. It was approved by FDA in 2017 

for adjuvant treatment of early-stage HER2+ BC based on results of phase III ExteNet 

trial. Data showed a 5-years DFS rate of 90.2% in neratinib group versus 87.7% in 

placebo group in patients previously treated with adjuvant trastuzumab 154. In the 

metastatic setting, FDA approved neratinib in 2020 in combination with capecitabine 

based on clinical benefit, in terms of PFS, observed in phase III NALA trial 155. 

1.8.1.6 Tucatinib 

Tucatinib is a selective TKI that specifically inhibits HER2 and HER3 

phosphorylation and downstream pathways. In 2020, FDA approved tucatinib in 

combination with trastuzumab and capecitabine for the treatment of advanced or 

metastatic HER2+ BC based on results of phase II HER2CLIMB trial. Both, PFS and 

OS, experienced a significant increase compared to placebo 156.  

1.8.1.7 Trastuzumab-deruxtecan  

Trastuzumab deruxtecan (DS-8201) is an antibody-drug conjugate comprised of 

trastuzumab, a cleavable drug linker, and a topoisomerase I payload. 
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It received approval by FDA in 2021 for unresectable or metastatic HER2+ BC 

with two prior lines of anti-HER2 therapy based on results of phase II DESTINY-

Breast01 trial. DS-8201 is currently under evaluation in phase III trials 157. 

1.8.1.8 Novel anti-HER2 agents 

Although currently available anti-HER2 agents have demonstrated high 

efficiency, development of new therapeutic strategies is under investigation with the 

aim of facing the problem of drug resistance. Some of the novel potential future anti-

HER2 drugs are included in table 2. 

Table 2. Summary of anti-HER2 agents under evaluation in clinical trials 157,158. 

Drug Type of agent Study phase 

Margetuximab 
(MGAH22) 

Anti-HER2 antibody III 

Zenocutuzumab 
(MCLA-128) 

Anti-HER2 and HER3 antibody II 

ZW25 Anti-HER2 antibody IB/II 

PRS-343 Anti-HER2 and CD137 antibody I 

Pyrotinib HER1, HER2 and HER4 TKI III 

Poziotinib pan-HER2 TKI II 

Afatinib HER1, HER2 and HER4 TKI III 

Trastuzumab-
duocarmycin (SYD985) 

antibody-drug conjugate III 

Others: 
PF06804103, ARX-788, 

RC48, XMT-1522, 
MEDI4276, ZW49, ZW33 

antibody-drug conjugate I 

 



CHAPTER 1 

 

70 
 

1.8.2 The challenge of anti-HER2 resistance: involved mechanisms and 

proposed therapeutic strategies. 

Despite the evident improvement of HER2+ BC disease management and the 

effectiveness of anti-HER2 therapies, still around 20% of HER2+ BC patients 

experience relapse leading to a metastatic disease, that nowadays is considered 

incurable. 

Disease relapse may occur due to resistance to anti-HER2 agents that could be 

acquired or de novo. De novo resistance refers to those patients that do not obtain 

any benefit from the therapy due to any specific biological characteristic of the tumor 

prevalent at the initial time; and acquired resistance includes patients that initially 

respond to the treatment but later experience disease progression, this fact is usually 

derived from mechanisms that emerge during treatment owing to selection of newly 

resistant subclones. 

Four major mechanisms have been described to be involved in anti-HER2 

therapy resistance: impediments of drug binding to HER2, failure to trigger immune 

response, deregulation of components of downstream signaling pathways and 

upregulation of alternative pathways. Recently, the role of tumor microenvironment in 

eliciting immune response leading to resistance to therapy has also been of interest 

(Fig. 7). 

Thus, the main challenge in the last years has been to decipher the mechanisms 

underlying anti-HER2 resistance, to identify biomarkers that could predict response 

to treatment and to develop new therapeutic strategies to overcome resistance. 

Personalized therapy is the ultimate goal of oncologists, thus increasing clinical 

benefit and reducing toxicity for each particular BC patient. Treatment de-escalation 

by omission of chemotherapy also shows promising results in trials and is currently 

being explored. In the era of the precision medicine, oncology focuses on tailored 

treatments with escalation or de-escalation of anti-HER2 and chemotherapy based 

on specific tumor biology and clinical features of each individual 159. 
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Figure 7. Major mechanisms of anti-HER2 therapy resistance. Resistance to anti-HER2 

therapy can arise owing to alterations in HER pathway or activation of alternative pathways 

supporting cell survival or proliferation. Some of the described mechanisms of resistance 

are alternative forms of HER2 (p95HER2 or ∆16HER2) and upregulation of mucin 

glycoproteins. When the HER receptor is effectively inhibited, resistance can arise owing 

to the emergence of adaptive ‘escape’ mechanisms, including crosstalk with other 

receptors, alterations in downstream pathways, such as PI3K/AKT due to mutations in 

PIK3CA, loss of PTEN or AKT deregulation; and activation of other pathways such as cell 

cycle or fatty acid metabolism. Immune response from tumor microenvironment can 

participate in resistance. Adapted from Goutsouliak et al, 2019 (121). 

 

1.8.2.1 Impediments of drug binding to HER2 

1.8.2.1.1 Molecular masking: upregulation of mucine 4 glycoprotein 

Mucine 4 (MUC4) is a glycoprotein that belongs to a membrane-bound family of 

mucines that can interact with HER2. MUC4 is aberrantly expressed in BC cells and 

masks trastuzumab binding epitope of HER2 thus hindering drug’s ability to link and 

leading to de novo resistance 160,161.  
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MUC4 expression has been validated as a predictive biomarker of neoadjuvant 

trastuzumab response in HER2+ BC patients’ samples 160. 

1.8.2.1.2 HER2 receptor variants: p95HER2 and Δ16HER2 isoforms 

Two main HER2 isoforms have been described in BC and related to trastuzumab 

resistance: p95HER2 and Δ16HER2. 

p95HER2 is a truncated form of HER2 that lacks extracellular domain. It results 

from two different mechanisms: proteolytic shedding of extracellular domain of full-

length HER2 and translation of the messenger RNA (mRNA) encoding HER2 from 

one internal initiation codon. The 100-115 kDa p95HER2 is efficiently transported to 

the membrane, is active in its kinase domain and is able to homodimerize, to activate 

downstream pathways and to regulate metastasis-related genes that full-HER2 does 

not regulate. The lack of extracellular domain and, consequently, the binding site for 

trastuzumab, leads to trastuzumab innate resistance. Moreover, it has also been 

suggested that a high number of circulating extracellular domains product of cleavage 

can bind trastuzumab competing with the activated HER2 in the membrane for the 

opportunity to interact 162.  

P95HER2 is expressed in 30% of HER2+ BC and correlates with a more 

aggressive and metastatic phenotype than full-length HER2 in in vitro and in vivo 

models and patient’s samples 162,163. Moreover, several authors observed 

trastuzumab resistance in p95HER2 BC in vitro and in vivo 164. P95HER2 expression 

negatively correlates with pCR, DFS and OS in patients treated with trastuzumab and 

is an independent prognostic factor in HER2+ BC 164–166.    

It is to highlight that lapatinib is effective in p95HER2 BC, given that TKI blocks 

both full and truncated HER2 protein. As human breast tumors could simultaneously 

express HER2 and p95HER2, the combination of trastuzumab plus lapatinib might be 

the most efficient treatment strategy as shown in clinical trials 164,167. Besides, 

inhibitors of Heat Shock Protein 90 (HSP90) are also a potential approach to treat 

p95HER2 BC, given that they cause HER2/p95HER2 degradation and subsequent 
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inhibition of PI3K/AKT signaling and tumor growth 168. Promising results are arising 

from clinical evaluation of HSP90 inhibitors plus trastuzumab 169,170, supporting this 

combination as a rational strategy for the treatment of p95HER2 BC.  

Δ16HER2 is a tumor-specific HER2 splicing variant lacking exon 16, which 

encodes a small extracellular region that contains two cysteine residues. The loss of 

these residues changes conformation of HER2 extracellular domain and promotes 

homodimers able of transforming cells 171. 

Δ16HER2 cell lines showed a more aggressive behaviour and resistance to 

trastuzumab, which binds to the epitope in yuxtamembrane region of HER2 that might 

be altered in Δ16HER2 171,172. Δ16HER2 co-expresses with wild type HER2 in around 

50% of BC samples and associates with node-positive BC 172. Specific inhibitors of 

HER2 catalytic activity could be an approach for HER2+ tumors expressing Δ16HER2 

isoform, but further investigation is needed on its role in anti-HER2 therapy resistance. 

1.8.2.2 Failure of immune response activation: Fc receptor dysfunctions  

Trastuzumab activates immune response through ADCC. Immune effector cells, 

mainly natural killer (NK) cells, express Fc-gamma receptors (FcϒR) that bind 

trastuzumab and induce cell lysis. Interaction between Fc receptor and trastuzumab 

is critical for the activation of ADCC.  

Post-translational modifications and polymorphisms of FcϒR, principally  H131R 

in the FcϒRIIA gene and V158F in the FcϒRIIIA gene, have been associated with 

weaker binding affinity for trastuzumab and impaired induced ADCC, thus affecting 

the response to the treatment in HER2+ BC 173,174. However, further investigation 

should be performed to confirm association between FcϒR polymorphisms and 

trastuzumab response 175.  
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1.8.2.3 Reactivation of downstream signaling pathways: PI3K/AKT/mTOR  

PI3K/AKT/mTOR is a powerful downstream pathway activated by RTKs, 

including HER2, is critical for cell proliferation, survival, angiogenesis and metabolism 

and is the most frequently mutated pathway in BC 176.  

Alterations of PI3K/AKT/mTOR pathway are present in 70% of BC. Given that 

the main antitumor activity of anti-HER2 therapy depends on PI3K/AKT/mTOR 

inhibition, constitutive activation of this pathway is one of the most well-described 

mechanisms involved in anti-HER2 resistance, which is mostly originated by three 

main alterations: activating mutations of PIK3CA and PI3K3R1, downregulation of 

tumor suppressors PTEN or INPP4B and AKT deregulation. 

Activating mutations of PIK3CA, the gene encoding p110α catalytic subunit of 

PI3K, have been identified in around 25% of BC. The two most common mutations 

(E545K and H1047R) result in increased PI3K signaling and seem to be implicated in 

de novo resistance to anti-HER2 agents in vitro 177–179. Besides, mutations of PIK3CA 

correlated with shorter DFS 178, less rate of pCR 180–182 and increased risk of 

progression 183–186 in trastuzumab treated HER2+ BC patients. PIK3CA mutation was 

also identified as a strong negative prognostic biomarker despite benefit of 

trastuzumab and pertuzumab in CLEOPATRA trial 187. Regarding association 

between PIK3CA mutations and lapatinib resistance, results are inconsistent 188–190. 

Nonetheless, EMILIA trial showed lower DFS and OS in PIK3CA-mutated patients 

treated with lapatinib 191. T-DM1 has been suggested as a potential strategy for this 

group of patients 191. 

Loss of PTEN (Phosphatase and tensin homolog) represents the most common 

tumor suppressor loss in cancer and occurs in around 50% of BC cases. Trastuzumab 

leads to an increased PTEN activity, which antagonizes PI3K and inactivates AKT 

pathway. Then, inactivating mutations or downregulation of PTEN cause constitutive 

activation of PI3K/AKT/mTOR pathway 192. 
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Reduction of PTEN confers trastuzumab resistance in vitro and in vivo 178,192. In 

accordance with preclinical studies, several authors found poorer response to anti-

HER2 therapies in PTEN-deficient BC patients, thus proposing loss of PTEN as a 

powerful prediction biomarker for trastuzumab response and as a mechanism of de 

novo resistance 178,184,186,192–194.  

AKT is one of the best described targets of PI3K and its hyperactivation is related 

to cell growth and survival.  In this context, data is controversial, while most of the 

studies did not found association between AKT1 expression or activation and 

trastuzumab response 195, some investigations found association of AKT1 

phosphorylation with lower OS in trastuzumab treated HER2+ BC patients 196.  

Based on the previously commented mechanisms of trastuzumab resistance 

through activation of PI3K/AKT/mTOR pathway, it is logical that simultaneous 

targeting of this pathway together with HER2 could prevent resistance. Preclinical 

studies showed efficacy of PI3K inhibitors 197–199, mTOR inhibitors 200–202, PI3K/mTOR 

dual inhibitors 188,203,204 and AKT inhibitors 201 on restoring trastuzumab sensitivity in 

vitro and in vivo. Alpelisib AKT inhibitor also showed to overcome lapatinib resistance 

in mice models 189. Interestingly, several PI3K/AKT/mTOR pathway inhibitors are in 

clinical development or under evaluation in combination with anti-HER2 therapy in 

HER2+ BC with promising emerging results 205–210. 

1.8.2.4 Upregulation of alternative pathways 

1.8.2.4.1 Cell cycle  

Cell cycle deregulation is a recognized hallmark of cancer, and its aberrant 

activation is related to drug resistance.  

Cyclin D1 (CCND1)-Cyclin-dependent kinase 4/6 (CDK4/6) axis is implicated in 

G1/S cell cycle transition and could be activated by different mechanisms such as 

amplification, mutations or overexpression of CCND1 or loss of p16INK4A.  Several 

evidences point this axis to have a role in trastuzumab resistance in HER2+ BC 211. In 

preclinical models, overexpression of CCND1 was demonstrated to induce 
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trastuzumab and lapatinib resistance in vitro and in vivo 212–214. Furthermore, CCND1 

expression in HER2+ BC patient’s receiving neoadjuvant trastuzumab negatively 

correlated with pCR 213,215.  

In the same trend, cyclin E (CCNE)/CDK2 axis, also involved in G1/S phase, has 

also been implicated in trastuzumab resistance by overexpression of CCNE 216,217 and 

CDC25A 218 and downregulation of CDK inhibitor p27kip1 219. Interestingly, expression 

of these three CCNE/CDK2 axis genes has been associated with lower response to 

trastuzumab, DFS and OS in HER2+ BC patients 216,218,220. 

Given the previous evidences of the role of cell cycle in drug response, inhibition 

of this pathway has emerged as a potential strategy to overcome anti-HER2 

resistance. Some authors demonstrated the efficacy of CDK4/6 and CDK2 inhibitors 

in combination with trastuzumab in restoring drug sensitivity and leading to a greater 

suppression of cell growth in HER2+ BC preclinical models 212–214,216,221. In addition, 

some clinical trials showed clinical benefit of CDK4/6 inhibitors in combination with 

anti-HER2 and endocrine therapy in HER2+HR+ BC in an attempt to de-escalate 

chemotherapy 222. Other trials are currently evaluating CDK4/6 inhibitors plus 

trastuzumab with or without endocrine therapy or chemotherapy in HER2+ BC 211,223–

225. 

1.8.2.4.2 Cytoplasmic tyrosine kinase SRC 

SRC is activated by HER2, IGF1R, MAPK, STAT3, between others, and leads 

to cancer progression through RAS/MAPK and PI3K pathways. Activation of SRC 

confers trastuzumab resistance in vitro and in vivo and its phosphorylation 

significantly correlates with shorter DFS and OS in HER2+ BC patients 226,227. 

Intriguingly, SRC activation correlated with loss of PTEN by direct interaction and is 

also involved in drug resistance conferred by Δ16HER2. SRC inhibition was able to 

restore trastuzumab response in activated SRC, PTEN loss and Δ16HER2 models, 

which brings out SCR activation as a common node in trastuzumab resistance 

171,172,226. Combination of dasatinib SRC inhibitor plus trastuzumab and paclitaxel 

showed to be active in a phase II trial 228. 
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1.8.2.4.3 Fatty acid metabolism 

Fatty acid synthase (FASN) enzyme is frequently overexpressed in HER2+ BC 

cells and associates with worse clinical outcome. Moreover, FASN overexpression 

causes trastuzumab resistance in vitro that might be due to cross-regulation between 

HER2 and FASN where one protein activates the other. Pharmacological inhibition of 

FASN restored sensitivity to anti-HER2 therapies. Thus, based on these results, a 

phase II clinical trial currently investigates FASN inhibitors as a strategy to restore 

trastuzumab response in metastatic HER2+ BC patients 229.  

1.8.2.5 Crosstalk with other receptors 

1.8.2.5.1 Hormone Receptors 

Around 50% of HER2+ breast tumors are also positive for HR. These HER2+HR+ 

tumors represent a therapeutic challenge given that they are driven by two signaling 

pathways: HER2 and ER. It exists evidence of a bi-directional crosstalk between these 

pathways so one pathway can become the escape route to therapy targeted against 

the other, which results in treatment resistance. Preclinical studies have demonstrated 

that upregulation of ER and downstream proteins leads to anti-HER2 resistance, while 

HER2 is involved in endocrine resistance,  thus a concurrent blockade of both 

pathways is necessary 230,231. 

Clinically, HER2+HR+ BC patients experience less pCR to anti-HER2 therapy 

plus chemotherapy than pure HER2+ BC patients 141,148,232. In the absence of 

endocrine therapy, luminal A BC is the most frequent subtype conversion of HER2+ 

BC, supporting the role of ER in anti-HER2 resistance and the need of a dual blockade 

233. Several clinical trials demonstrated benefit of co-targeting therapy in HER2+HR+ 

BC, evidencing that dual ER and HER2 inhibition is the optimal treatment strategy for 

these patients 127,234. 
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1.8.2.5.2 HER family receptors 

As it has been previously explained, HER2 is the only HER family member with 

no known ligand. However, heterodimerization with HER1, HER3 and HER4 receptors 

can be induced by their ligands. In the presence of an excess of ligands, HER2 

heterodimers will drive signaling and proliferation and interfere with trastuzumab.  

Preclinical studies demonstrated that higher expression or phosphorylation of 

EGFR, HER2/EGFR heterodimers and upregulation of HER family ligands attenuate 

the effect of trastuzumab and proposed EGFR TKI and also lapatinib as a potential 

strategy to increase treatment response 235–238. Clinically, an increased rate of 

HER2/HER2 homodimers associates with better outcome in HER2+ BC patients 239. 

Besides, decreased benefit from trastuzumab therapy was observed in HER2+ BC 

patients with EGFR and HER3 overexpression in terms of DFS and OS 240–242. 

1.8.2.5.3 Receptors tyrosine kinase: AXL, MET and their role in Epithelial to 

mesenchymal transition 

RTK are transmembrane receptors that regulate signal transduction in cells. 

Signaling through other RTK can transactivate HER2 and amplify downstream signal 

transduction, thus bypassing anti-HER2 agents’ inhibitory effect.  

Epithelial to mesenchymal transition (EMT) is a process in which cells undergo 

morphological transition from epithelial to mesenchymal phenotype by loss of cell-cell 

adhesion molecules such as E-cadherin and upregulation of mesenchymal markers 

such as N-cadherin and vimentin. This process is critical for embryonic development 

and is also implicated in metastasis given that provides cells with invasion, migration 

and colonization properties 243. EMT has been related to drug resistance, such as 

chemo-, radio-resistance and targeted therapy resistance in BC and other types of 

cancer 244,245, including anti-HER2 therapy resistance 246 (Fig. 8) 
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Figure 8. Epithelial to mesenchymal transition (EMT) in cancer metastasis and 

associated phenotypical changes. In the process of cancer metastasis, the 

characteristics of epithelial cells change to typical mesenchymal cells that have the 

flexibility to penetrate blood vessels, travel them and settle to develop metastatic lesions. 

Some of the physiological outcomes of EMT are invasiveness, the tumour-initiating ability, 

and drug resistance. Adapted from Shibue et al. 2017 247. 

 

 

Some RTKs such as AXL and MET have been described to be involved in EMT 

process and subsequently take part in metastasis and mechanisms of therapy 

resistance 246.  
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MET, is a 190 kDa transmembrane heterodimeric tyrosine kinase glycoprotein 

composed by an extracellular domain, including a semaphorin and four 

immunoglobulin-like domains, a transmembrane domain and an intracellular domain 

consisting of a juxtamembrane domain and a catalytic kinase domain 248. MET 

activation occurs mainly through hepatocyte growth factor (HGF) ligand-mediated 

dimerization but it could also be activated in a ligand-independent manner and 

through heterodimerization with other receptors such as others RTK including AXL, 

Vascular Endothelial Growth Factor Receptor (VEGFR) and HER2. MET 

phosphorylates several signaling proteins leading to activation of two main pathways: 

MAPK and PI3K/AKT, and it is involved in survival, proliferation, angiogenesis and 

stem cell maintenance.  In addition, it has a high contribution on epithelial tissue 

remodelling and cell migration, participating in EMT 248,249.  

Deregulation of this pathway by mutation, amplification, high copy number and 

overexpression of MET and its ligand HGF or by alterations in other related pathways 

has an important role in cancer invasion and metastasis, thus being associated to 

poor outcome in different types of cancer. In particular, several studies found 

correlation between MET expression and shorter DFS and OS in BC. Indeed, MET 

expression is an independent predictor of poor prognosis in BC 248,249. 

Overexpression of MET in around 25% of HER2+ BC tumors and co-expression 

with HER2 suggest the hypothesis that MET and HER2 could synergize to promote 

tumor growth 250,251. Based on that, several studies have investigated the association 

between MET and anti-HER2 therapy resistance. Shattuck et al.  observed that MET 

upregulation and activation protected HER2+ BC cells from trastuzumab through 

activation of downstream pathways 251. Besides, genetic knockdown or 

pharmacological inhibition of MET increased efficacy of trastuzumab and lapatinib in 

vitro 251,252. MET-amplified primary tumor samples showed poorer response to 

neoadjuvant trastuzumab (trastuzumab failure rate 44.4% vs. 16%) and shorter PFS 

after trastuzumab 253 and lapatinib treatment in HER2+ BC patients 254. Regarding its 

ligand HGF, it attenuated growth inhibition by lapatinib in BC cell lines 252 and its 
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amplification associated with poor response to trastuzumab in metastatic HER2+ BC 

patients 253. 

AXL gene at chromosome 19q13.2 was first identified in chronic myeloid 

leukaemia and encodes for 98 kDa AXL (also known as UFO) protein, a member of 

TAM (TYRO3, AXL, MER) RTKs family. However, due to post-transcriptional 

regulation, final weight of AXL is 100 to 140 kDa. This protein was first known as UFO 

because of its unknown function and later it was named as AXL, coming from the 

greek word “anexelekto”, that means uncontrolled. AXL RTK contains an extracellular 

domain with two immunoglobulin-like motifs at N-terminal and two fibronectin type III-

like motifs involved in GAS6 (Growth arrest-specific 6) ligand binding; a 

transmembrane domain and an intracellular domain critical for tyrosine kinase activity 

255,256 (Fig. 9).  

 

Figure 9. Schematic structure of AXL.  AXL is a membrane receptor structurally 

composed of two immunoglobulin (Ig)-like domains and two fibronectin domains for its 

extracellular part and of a kinase domain. Adapted from Tanaka et al. (2020) 257. 

 

Despite it could be activated by ligand-independent mechanism, generally AXL 

undergoes homodimerization and autophosphorylation of intracellular kinase domain 

upon binding of GAS6, leading to activation of downstream signaling pathways such 

as PI3K/AKT/mTOR, JAK/STAT, NF-κB, and RAS/RAF/MEK/ERK that play major 

roles in tumour cell survival, migration, invasion, anoikis, angiogenesis and drug 

resistance 258 (Fig. 10). 
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Figure 10. AXL dimerization and signaling. GAS6 binding to AXL occurs with a 2:2 

stoichiometry, inducing the dimerization of the receptor. This dimerization induces the 

activation of different pathways leading to cell proliferation, migration, invasion, survival, 

angiogenesis, therapeutic resistance, and immune evasion. Adapted from Tanala et al. 

(2020) 257. 

 

In normal conditions, AXL is expressed in brain, immune cells, blood platelets, 

heart, liver, kidney, etc. However, altered activation or aberrant expression of 

AXL/GAS6 have been observed in different types of cancer such as leukaemia, 

breast, lung, melanoma, pancreatic, renal, prostate, ovarian and oesophageal cancer 

and have been correlated with worse DFS and OS 255,259. In particular in BC, AXL 



Introduction 

 

83 
 

independently predicts poor prognosis, strongly reduced OS and associates with 

lymphovascular invasion and  metastasis 260–263.  AXL overexpression leads to 

homodimerization and heterodimerization with other RTKs such as FGFR, EGFR and 

MET and subsequent activation of AXL signaling 255,256. To date, no activating 

mutations of AXL have been identified in cancer. 

AXL has been shown to be a driver for metastasis and to be essential for the 

EMT process in several types of cancer 258. Specially in BC models, Zhang et al.  

observed that ectopic expression of AXL was sufficient to confer invasive phenotype 

to low invasive BC cells and, on the contrary, AXL knockdown or inhibition decreased 

motility and invasiveness in highly invasive cells 264. AXL association with metastasis, 

in particular lung and bone metastasis, was corroborated by other studies in triple 

negative BC xenograft tumors 265,266. However, despite some authors proposed AXL 

as an upstream effector of EMT and stem cell regulator in BC 267, others demonstrated 

that AXL is induced by EMT and proposed it as a downstream effector 262,268. In any 

case, AXL shows strong association with EMT and, in particular, with vimentin 263,268. 

Based on these results, AXL inhibition has been proposed as a therapeutic strategy 

in triple negative BC 266,269,270 and other cancers 271. 

Despite several studies have investigated the role of AXL in BC metastasis, most 

of them are focused on triple negative subtype and little is known about its role in the 

specific HER2+ BC subtype. Goyette et al.  observed positive correlation between AXL 

and HER2 which enhanced invasiveness and metastasis in vitro and in vivo 

independently from GAS6. In addition, R428 AXL inhibitor was able to supress 

metastasis in vivo 272. Recently, researchers from the same group described the role 

of AXL in hypoxic response and promotion of inflammatory microenvironment in 

HER2+ BC 273. 

Besides, AXL has been demonstrated to be a key driver of resistance to 

chemotherapy, targeted therapies and immunotherapies 274. Association between 

AXL and targeted therapy resistance has been reported in different types of cancer 

such as oesophageal, head and neck 275, myeloid leukemia 276, neuroblastoma 277, 

melanoma 278–280 and lung cancer 281–284, between others. 
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Regarding BC, preclinical studies showed that AXL could be a mechanism for 

chemo- and radio-resistance and EGFR-targeted therapy resistance in triple negative 

BC 267,273,285–287. However, the role of AXL in anti-HER2 therapy resistance has been 

poorly investigated and mainly focused on lapatinib. AXL was overexpressed in 

acquired lapatinib-resistant cells compared to parental. AXL genetic knockdown and 

treatment with foretinib (AXL, MET and VEGFR inhibitor) was able to restore lapatinib 

response in vitro. However, this was not achieved with specific VEGFR nor MET 

inhibitors.  Moreover, authors found interaction between AXL and p85 that activated 

PI3K pathway and bypassed the effects of anti-HER2 agents 246,288.  

Several AXL-targeted and MET-targeted therapies have been shown to supress 

tumor growth and metastasis and to potentiate the effect of chemotherapy and 

targeted therapies. Therapeutic agents include small molecule inhibitors, antibodies, 

aptamers and others. Small molecule inhibitors aim to target the active site of receptor 

an inhibit phosphorylation, while antibodies will impede ligand-receptor interaction 249. 

Foretinib and bemzentinib or R428, a highly selective AXL inhibitor, have been tested 

in a phase II trial for triple negative BC patients with promising results. Rebastinib and 

bosutinib, inhibitors of the BCR-ABL1 tyrosine kinase but also showing activity against 

AXL, have been evaluated in phase II trials. BGB324 and TP0903, which are in phase 

I/II trials for solid tumors, are possibly the most specific AXL inhibitors 259,289. 

Because of the recent implication of MET and AXL in anti-HER2 resistance, 

there is still a lack of trials to investigate the clinical benefit of simultaneous inhibition 

of HER2 and MET/AXL. Only, foretinib plus lapatinib was tested in a phase Ib trial for 

metastatic HER2+ BC and a phase II was recommended based on its results 290. Given 

the knowledge of AXL's role in resistance to therapy, future studies will help to 

determine the translational application of AXL as a biomarker of treatment response 

and as a therapeutic target in HER2+ BC.  
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1.8.2.5.4 Other receptors tyrosine kinase 

Despite HER family, MET and AXL are the most studied proteins in the context 

of RTKs crosstalk, other receptors are also implicated in anti-HER2 resistance. 

Insulin-like growth factor 1 receptor (IGF1R): crosstalk of IGF1R and HER2 has 

been demonstrated to produce trastuzumab resistance that could be overcome by 

IGF1R inhibition or HER2/IGF1R dimers disruption 291–293. Besides, IGF1R expression 

associates with poor outcome of HER2+ BC in clinical trials 148,294.  

Fibroblast Growth Factor Receptor (FGFR): amplification, overexpression and 

phosphorylation of FGFR2, high copy number or expression of its ligands and high 

secretion of ligands by tumor associated fibroblasts promote resistance to anti-HER2 

agents, including trastuzumab and lapatinib. In this context, treatment with FGFR TKI 

increased drug response in vitro and in vivo. In the clinical setting, high expression or 

copy number amplification of FGFR1/2 and FGF3/5 correlated with lower benefit from 

trastuzumab in HER2+ BC, suggesting a causal correlation between alterations in 

FGFR pathway and anti-HER2 therapy resistance 295–297. 

Erythropoietin receptor (EPOR): co-expression of HER2 and EPOR has been 

observed. Moreover, high EPOR phosphorylation associates with trastuzumab 

resistance. In HER2+ BC patients, exposure to ligand EPO reversed the effects of 

trastuzumab and, therefore, may be a mechanism of resistance 298,299 

Ephrin type-A receptor 2 (EPHA2): EPHA2 forms a complex with HER2 that 

increases MAPK and PI3K signaling, thus decreasing trastuzumab efficacy. High 

EPHA2 expression associates with lower DFS and OS in HER2+ BC 300,301.  

Vascular Endothelial Growth Factor Receptor (VEGFR): VEGFR is associated 

with trastuzumab resistance in several preclinical studies. However, the mechanism 

by which angiogenesis is related to anti-HER2 therapy response has not been yet 

elucidated. Given the association of VEGF with worse outcome in HER2+ BC patients, 

combination of anti-HER2 and VEGFR inhibitors has been evaluated and showed 

clinical benefit 302–304.
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Within the framework of the background described above, we hypothesize that 

AXL could be involved in acquisition of trastuzumab resistance in HER2+ BC, maybe 

due to crosstalk with HER2 receptor.  

Thus, the present work is focused on the study of the role of AXL in 

acquisition of trastuzumab resistance, as well as its applicability as a therapeutic 

target and prognostic biomarker in HER2+ BC. 

To address this main objective, the following specific objectives were set: 

1. To characterize the acquired trastuzumab-resistant HER2+ BC cell lines. 

2. To demonstrate the role of AXL in trastuzumab resistance in HER2+ BC in 

vitro models. 

3. To decipher the mechanism underlying trastuzumab resistance through AXL. 

4. To validate the obtained data in HER2+ BC PDX 3D and in vivo models. 

5. To study the in vivo efficacy of the combination of trastuzumab plus AXL 

inhibition as a therapeutic strategy in HER2+ BC PDX models. 

6. To evaluate the potential of AXL as a prognostic biomarker in HER2+ BC 

patients. 

7. To elucidate the mechanism by which AXL is increased upon trastuzumab 

resistance. 
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3.1 Cell lines and cell culture 

3.1.1 Cell lines 

The following human BC cell lines were used in this study: BT474, SKBR3, 

AU565, HCC1954, MDA-MB-231. All cell lines were purchased from the American 

Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in suppliers’ 

recommended media with 10% fetal bovine serum (FBS), 1% L-glutamine and 1% 

Penicillin/Streptomycin. Characteristics of cell lines are detailed in table 3. 

  Table 3. Characteristics of selected BC cell lines. (Heterozygous (HT); homozygous (HM)). 

Cell line BT474 SKBR3 AU565 HCC1954 MDA-MB-231 

Growth 
media 

DMEM F12 DMEM F12 RPMI1 640 RPMI 1640 DMEM F12 

Growth 
properties 

Adherent Adherent Adherent Adherent Adherent 

Tissue 
mammary 

gland/ 
breast duct 

mammary 
gland/breast; 

from 
metastatic 
site: pleural 

effusion 

mammary 
gland/breast; 

from 
metastatic 

site: pleural 
effusion 

mammary 
gland; 

breast/duct 

mammary 
gland/breast; 

from 
metastatic site: 

pleural 
effusion 

Cell type Epithelial Epithelial Epithelial Epithelial 
Epithelial 

mesenchymal 

Patient’s 
age 

60 43 43 61 51 

Gender Female Female Female Female Female 

Ethnicity Caucasian Caucasian Caucasian East Indian Caucasian 

Disease 
Ductal 

carcinoma 
Adeno 

carcinoma 
Adeno 

carcinoma 
Ductal 

carcinoma 
Adeno 

carcinoma 

Mutation 
status 

MAPK1, 
PI3KCA 

(HT), TP53 
(HM) 

CDH1 

deletion, 

TP53 (HM) 

TP53 (HM) 
PI3KCA 

(HT), TP53 
(HM) 

BRAF, KRAS 
(HT), 

CDKN2A, 
NF2, TP53 

(HM) 

Subtype 
Luminal 
HER2 

HER2+ HER2+ HER2+ Triple  
negative 

ER/PR/HER2 

status 
+/+/+ -/-/+ -/-/+ -/-/+ -/-/- 
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Acquired trastuzumab-resistant cell lines (AU565R, BT474R, and SKBR3R) 

were obtained from Dr. Federico Rojo’s group at the Fundación Jiménez Díaz Hospital 

(Madrid). Resistant cells were established by treating parental cells with trastuzumab 

for 6 months, starting at low concentrations and increasing them at each passage. 

Treatment consisted of 10 µg/ml trastuzumab for the first 30 days, subsequently 

increasing the concentration until resistant clones emerged. The final trastuzumab 

concentration reached was 15 µg/ml 305. In vitro trastuzumab treatment was 

maintained at 15 µg/ml. 

3.1.2 Cell growth maintenance 

All cell lines were cultured at 37 ºC in a humid atmosphere and 5% CO2 with the 

above indicated media. Cell lines manipulation and media preparation was performed 

under sterile conditions in a culture cabinet (BIO-II-A TELSTAR). For cell 

maintenance, cultures were grown in T25 or T75 flasks allowing 90% confluence 

before passage. For culture passage, cells were washed with phosphate-buffered 

saline (PBS) and subsequently incubated with sterile-filtered 0.25% Trypsin-EDTA 

solution for 2-3 minutes at 37 ºC. Trypsin enzyme interferes in cell-cell adhesion, thus 

cells are detached from flask and separated from other cells. For enzyme inactivation, 

double volume of complete media was added. Cells were centrifuged at 1,500 rpm 5 

minutes to pellet them down and eliminate trypsin before resuspending in the proper 

media. For seeding a specific number of cells for each experiment, Neubauer 

chamber was used in cell counting. 

3.1.3. Cryopreservation 

To ensure availability, stock of every cell line at early passage was kept. Cell 

pellet was resuspended in 90% FBS with 10% dimethilsulfoxide (DMSO) to prevent 

the formation of ice crystals during freezing process. Cells were stored in cryovials 

and placed at -80 ºC in a cool-container containing isopropanol to allow a slow 

freezing process during at least 24 hours prior to liquid nitrogen tank for longer 

storage. 
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Cell stock thawing could be a stressful process for the frozen cells. In order to avoid 

ice crystals formation, thawing process has to be a quick work by placing cryovials at 

37 ºC and diluting thawed cells in pre-warmed growth media to dilute DMSO before 

centrifugation at 1,500 rpm for 5 minutes. Once pelleted, cells were resuspended in 

the indicated media and cultured as explained above. 

3.2 Drugs 

-Trastuzumab (Herceptin), a monoclonal antibody against HER2 that binds 

extracellular domain (subdomain IV), was obtained from Roche Pharma (Basel, 

Switzerland).  

-Pertuzumab (Perjeta), a monoclonal antibody against HER2 that binds 

extracellular domain (subdomain II), was obtained from Roche Pharma.  

-TP-0903 (Dubermatinib), a potent and selective AXL RTK inhibitor, was 

purchased from Selleckchem (Houston, TX, USA, #S7846). TP-0903 was given at 

IC50 for each cell line for 72 hours. 

3.3 Clinical Samples 

Samples were obtained from patients with early-stage HER2+ BC treated at the 

Hospital Clínico Universitario de Valencia Department of Medical Oncology from 2004 

to 2016 by standard guidelines. Patients received (neo)adjuvant chemotherapy and 

anti-HER2 therapy (trastuzumab ± pertuzumab) for 6 months, followed by surgery. 

Adjuvant treatment was completed with trastuzumab for up to 1 year, and a minimum 

of 5 years of hormonal therapy for patients with HR+ tumors. Radiation therapy was 

administered according to local guidelines. Patients provided signed informed consent 

for experimental analysis of samples. The study is compliant with all relevant ethical 

regulations regarding research involving human participants and received ethical 

approval from the Hospital Clínico Research Ethics Committee (2018/077). All 

samples were FFPE and had been analyzed by an expert pathologist to ensure >30% 

tumor infiltration. HR status was evaluated by IHC (ER+ and PR+ was defined as ≥1% 

positively stained nuclei), and HER2 was assessed by IHC and/or FISH (IHC: 
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complete 3+ membrane staining ≥10% invasive cells; FISH: HER2: CEP17 ratio ≥2.0). 

Clinic-pathological data of patients’ cohort are described in table 4. 

 
 

Table 4. Clinic-pathological characteristics of BC patients. (Not available (N/A)). 

 
 

 
Characteristics   BC patients, N (%)    
 
Number    50    

Median age in years (range) 51 (33-73)   

HER2+ BC  

HR+    19 (38)    

HR-    31 (62) 

Menopausal status 

Premenopausal  22 (44) 

Postmenopausal  28 (56) 

Treatment 

Adjuvant   23 (46) 

Neoadjuvant  27 (54) 

Histological Grade 

I    0 (0) 

II    14 (28) 

II          30 (60) 

N/A       6 (12) 

Stage 

I    8 (16) 

II    32 (64) 

III    10 (20) 

Relapse 

Yes    24 (48) 

No    26 (52) 
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3.4 PAMELA study 

The main results of the neoadjuvant phase II PAMELA study have been 

previously reported 232. This completed study is registered with ClinicalTrials.gov 

(NCT01973660). The study protocol was approved by independent ethics committees 

at each center. In this trial, 151 patients with early HER2+ BC were treated with 

neoadjuvant lapatinib (1,000 mg daily) and trastuzumab (8 mg kg−1 i.v. loading dose 

followed by 6 mg/kg) for 18 weeks. Patients with HR+ BC received letrozole or 

tamoxifen according to menopausal status. Tumor samples were collected at 

baseline, day 14 and surgery, and then fixed and embedded in paraffin. HER2+ was 

defined as 3+ or 2+ overexpression by IHC and positive for chromogenic in-situ 

hybridization. RNA samples of the PAMELA trial at baseline, at day 14 of treatment 

and in residual tumors were previously analyzed using a panel of 560 genes (including 

AXL, VIM and ERBB2) at the nCounter platform (NanoString Technologies, Seattle, 

Washington, USA).  

3.5 Gene expression assays 

3.5.1 Total RNA isolation and quantification 

To evaluate changes in gene expression, mRNA levels were measured by real-

time quantitative PCR (RT-qPCR) on RNA isolated from BC cells and patients’ 

samples.  

RNA from eight to ten 10 µm FFPE slides was extracted using the High Pure 

FFPET RNA isolation kit (#06650775001, Roche) following the manufacturer’s 

protocol. Slides were deparaffined with Xylol at 50 ºC before RNA extraction process. 

Trizol reagent (#15596026, Invitrogen, Carlsbad, CA, Texas, USA) was used to 

extract RNA from cell lines. 500 µl of Trizol were used to lysate the cells and addition 

of 100 µl of phenol:chloroform:isoamyl alcohol caused phases separation after 13,000 

rpm 15 minutes cold centrifugation. Proteins are extracted to the organic phase, DNA 

resolves at interface and RNA at aqueous phase. Aqueous phase was mixed with  
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250 µl of isopropanol and stored overnight at -20 ºC to precipitate RNA. Addition of 

70% ethanol washed the sample and removed excess of salt before resuspension of 

RNA in RNAse free water. RNA was quantified at the NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Quality of the RNA 

was determined by 260/280 ratio which determines aromatic compounds 

contamination and by 230/260 ratio which determines phenols and salt contamination. 

3.5.2 cDNA reverse transcription 

Complementary DNA (cDNA) was synthetized from 1,000 ng RNA via reverse 

transcription using a High-Capacity cDNA Reverse Transcription kit (#34368814 

Applied Biosystems, Waltham, MA, USA). Mix preparation for each reaction is 

described in table 5. 

 

 Table 5. Mix reagent preparations for reverse transcription of total mRNA. 

 

 

 

 

 

 

 

 

 

 

Reverse transcription was carried out in thermocycler SimpliAmp Thermal Cycler 

(Applied Biosystems) following a three-step reaction of 10 minutes at 25 ºC, 120 

minutes at 37 ºC and 5 minutes at 85 ºC. cDNA was stored at 4 ºC for further use. 

 

 

 

 

Reverse transcription of total RNA 

Mix 

1 µg RNA 

4 µl RT Buffer 10x 

4 µl Random primers 

2 µl RT enzyme 

1.3 µl dNTPs mix 

1 µl RNase inhibitor 

H20 

Final volume = 20 µl 
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3.5.3 Real-time quantitative PCR (RT-qPCR) 

 Gene expression was quantified with Luna Universal Probe qPCR Master Mix 

(#M3004, New England Biolabs, Ipswich, MA USA) using Taqman probes (Table S3). 

Mix preparation for each reaction is described in table 6. 

 

Table 6. Mix reagent preparations for RT-qPCR. 

 

 

 

 

 

 

 

 

Gene expression levels were detected using a 9700HT Fast Real-Time PCR 

system (Applied Biosystems), following a reaction of 2 minutes at 50 ºC, 10 minutes 

at 95 ºC, 40 cycles of 15 seconds at 95 ºC and 1 minute 60 ºC. Quant Studio 5 Real-

Time PCR System (Applied Biosystems) software was used for analysis.  GAPDH 

expression was used as internal reference to normalize input cDNA. The threshold 

cycle value (CT) was determined for each measurement and mRNA expression was 

calculated relative to the control using the comparative critical threshold (2−ΔCT) 

method where: ΔCT= CTmRNA – CThousekeeping control. Triplicates were performed for each 

sample. 

 

 

 

 

 

 

 

 

 
RT-qPCR 

Mix 

2 µl cDNA 

5 µl Master Mix 2X 

0.5 µl Taqman probe 20X 

2.5 µl H2O 

Final volume = 10 µl 
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3.6 Protein expression assays 

3.6.1 Protein extraction and quantification 

For protein extraction, cells were washed and lysed with RIPA buffer (50 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid 

sodium salt) (#89900, Thermo Fisher Scientific) supplemented with proteases and 

phosphatases inhibitor (#A32959, Thermo Fisher Scientific), sonicated for 5 cycles of 

10 seconds at 50% pulse and 50 seconds of pause and centrifuged at 13,000 rpm for 

15 minutes at 4 °C. Protein quantity in supernatant was measured with Pierce BCA 

Protein Assay Kit (#23227, Thermo Fisher Scientific) following manufacturer´s 

protocol. This is a colorimetric assay based on the detection of the cuprous cation 

(Cu1+) by bicinchoninic acid (BCA) which results in a purple-colors reaction. 

Absorbance of each sample was measured at 595 nm in a spectrophotometer and 

extrapolate with a calibration curve of known protein concentrations. Each measure 

was done by duplicates. 

3.6.2 Western immunoblotting 

Protein expression was measured through Western blot. Same amount (20-50 

µg) of protein for each sample was solved in Laemmli loading buffer and incubated 5 

minutes at 95 °C for denaturalization. Samples were resolved in SDS-PAGE (sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis) containing a specific 

percentage of acrylamide (40% acrylamide/Bis solution 29:1 #1610146, Bio-rad, 

Herculr, CA, USA) (6-12%) depending on experiment´s requirements. Electrophoresis 

was performed at 120 V for 1.5-2 hours. Proteins were transferred from gel to 

nitrocellulose membrane of pore size 0.45 µm (#1620115, Bio-rad) at 120 V for 

approximately 1.5 hours. Membranes were blocked in 5% bovine serum albumin 

(BSA) in Tris Buffered Saline (#1706434 Bio-rad) with 0.1% Tween-20 (TBS-T) for 1 

hour at room temperature on a shaker. Primary antibodies were diluted in 5% BSA in 

TBS-T and incubated overnight at 4°C on a shaker. For primary antibodies details see 

table S4. 



Methods 
 

101 
 

Membranes were washed in TBS-T and incubated with secondary antibodies 

(Table S4) for 1 hour at room temperature. Immunoblots were detected by a 

chemiluminescence system with Pierce ECL western blotting substrate (#32106, 

Thermo Fisher Scientific) or ultra-sensitive ECL Super Signal West Femto (#34095, 

Thermo Fisher Scientific) in the ImageQuant Lass 400 system (GE-Healthcare 

Bioscience, Chicago, IL, USA). 

Protein expression was normalized by endogenous control GAPDH expression.  

3.6.3 Quantitative analysis of Western Blots 

To validate results from Western Blot, protein bands were relatively quantified to 

reflect the amount as a ratio of each protein band relative to the lane’s loading control, 

in this case, GAPDH.  

Quantification of protein levels was performed with ImageJ software (National 

Institutes of Health, USA). A rectangle was drawn around the largest band of each 

row and adjusted it so that it covers the minimum area to contain the whole band. This 

frame should be saved and used with all the bands in the row. Each band in the row 

was centered inside the frame and recorded measurement (mean, maximum and 

minimum pixel intensity). With same frame background measurement was also taken. 

Then, pixel intensity was inverted by subtracting mean from maximum (mean-max) 

and net value was calculated by deducting inverted background from inverted value 

of the band. 

Final relative quantification values were obtained as the ratio between the net 

value of the protein of interest and the net loading control value. To compare relative 

intensity, final values were represented as percentage of the control condition. Mean 

and standard deviation (SD) from triplicates were represented. 
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3.6.4 Co-immunoprecipitation 

For co-immunoprecipitation, whole cell lysates were sonicated as explained 

above and precleared with 1 µg of the appropriate control IgG together with 20 µl of 

resuspended volume of agarose conjugate (Protein G PLUS-Agarose: sc-2002, Santa 

Cruz Biotechnology, CA, USA) at 4° C for 30 minutes. After beads pelleting by 

centrifugation at 2,500 rpm for 5 minutes, 500 µg of total cellular protein was incubated 

rotating head over tail for 2 hours at 4 °C with primary antibodies at dilution 1:50, and 

then reacted with 20 µl of Protein G PLUS-Agarose beads overnight at 4° C on a 

rotating device. Immunoprecipitates were collected by centrifugation at 2,500 rpm for 

5 minutes and then washed three times with lysis buffer. After final wash, pellet was 

resuspended in Laemmli loading buffer and incubated 5 minutes at 95 °C. After 

boiling, samples were centrifuged to pellet the agarose beads and SDS-PAGE 

analysis of the supernatant was performed as explained above. Two controls were 

used to validated results of co-immunoprecipitation: a positive control, named as 

input, consisting of a total lysate of cells in order to confirm that the band in the co-

immunoprecipitation lanes appears at the right molecular weight and if the assay was 

successful; and a negative control, named as IgG, consisting of empty beads 

combined with cell lysate without the antibody that should not generate any bands in 

detection. The antibodies used are listed in table S4. 

3.6.5 Immunohistochemistry 

IHC of cell lines was performed in µ-slide VI plate (#80826 Ibidi GmbH, 

Martinsried, Germany) for HR and HER2 staining and in Cytospin cytocentrifuge for 

Ki67 staining. Cells were cultured until 80% confluence, washed and fixed with 

methanol/acetone for 10 minutes prior to staining. For expression of HR, HER2 and 

Ki67, Benchmark XT instrument in a fully automated system (Ventana System, 

Roche) was used. The Ventana staining procedure enables a standard 

deparaffination, if needed, with EZ Prep buffer (#950-102, Ventana) at 75°C and heat-

induced antigen retrieval executed with Cell conditioner 1 or 2 (pH 7.8 and 6.5, 

respectively) (#950-124 and #760-107, Ventana) for 60 minutes at 95 °C. 
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Endogenous peroxidase activity was quenched with 3% H2O2 for 10 minutes. Primary 

antibodies (Table S4) were incubated at 37 °C for 32 minutes. Next, samples were 

incubated with detection kit UltraMap anti-Rabbit HRP (#760-4315, Ventana) for 8 

minutes. Chromogenic detection was performed with ultraView Universal DAB 

Detection Kit (#760-500, Ventana). Finally, slides were counterstained with 

Hematoxylin II (#790-2208, Ventana) for 8 minutes and Bluing Reagent (#760-2037, 

Ventana) for 4 minutes, followed by dehydration with ethanol and xylene, and 

mounting. 

For IHC analysis of tumor samples from in vivo experiment, tissue specimens 

were formalin-fixed, paraffin-embedded and samples were sectioned at 4 μm 

thickness. Ki67 staining was performed by automated Ventana System as explained 

above. For phospho-Axl and cleaved-caspase 3 (c-CASP3) staining, tissue 

specimens were pretreated in the DAKO PT Link Pre-treatment module 

(#PT100/PT101; Dako, Glostrup, Denmark) that allows deparaffination in xylene, 

rehydration in gradient alcohol and epitope retrieval, which was performed with Dako 

Low Retrieval Solution (citrate buffer, pH = 6) for 30 minutes. Then, slides were 

washed three times with TBS-T. After quenching endogenous peroxidase with 

EnVision FLEX Peroxidase-blocking reagent (#SM801; Dako) for 10 minutes, slides 

were washed again and incubated 1 hour at room temperature with primary antibody 

(Table S4) diluted in EnVision FLEX antibody diluent (#K8006; Dako). After washing, 

EnVision FLEX Rabbit Linker (#SM805; Dako) was incubated for 15 minutes. Slides 

were incubated with Real EnVision HRP Rabbit (#K5007; Dako) for 30 minutes 

following manufacturer´s protocol. Then, slides were again washed three times with 

TBS-T and three times with water. Detection of peroxidase was revealed with 3,3’ -

diaminobenzidine EnVision FLEX DAB + Chromogen Dako (#DM827; Dako) and 

samples were counterstained with Harris hematoxylin and mounted for visualization 

in Dako Coverstainer. IHC score was used for phospho-AXL quantification, and it was 

calculated by multiplying the percentage of positive cells (P) by the intensity (I) 

(ranged from 1 to 3). 

Formula: Q = P x I; Maximum = 300 
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3.6.6 Flow cytometry 

For intracellular staining, fixation and permeabilization was performed with 

Fixation/Permeabilization solution kit Cytofix/Cytoperm™ Plus, (#555028, Becton 

Dickinson, Franklin Lake, NJ, USA) for 20 minutes at 4 °C before staining. For GAS6 

staining, cells were previously treated with Brefeldin A (BFA) (#B6542 Sigma Aldrich, 

Saint Louis, MO, USA) protein transport inhibitor. For staining, cells were 

resuspended in FACS buffer with specific antibody and incubated for 30 minutes (see 

table S4). Samples were acquired using a Flow cytometry BD LSR Fortessa (Becton 

Dickinson) and data were analyzed by FlowJo V10 (FlowJo, LLC) and BD Facs DIVA 

softwares (Becton Dickinson).  

3.7 Proximity ligation assay 

For proximity ligation assay (PLA), cells were fixed and permeabilized with 

Fixation/Permeabilization solution kit Cytofix/Cytoperm™ Plus for 20 minutes at 4 °C 

and then washed with PBS before blocking with 5% BSA in TBS-T for 1 hour at room 

temperature. Primary antibodies (see table S4) were diluted in Duolink Antibody 

Diluent and incubated overnight at 4 ºC. Hybridization with the PLA probes was 

carried out for 1 hour at 37 °C, ligation was conduct for 30 minutes at 37 °C and 

amplification reaction was performed overnight at 37 °C, all steps were executed with 

Duolink reagents according to the manufacturer’s recommendations (#DUO92007 

Sigma-Aldrich). Protocol for flow cytometry included an extra incubation of 30 minutes 

at 37°C with detection solution (#DUO94003 Sigma-Aldrich). Technical negative 

controls were included by omission of primary antibodies. PLA results were obtained 

by Leica TCS SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany) and 

by flow cytometry with BD FACS ARIA III™ instrument (Becton Dickinson) and 

analyzed by FlowJo V10. 
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3.8 Apoptosis assay 

Apoptosis in mammospheres was assessed by Annexin V and propidium iodide 

staining. After mammospheres disaggregation and washing, cells were placed in 96-

well plate and stained with FITC Annexin V Apoptosis Detection Kit with PI 

(#ANXVKF-100T, Immunostep, Spain) following manufacturer’s protocol. 200 µl of 

Annexin V in appropriate buffer and 2 µl of propidium iodide were added to each well. 

Samples were acquired using BD LSR Fortessa cytometer and data were analyzed 

by FlowJo. 

3.9 Gene expression knockdown by small interfering RNA transfection 

Gene expression transient knockdown was performed by transfection of specific 

small interfering RNA (siRNA). Two different siRNAs were used for AXL knockdown: 

Axl siRNA (#AM16708 Id1313 and Id1218, Invitrogen) and one for JUNB: JunB siRNA 

(#AM16708 Id115277, Invitrogen). A scramble siRNA (Silencer Negative control 

#AM4635, Invitrogen) was used as a control to assess specific effects of the siRNAs 

of interest.  

Cells at 70-80% confluence were transfected with 100 nM siRNA and 

Lipofectamine 2000 (#11668019, Invitrogen) was used as a transfection reagent, 

following manufacturer’s instructions. Lipofectamine allows the formation of liposomes 

containing siRNA that are able to enter the cell membrane through flip-flop 

mechanism. Lipofectamine and siRNA were mixed in Opti-Mem media (#31985070, 

Thermo Fisher Scientific) at the specific final concentration and incubated for 20 

minutes to facilitate liposomes formation before addition to the cell culture for 4-6 

hours. After transfection cells were washed with PBS and required complete growth 

media was added. 

Efficiency of each knockdown was evaluated 72 hours after transfection by RT-

qPCR and Western Blot. 
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3.10 Gene overexpression by cDNA plasmid transfection 

Transient gene overexpression was carried out by transfection of cDNA plasmid 

vectors. Construct for AXL overexpression was donated by Rosa Marina Melillo 306 

(Addgene plasmid #105932) and construct for JUNB overexpression was donated by 

Christina Woo 307 (Addgene plasmid #160743). Both plasmids had a common 

backbone pcDNA and a CMV (immediate-early cytomegalovirus) promoter. An empty 

pcDNA plasmid was used as a control for all overexpression experiments. 

Plasmids were amplified in DH5-alpha Escherichia coli under ampicillin 

selection. Small aliquots of transformed bacteria were stored with 80% glycerol (200 

µl Glycerol + 800 µl bacteria) at -80 °C for future use. 

For plasmid purification, GeneJET Plasmid Midiprep Kit (#K0482, Thermo Fisher 

Scientific) was used following manufacturer´s protocol. Bacteria was pelleted down 

and resuspended in Resuspension Solution before addition of Lysis Solution. After 3 

minutes incubation, lysis was stopped with Neutralization Solution and Endotoxin 

Binding Reagent was added and incubated for 5 minutes. Cell debris and 

chromosomal DNA was pelleted down by centrifugation for 20 minutes at 20,000 rpm. 

Supernatant plus 96% ethanol (1:1) was transferred to the columns and centrifuged 3 

minutes at 2,000 g. After washes with Wash Solution I and II, Elution solution was 

added to the column membrane, incubated for 2 minutes at room temperature and 

centrifuged 5 minutes at 3,000 g to elute plasmid DNA. Purified plasmids were 

quantified with Nanodrop 2000 spectrophotometer and aliquots were stored at -80 °C. 

Cells at 70-80% confluence were transfected with plasmid and Lipofectamine 

2000 as a transfection reagent diluted in Opti-Mem media. After 4-6 hours of 

incubation with transfection mix, cells were washed with PBS and required complete 

growth media was added. 

Efficiency of overexpression was evaluated 72 hours after transfection by RT-

qPCR and Western Blot. 
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3.11 Functional assays 

3.11.1 In vitro cell proliferation assays 

Cell proliferation was measured using WST-1 Cell Proliferation Assay Reagent 

(#155902 Abcam, Cambridge, UK). A total of 5,000 cells per well were seeded in a 

96-well plate with at least three technical replicates for each condition. After the 

specific treatment for each experiment, 100 µl WST-1 was added to each well under 

sterile conditions (to a final concentration of 7% of the total volume diluted in media 

without phenol red) and the plates were incubated for 4 hours at 37°C.  

WST-1 assay is based on cleavage of tetrazolium salt to formazan by cellular 

mitochondrial dehydrogenases. Higher number of viable cells produce higher number 

of mitochondrial dehydrogenases, thus turning greater amount of formazan dye. 

Analysis of amount of formazan dye was performed by measuring absorbance 

at 450 nm in a microplate reader with background correction at 650 nm. Different 

experimental conditions were referenced and represented as a percentage of the 

control.  

3.11.2 Wound healing assay 

Migration capacity of the cells was evaluated by wound healing assay. Cells were 

seeded at 100% confluence on a 24-well plate. For AXL gain or loss of function, cells 

were seeded 72 hours after transfection and for pharmacological inhibition of AXL, 

the drug was added to media during the assay at the indicated concentrations. The 

wound was induced by scratching the monolayer with a micropipette tip and cells were 

allowed to move into the gap for 72 hours. Images were taken with Las4.9 software 

(Leica) and at least 4 different regions of the scratch were acquired. Migration rate 

was calculated as the proportion of initial scratch distance and the mean distance 

between the two borders remaining cell free after migration. Triplicates were 

performed for each condition. 
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3.11.3 In vitro cell migration and invasion transwell assays 

Invasion and migration transwell assays were performed using 8 µm pore 

Boyden chamber (#353097 24-well Corning, NY, USA). For invasion assay, the upper 

chamber was coated with 50 µl Matrigel (#356235, Corning) as a matrix for mimicking 

in vivo invasion process. For pharmacological inhibition of AXL, cells were pretreated 

with DMSO or TP-0903 for 24 hours prior to seeding. For AXL downregulation or 

overexpression, cells were seeded 72 hours after transfection. A total of 50,000 cells 

were seeded in serum-free media in the top chamber and allowed to migrate for 48 

hours toward the bottom chamber containing 10% FBS media as a chemoattractant. 

Cells at the lower part of the membrane were fixed and permeabilized with cold 70% 

ethanol and methanol and stained with 0.4% crystal violet. At least 4 independent 

microscope fields were captured with Las4.9 software and the average number of 

migrating/invading cells was evaluated and represented as a percentage of control 

condition. 

3.11.4 Mammospheres generation and treatment 

To validate results in an in vitro 3D culture model, mammospheres were 

generated from BR474 and BT474R cells. 5,000 cells were seeded in a 20 µl drop of 

80% Matrigel and 20% DMEM-F12 placed in the center of each well in 48-well plates. 

Matrigel was allowed to solidify at 37 ºC for 20 minutes, before adding 250 µl of 3D 

breast tumor organoid media (see table S5) to each well. Media was changed twice 

weekly and organoids were obtained approximately after one week. For experimental 

treatment, mammospheres were cultured with basic media containing trastuzumab 15 

µg/ml for 7 days and/or TP-0903 at 200 nM for the last 72 hours. For analysis, 

mammospheres were washed with PBS and incubated with 250 µl of trypsin at 37 ºC 

for 1 hour without disrupting the drop. Then cells mixed with trypsin were transferred 

to a 96-well plate and incubated 30 minutes at 4 ºC to allow complete liquification of 

the Matrigel. Cells were washed, resuspended, stained with propidium iodide and 

Annexin V and acquired in BD LSR Fortessa cytometer. Live and apoptotic cells were 

quantified with FlowJo software. 
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3.12 Patient-derived xenograft model assays 

3.12.1 In vitro patient-derived xenograft trastuzumab-resistant model 

Patient-derived-xenograft (PDX) trastuzumab-resistant models were obtained in 

collaboration with Dr. Joaquín Arribas’ laboratory at Vall d’Hebron Insitute of Oncology 

in Barcelona (Spain), which is known for its deep expertise in HER2+ BC in vivo 

models.  

PDX118 is derived from skin metastasis collected by core needle biopsy and has 

been characterized by an expert pathologist as ER+, PR-, HER23+. Disaggregated 

tissue was injected in NOD-SCID immunodeficient mice for PDX118 model 

establishment. PDXs were established at Vall d’Hebron Insitute of Oncology following 

institutional guidelines and the IRBs at Vall d’Hebron Hospital provided approval for 

this study in accordance with the Declaration of Helsinki. Written informed consent 

was obtained from all patients who provided tissue samples.  

Two in vitro trastuzumab-resistant PDX-derived cell lines, named as PDX118-

TR1 and PDX118-TR2, were established from PDX118, which has been previously 

disaggregated and resuspended in a single cell suspension. Cells were subcultured 

in presence of increasing concentrations of trastuzumab starting from 5 ng/ml and 

reaching 1,000 ng/ml. In both models, resistance was obtained after 4 months of 

trastuzumab treatment (Fig. 11). 
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Figure 11. Schematic representation of in vitro trastuzumab-resistant PDX-derived 

cell lines (PDX118-TR1 and TR2) and in vivo trastuzumab-resistant PDX model 

(PDX118-TR4) generation. 

 

For proliferation experiments, 5,000 PDX118-TR1 and PDX118-TR2 cells were 

seeded in 96-well plates and treated with trastuzumab for 7 days combined with TP-

0903 at a concentration of 150 nM during the last 72 hours of treatment. Cell numbers 

in this model were estimated with the crystal violet staining assay. Cells were first 

fixed with methanol for 10 minutes and then stained with 0.1 % crystal violet for 20 

minutes at room temperature. Once stained, cells were washed with tap water and 

allowed to dry overnight. Crystal violet was solubilized in 10% acetic acid and 

absorbance was read at 560 nm. Proliferation was represented as a percentage of 

the control condition. Each condition was performed with at least three technical 

replicates. 
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3.12.2 Patient-derived organoids generation and treatment 

For generation of PDX-derived 3D models, 50,000 cells from disaggregated 

PDX118-TR4 tumor or from PDX-derived cell lines were seeded in 48 well-plates in a 

drop of 20 µl of Matrigel. Each drop was dispensed in the center of the well and 

incubated for 15 minutes at room temperature. After the Matrigel was solidified, 250 

µl of 3D breast tumor organoid media (table S5) were added to each well. Media was 

replaced twice weekly and organoids formation was assessed after 15 days. 

Organoids per well were counted and each one assumed to contain approximately 50 

cells. Organoid media was removed and 3D structures were cultured with trastuzumab 

at 100 µg/ml for 7 days and/or TP-0903 at 150 nM or 1 µM for the last 72 hours. At 

the endpoint, organoids were disaggregated by adding 250 µl of trypsin for 30 minutes 

at 37 ºC, after which cells were collected and incubated for 30 minutes on ice to liquify 

the Matrigel. Fully disaggregated organoids were washed and the number of cells was 

quantified with FlowJo software by means of EpCAM+ counts in the case of PDX 

tumor-derived organoids. For EpCAM staining, cells were incubated with 1:300 

primary antibody (see table S4) in FACS buffer for 30 minutes. Cells were washed 

and stained for apoptosis assay and the viability marker Zombie Aqua at 1:1000 

(#423101, BioLegend) and acquired in BD LSR Fortessa cytometer. 

3.12.3 In vivo patient-derived xenograft trastuzumab-resistant model 

To generate the trastuzumab-resistant tumors, NOD-SCID mice were 

transplanted with fragments of PDX118 tumor. Once tumor size reached 300 mm3, 

animals were intraperitoneally injected with trastuzumab at 10 mg/ml twice per week. 

Once tumors reached the maximum size of 1,000 mm3, animals were sacrificed, tumor 

was divided and reinjected into new animals to continue the treatment. After two 

passages, resistant tumors (termed as PDX118-TR1, PDX118-TR2, PDX118-TR3, 

PDX118-TR4 and PDX118-TR5) were obtained (Fig. 11). Samples for flow cytometry 

and reinjection were digested in 300 U/ml collagenase IA (#C2674, Sigma-Aldrich,) 

and 100 U/ml Hyaluronidase IS (#H3506, Sigma-Aldrich) in DMEM-F12 medium. After 

1 hour of incubation at 37 °C with shaking at 80 rpm, the mixture was filtered through 



CHAPTER 3 

 

112 
 

100 µm strainers. Red blood cells were lysed with 1x Red Blood Cell lysis buffer 

(#A10492, Thermo Fisher) for 5 minutes at room temperature. After a wash with 1x 

PBS, samples were counted and either reinjected or stained and acquired on LSR 

Fortessa cytometer. Data was analyzed with FlowJo software. For the in vivo 

experiment, NOD-SCID mice were injected in mammary fat pad with PDX118-TR4 

tumors (N=30). Once tumor size was around 100-200 mm3, animals were randomly 

divided into 4 groups and treated. with either vehicle, trastuzumab intraperitoneal at 

10 mg/kg biweekly, TP-0903 orally at 50 mg/kg daily 5/7 or a combination of both 

across 21 days, starting from day 89 after injection to day 110. A follow-up of 321 days 

was recorded.  

Tumors were measured twice per week and the volume was obtained by 

(Dxd2)/2 (D = longest diameter and d = shortest diameter). 

Mice were observed continuously for normal health condition and behaviour and 

body weight was registered twice per week. Animals were sacrificed at the end of the 

experiment or when institutional euthanasia criteria for tumor size and health condition 

were reached. 

3.13 In-silico studies 

3.13.1 Analysis of public human data. 

A HER2+ BC patients’ cohort from Kaplan-Meier Plotter Software was analyzed.  

The Kaplan Meier plotter software allows to assess the correlation between gene 

expression and survival in samples from several tumor types. Sources for the 

databases include GEO, EGA, and TCGA. Primary purpose of the tool is a meta-

analysis based discovery and validation of survival biomarkers 308. 

The prognostic value of AXL and GAS6 mRNA expression was analyzed in 252 

HER2+ BC patients with available data. The median value was used to identify the 

high and low groups. The Hazard Ratio (HR) with 95% confidence interval (CI) and 

log-rank P-value were calculated and Kaplan-Meier curves were plotted. 
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3.13.2 Prediction of transcription factor binding site  

To study JUNB transcription factor (TF) binding sites, AXL promoter sequence 

was located and downloaded from Genome Browser (http://www.genome.ucsc.edu) 

(see Appendix). To identify predicted putative binding sites of JUNB in AXL promoter 

JASPAR 2022 software was used (http://JASPAR.genereg.net/) 309. 

JASPAR is an open-access database containing manually curated, 

nonredundant TF binding profiles for TFs across six taxonomic groups. For this 

analysis we selected data for Homo sapiens and JUNB binding sites on AXL promoter 

were predicted from a matrix of chip-seq data from Encode dataset. TF binding site 

predictions with a PWM relative score ≥ 0.8 and a p-value < 0.05 were selected.  

To confirm observed results, we also used Genecard and PROMO software from 

Alggen server  (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit) 310. 

PROMO allows for the identification of putative TF binding sites in DNA sequences 

from a specie of interest. It uses version 8.3 of TRANSFAC database to construct 

specific binding site weight matrices for TF binding site prediction. In our analysis we 

selected Homo sapiens specie and input AXL promoter sequence and TF binding 

sites were predicted within a dissimilarity margin less or equal than 15%.  

3.14 Statistical Analysis.   

Statistical analysis was performed using GraphPad Prism software (version 

6.01; GraphPad Software, Inc., La Jolla, CA, USA) and R (version 3.6.2). Results 

were expressed as means ± SD, means ± SEM (standard error of the mean) for in 

vivo tumor size and median and interquartile for mRNA expression in patients’ 

samples. Normality was checked using Shapiro-Wilks’s test. Mean comparison was 

carried out using two-tailed t-Student test. All experiments were reproduced at least 

three times. 

GAS6, ERBB2, AXL and VIM gene expression in the retrospective patients’ 

cohort was dichotomized by the median. Prognostic potential was evaluated by 

http://jaspar.genereg.net/
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit
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Receiver Operating Curve (ROC) analysis and optimal cut-off was calculated with 

Youden Index 311. DFS and OS were described graphically using Kaplan-Meier curves 

and differences evaluated using log-rank test. Cox regression was conducted in order 

to calculate HR and 95% CI. Cox multivariable model included dichotomized GAS6, 

ERBB2, AXL, VIM, tumor size and affected nodes. Selection of the best model was 

done according to Akaike’s Information Criterion (AIC) using a stepwise forward-

backward approach.  

 

To identify AXL gene expression changes in clinical samples of the PAMELA trial 

across timepoints (baseline versus day 14 or day 14 versus surgery) we used two-

tailed paired t-tests. Two-way ANOVA with Bonferroni correction post-hoc was used 

for in vivo statistical analysis.  

 

The cut-off for statistical significance in all tests was 0.05 (* p-value<0.05, ** p-

value<0.01, *** p-value<0.001, **** p-value<0.0001). 
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4.1 Characterization of trastuzumab-resistant HER2+ BC cell lines. 

To identify novel mechanisms of resistance to trastuzumab, we used three BC 

cell lines with in vitro acquired resistance to trastuzumab: AU565R, BT474R, and 

SKBR3R. In resistant models, trastuzumab treatment decreased the growth rate by 

less than 20%, in contrast with the approximately 50% of reduction observed in 

parental trastuzumab-sensitive cell lines, thus confirming the acquisition of resistance 

in these three in vitro models. HCC1954 innate trastuzumab-resistant HER2+ BC cell 

line was used as a control (Fig. 12).  

Figure 12.  Confirmation of resistance to trastuzumab in in vitro acquired 

trastuzumab-resistant HER2+ BC cell lines. Cell proliferation analysis by WST-1 in 

trastuzumab-sensitive (S) and resistant (R) cell lines with and without trastuzumab 

treatment at 15µg/ml for 7 days.  ***P<0.001 by two-tailed Student´s t-test  

 

 

Given that standard of care for HER2+ BC consists of dual HER2 blockade with 

trastuzumab plus pertuzumab, we aimed to confirm if the generated acquired 

trastuzumab-resistant cell lines also present less response to pertuzumab and 

combination of these two anti-HER2 agents than parental cell lines, in order to give 

clinical value to our study. We observed that AU565R, BT474R and SKBR3R cells 

are also resistant to pertuzumab and to combination of pertuzumab plus trastuzumab 

(Fig. 13). 
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Figure 13.  Response to pertuzumab and combination of trastuzumab plus 

pertuzumab in in vitro acquired trastuzumab-resistant HER2+ BC cell lines. Cell 

proliferation analysis by WST-1 in trastuzumab-sensitive and resistant cell lines with and 

without pertuzumab treatment at 20 µg/ml or trastuzumab (15µg/ml) plus pertuzumab (20 

µg/ml) for 7 days. *P<0.05, **P<0.01, ***P<0.001 by two-tailed Student´s t-test 

 

 

In addition, the three acquired trastuzumab-resistant cell lines were significantly 

more proliferative at basal level than parental cell lines, as demonstrated by cell 

proliferation and Ki67 staining (Fig. 14A and 14B).  

 

IHC analysis revealed no substantial changes in pathological biomarkers 

between resistant and parental cell lines. BT474 and BT474R cell lines expressed 

HER2, ER, and PR. In contrast, AU565, AU565R, SKBR3, SKBR3R, and HCC1954 

were HER2+, while ER and PR were not expressed (Fig. 14C). All cell lines were 

HER2-amplified, yet trastuzumab-resistant cell lines expressed lower ERBB2 mRNA 

compared to sensitive cell lines (Fig. 14D). Notably, HER2 protein total expression 

and cell membrane expression remained lower in our acquired resistant cell lines 

compared to sensitive (Fig. 14E and 14F). Evaluation of the PAM50 gene expression 

profile showed all cell lines as HER2-enriched (data not shown).    
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D    E        

 

 

 

 

F 

 

 

 

 

 

Figure 14.  Trastuzumab-resistant HER2+ BC cell lines characterization. Comparison 

of basal cell proliferation by WST-1 in trastuzumab-sensitive and resistant cell lines over 

144 hours (A). IHC staining of Ki67 (B), ER, PR and HER2 (C) in the indicated cell lines. 

MDA-MB-231 was used as a negative control for HER2, ER and PR staining. RT-qPCR 

analysis of ERBB2 mRNA expression (D), western blot analysis for total HER2 protein 

expression (E) and flow cytometry analysis of HER2 protein expression in cell membrane 

(F) in trastuzumab-sensitive and resistant cell lines. Scale 100 µm, magnification 20X in B 

and 10X in C. GAPDH was used as an endogenous control in D and E. Flow cytometry 

negative control was stained with isotype primary antibody in F. *P<0.05, **P<0.01, 

***P<0.001 by two-tailed Student´s t-test in A, D, F.  

 

 

The above data suggest that our acquired trastuzumab-resistant models have 

an increased proliferation rate and lower ERBB2 expression, despite maintaining 

HER2 amplification and the same molecular subtype.  
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4.2 AXL promotes trastuzumab resistance in HER2+ BC cell lines.  

Given that AXL has been previously associated with resistance to therapies 312, 

we compared AXL expression between trastuzumab-sensitive and resistant cell lines, 

finding that both AXL mRNA and protein expression were upregulated in the three 

resistant cell lines compared to their respective parental cell lines. In addition, AXL 

phosphorylation was also higher in resistant cell lines (Fig. 15A and 15B).  

 

A     B 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15.  AXL is overexpressed in trastuzumab-resistant HER2+ BC cell lines. RT-

qPCR analysis of AXL mRNA expression (A) and western blot analysis of AXL and 

phospho-AXL protein expression (B) in trastuzumab-sensitive and resistant cell lines. 

GAPDH was used as an endogenous control in A and B. **P<0.01, ***P<0.001 by two-

tailed Student´s t-test in A. 

 

 

 

These data suggest that AXL expression could mediate trastuzumab resistance 

in our models. To address this question, AXL was inhibited using both, genetic and 

pharmacological, approaches. First, we depleted AXL expression using two 

independent siRNAs (Fig. 16A): in both cases, AXL downregulation restored the 

sensitivity of resistant cells to trastuzumab, and we observed over 20% growth 

inhibition in AXL-depleted acquired resistant cell lines after trastuzumab treatment 

(Fig. 16B). Strikingly, trastuzumab IC50 values in the three acquired resistant cell 

lines with AXL knockdown were similar to IC50 of their parental cell lines (Fig. 16C 
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and table 7). However, AXL downregulation in sensitive cell lines and in the innate 

resistant cell line HCC1954 did not enhance trastuzumab growth rate inhibition, 

underscoring its role as a mechanism of acquired resistance (Fig. 16D, 16E, 16F and 

16G).  
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Figure 16. AXL genetic knockdown resensitizes acquired trastuzumab-resistant 

HER2+ BC cell lines. Western blot analysis of AXL and phospho-AXL protein expression 

after 72 hours siRNA-mediated AXL knockdown (A). Cell proliferation analysis by WST-1 

of: siRNA mediated AXL knockdown resistant cell lines with trastuzumab treatment at 15 

µg/ml for 7 days (B); sensitive cell lines and siRNA-mediated AXL knockdown acquired 

resistant cell lines treated with trastuzumab in a range of concentrations for 7 days (C); 

siRNA mediated AXL knockdown sensitive cell lines with trastuzumab treatment at 15 

µg/ml (D) and in a range of concentrations for 7 days (E); siRNA mediated AXL knockdown 

HCC1954 cell line with trastuzumab treatment at 15 µg/ml (F) and in a range of 

concentrations (G) for 7 days. GAPDH was used as an endogenous control in A. *P<0.05, 

**P<0.01, ***P<0.001 by two-tailed Student´s t-test in B and D. 

 

 

 

Table 7. IC50 value of trastuzumab in HER2+ BC cell lines after AXL genetic 

knockdown. 

 

 

 

  

 

 

 

 

 

 

 

 

 IC50 (µg/ml) p-value 

 S+siScr R+siAxl-A  

AU565 0.097 0.053 0.2369 

BT474 0.077 0.035 0.0924 

SKBR3 0.072 0.109 0.1000 

 S+siScr R+siAxl-B  

AU565 0.097 0.025 0.0648 

BT474 0.077 0.166 0.1378 

SKBR3 0.072 0.089 0.6000 
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These results were confirmed using the selective AXL TKI TP-0903 (Fig. 17A). 

Decrease in proliferation caused by the combination of trastuzumab with TP-0903 in 

acquired resistant cell lines reached growth inhibition levels observed in parental cell 

lines with trastuzumab (Fig. 17B). Subsequently, TP-0903 combined with increasing 

concentrations of trastuzumab led to trastuzumab IC50 values in acquired resistant 

cell lines similar to those in sensitive cells (Fig. 17C and table 8). However, growth 

inhibition and IC50 values of trastuzumab were not modified in parental cell lines or 

HCC1954 upon addition of AXL inhibitor (Fig. 17D, 17E, 17G and 17G).  
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Figure 17. AXL pharmacological inhibition resensitizes acquired trastuzumab-

resistant HER2+ BC cell lines. Western blot analysis of AXL and phospho-AXL protein 

expression after 72 hours of TP-0903 treatment (A). Cell proliferation analysis by WST-1 

of: resistant cell lines with trastuzumab treatment at 15 µg/ml for 7 days combined with 

pharmacological AXL inhibition by TP-0903 for the last 72 hours (B); sensitive cell lines and 

TP-0903-treated resistant cell lines with trastuzumab in a range of concentrations for 7 

days (C); sensitive cell lines with trastuzumab treatment at 15 µg/ml (D) and in a range of 

concentrations (E) for 7 days plus TP-0903 in the last 72 hours; HCC1954 cell line with 

trastuzumab treatment at 15 µg/ml (F) and in a range of concentrations (G) for 7 days plus 

TP-0903 for the last 72 hours. GAPDH was used as an endogenous control in A. *P<0.05, 

**P<0.01, ***P<0.001 by two-tailed Student´s t-test in B and D. 

 

 

 Table 8. IC50 value of trastuzumab in HER2+ BC cell lines after AXL pharmacological 

inhibition. 

 

 

 

 

 

 

 

To further validate the potential of AXL pharmacological inhibition in restoring 

trastuzumab response, we generated mammospheres from BT474 and BT474R. In 

resistant mammospheres, trastuzumab or TP-0903 alone did not decrease cell 

number, however, it was significantly lower after treatment with combination (Fig.18A 

and 18C). Furthermore, combination treatment induced greater apoptosis rate 

compared to any single agent (Fig. 18B). 

 IC50 (µg/ml) p-value 

 S+DMSO R+TP-0903  

AU565 0.056 0.025 0.3778 

BT474 0.163 0.192 0.7873 

SKBR3 0.502 0.770 0.09 
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Figure 18. AXL pharmacological inhibition resensitizes acquired trastuzumab-

resistant HER2+ BC mammospheres.  Cell proliferation (A) and apoptosis assay (B) of 

BT474 and BT474R-derived mammospheres treated with trastuzumab (15 µg/ml), TP-0903 

(0.2 µM) and combination. Viable and apoptotic cells were quantified by flow cytometry 

using propidium iodide and Annexin V. Representative images of mammospheres treated 

with trastuzumab, TP-0903 and combination (C). Scale 100 µm, magnification 10X in C. 

*P<0.05, **P<0.01, ***P<0.001 by two-tailed Student´s t-test in A and B. 
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Conversely, AXL gain of function in parental cell lines significantly reduced 

growth rate inhibition after trastuzumab treatment, thus leading to trastuzumab 

resistance (Fig. 19A and 19B). Moreover, trastuzumab treatment showed an 

increased IC50 value in AXL overexpressed cell lines compared to controls (AU565 

p= 0.0012, BT474 p<0.0001, SKBR3 p= 0.0001) (Fig. 19C and table 9). As expected, 

AXL overexpression had no effect on trastuzumab response in resistant cell lines (Fig. 

19D, 19E, 19F and 18G).  
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Figure 19. AXL overexpression decreases response to trastuzumab in HER2+ BC cell 

lines. Western blot analysis of AXL and phospho-AXL protein expression after 72 hours 

AXL overexpression (A). Cell proliferation analysis by WST-1 of: AXL overexpressed 

sensitive cell lines with trastuzumab treatment at 15 µg/ml for 7 days (B); resistant cell lines 

and AXL overexpressed sensitive cell lines with trastuzumab in a range of concentrations 

for 7 days (C); AXL overexpressed resistant cell lines with trastuzumab treatment at 15 

µg/ml (D) and in a range of concentrations (E) for 7 days; AXL overexpressed HCC1954 

cell line with trastuzumab treatment at 15 µg/ml (F) and in a range of concentrations (G) 

for 7 days. GAPDH was used as an endogenous control in A. *P<0.05, **P<0.01, 

***P<0.001 by two-tailed Student´s t-test in B. 

 

 

Table 9. IC50 value of trastuzumab in HER2+ BC cell lines after AXL overexpression. 

 

 

 

 

 

 

 

 

 

 

 

 IC50 (µg/ml) p-value 

 Vector AXL  

AU565 0.007 0.103 0.0012 

BT474 0.030 0.229 <0.0001 

SKBR3 0.049 0.841 0.0001 
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It should be noted that proliferation was not affected by AXL levels (Fig. 20). 
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Figure 20. AXL does not affect cell proliferation rates in HER2+ BC cell lines. Cell 

proliferation analysis by WST-1 after AXL knockdown (A) and AXL overexpression (B) in 

trastuzumab-sensitive and resistant HER2+ BC cell lines over 144 hours. 

 

Collectively, these results suggest that AXL promotes acquired resistance to 

trastuzumab, and that AXL inhibition restores sensitivity in acquired trastuzumab-

resistant in vitro models.  
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4.3 AXL-mediated trastuzumab resistance is associated with an EMT-like 

phenotype.  

Acquisition of mesenchymal characteristics by epithelial cells, in particular the 

ability to migrate and invade the extracellular matrix, is a well-defined mechanism of 

drug resistance 313. Given that the mesenchymal phenotype is related to worse 

response to trastuzumab and that AXL has been described as a component of the 

acquired mesenchymal phenotype 314, we next analyzed the association between AXL 

expression and EMT markers.  

First, we observed that acquired trastuzumab-resistant cell lines which 

overexpressed AXL also showed an EMT-like phenotype by upregulation of vimentin 

(VIM), fibronectin (FN1), β-catenin (CTNNB1), N-cadherin (CDH2) and decrease in E-

cadherin (CDH1) at mRNA and protein level compared with their respective parental 

cell lines (Fig. 21A and 21B and Fig. S1).  As expected, the acquired trastuzumab-

resistant cell line SKBR3R presented enhanced cancer cell invasion and migration 

through AXL signaling compared to its parental counterpart (Fig. 21C and 21D). 
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Figure 21. AXL expression is associated with an EMT-like phenotype. RT-qPCR 

analysis of mRNA (A) and western blot analysis of protein expression (B) of EMT markers 

in indicated cells. Transwell migration and invasion (C) and wound healing assay (D) in 

SKBR3 and SKBR3R. GAPDH was used as endogenous control in A and B. Images show 

representative migrating/invading cells and bars show percentage of mean (±SD, n=8) of 

migrating/invading cells, scale 100 µm magnification 10X in C. Images show representative 

open area and bars show percentage of area (±SD, n=8), scale 100 µm, magnification 5X 

in D. *P<0.05, **P<0.01, ***P<0.001 by two-tailed Student´s t-test in A, C and D. 
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Second, we determined whether AXL expression was sufficient to modulate a 

mesenchymal-like phenotype. The results showed that AXL inhibition by two different 

siRNAs or by TP-0903 was sufficient to reverse the mesenchymal-like phenotype 

(Fig.  22A and 22B and Fig. S2). Interestingly, AXL downregulation by siRNA and 

inhibition by TP-0903 reduced cell migration and invasion in SKBR3R cell line (Fig. 

22C, 22D, 22E and 22F).  
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Figure 22. AXL knockdown and inhibition decrease EMT-like phenotype. Western blot 

analysis of EMT markers in siRNA-mediated AXL knockdown (A) and pharmacological AXL 

inhibition by TP-0903 (B) in SKBR3R. Transwell migration and invasion (C) and wound 

healing assay (D) in siRNA-mediated AXL knockdown SKBR3R. Transwell migration and 

invasion (E) and wound healing assay (F) in SKBR3R after pharmacological AXL inhibition 

by TP-0903. GAPDH was used as an endogenous control in A and B. Images show 

representative migrating/invading cells and bars show percentage of the mean (±SD, n=8) 

of migrating/invading cells, scale 100 µm, magnification 10x in C and E. Images show 

representative open area in scratch and bars show percentage of open area (±SD, n= 8), 

scale 100 µm, magnification 5X in D and F. *P<0.05, **P<0.01, ***P<0.001 by two-tailed 

Student´s t-test in C, D, E and F. 
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Consistent with the above results, AXL overexpression increased both EMT 

markers expression (Fig. 23A and Fig. S3) and migration and invasion capability in 

SKBR3 cell line (Fig. 23B and 23C). These results suggest that AXL orchestrates a 

mesenchymal-like phenotype in acquired trastuzumab-resistant HER2+ BC cell lines. 
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Figure 23. AXL overexpression increases EMT-like phenotype. Western blot analysis 

of EMT markers in AXL overexpressed SKBR3 (A). Transwell migration and invasion (B) 

and wound healing assay (C) in AXL overexpressed SKBR3 cell line. GAPDH was used as 

an endogenous control in A. Images show representative migrating/invading cells and bars 

show percentage of the mean (±SD, n=8) of migrating/invading cells, scale 100 µm, 

magnification 10X in B. Images show representative open area in scratch and bars show 

percentage of open area (±SD, n= 8), scale 100 µm, magnification 5X in C. *P<0.05, 

**P<0.01 by two-tailed Student´s t-test in B and C. 

 

Notice that, all the transwell migration and invasion experiments performed in 

SKBR3 and SKBR3R cell lines, were validated in BT474 and BT474R cell lines (Fig. 

S4). 
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4.4 Acquired trastuzumab resistance is mediated by ligand-independent 

heterodimerization of AXL and HER2. 

Several studies have demonstrated that both ligand-dependent and ligand-

independent AXL activation initiates downstream signaling in different cancer types 

315,316. We undertook to determine the biological mechanism underlying the resistance 

to trastuzumab mediated by AXL overexpression. To do so, we evaluated the role of 

its single ligand GAS6, without detecting consistent overexpression of GAS6 mRNA 

or protein in acquired trastuzumab-resistant versus parental cell lines (Fig. 24A and 

24B). Neither GAS6 protein expression nor the percentage of GAS6+ cells changed 

after treatment with BFA protein transport inhibitor, thus confirming that GAS6 ligand 

production did not vary between resistant and sensitive cell lines (Fig. 24B, 24C, 24D 

and 24E).   
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Figure 24. Acquired trastuzumab resistance is mediated by AXL in a ligand-

independent manner. RT-qPCR analysis of GAS6 mRNA expression (A) and western blot 

analysis of GAS6 with and without previous BFA treatment (B) in trastuzumab-sensitive 

and resistant cell lines.  GAPDH was used as an endogenous control in A and B. Flow 

cytometry analysis of GAS6 relative protein levels in trastuzumab-sensitive and resistant 

cell lines with and without BFA treatment (C). Flow cytometry analysis graph bar (D) and 

representative plots (E) of GAS6+ population with and without BFA treatment in 

trastuzumab-sensitive and resistant cell lines. Flow cytometry negative control was stained 

with isotype control primary antibody. *P<0.05, ***P<0.001 by two-tailed Student´s t-test in 

A and D. 

 

 

 

 

 

 



CHAPTER 4 

 
 

146 
 

On the basis of these data, we hypothesized that AXL activation was ligand-

independent and we proposed the heterodimerization between AXL and HER2 as the 

trigger of trastuzumab resistance in our models. To test this hypothesis, we co-

immunoprecipitated AXL and HER2 demonstrating a direct interaction between these 

two proteins (Fig. 25A). In agreement with this result, AXL-HER2 interaction was also 

detectable by PLA. Flow cytometry and immunofluorescence confirmed the presence 

of AXL-HER2 heterodimer in the plasma membrane in our acquired trastuzumab-

resistant models (Fig. 25B, 25C and Fig. S6). This result suggests a ligand-

independent interaction between AXL and HER2.  
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Figure 25. Acquired trastuzumab resistance is mediated by AXL-HER2 

heterodimerization. Co-immunoprecipitation (IP) of AXL, HER2 and IgG as a negative 

control (NC) followed by immunoblotting of AXL and HER2 in acquired trastuzumab-

resistant cell lines (A). PLA of AXL and HER2 in acquired trastuzumab-resistant cell lines 

(red) measured by flow cytometry. For negative control: primary antibodies were omitted 

(grey) (B). PLA of AXL and HER2 in trastuzumab-sensitive and resistant cell lines 

measured by confocal microscopy. Red spots indicate AXL-HER2 interaction. Nuclei were 

counterstained with DAPI (blue) (C). Scale: 25 µm, magnification: 40X in C. 
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4.5 AXL-HER2 dimerization induces phosphorylation of PI3K/AKT and 

MAPK/ERK pathways.  

We next studied signaling on HER2-AXL downstream pathways. AXL-HER2 

heterodimer downstream adapter proteins such as AKT, RPS6, ERK and MEK were 

found to be hyperphosphorylated in our trastuzumab-resistant models compared to 

sensitive parental cell lines (Fig. 26A and Fig. S6). Furthermore, genetic knockdown 

or pharmacological inhibition of AXL plus trastuzumab achieved the greatest 

inactivation of HER2 downstream pathways by reducing phosphorylation in both 

PI3K/AKT and MAPK/ERK pathways, even in acquired trastuzumab-resistant cells 

(Fig. 26B and 26C and Fig. S7, S8 and S9). Although, AXL overexpression alone was 

not sufficient for promoting the phosphorylation of PI3K/AKT and MAPK/ERK, 

pathway inhibition by trastuzumab was considerably less effective in AXL 

overexpressed cell lines than in control cell lines (Fig. 26D and Fig. S10). Taken 

together, our data indicate that AXL-HER2 dimerization activates PI3K/AKT and 

MAPK/ERK signaling pathways, thus leading to reduced trastuzumab treatment 

efficacy.  
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Figure 26. AXL-HER2 heterodimer regulates PI3K/AKT and MAPK/ERK 

pathways. Western blot analysis of AXL-HER2 downstream proteins in trastuzumab-

sensitive versus resistant cell lines at basal level (A). Western blot analysis of AXL-

HER2 downstream pathways with and without trastuzumab in siRNA-mediated AXL 

knockdown (B) and after pharmacological AXL inhibition by TP-0903 (C) in acquired 

trastuzumab-resistant cell lines and in AXL overexpressed sensitive cell lines (D). 

GAPDH was used as an endogenous control in A, B, C and D. 
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4.6 AXL inhibition overcomes trastuzumab resistance in PDX models.  

Based on the previous results demonstrating that AXL leads to trastuzumab 

resistance, we tested whether the combination of trastuzumab and AXL inhibition 

could be used to blunt tumor growth in different in vitro and in vivo acquired 

trastuzumab-resistant PDX models from a HER2+ BC patient in order to obtain more 

translational results.  

 

First, an in vitro PDX-derived resistant model was established by chronic 

treatment for 6 months with trastuzumab as explained in Methods chapter. The two 

obtained PDX-derived resistant cell lines (named as PDX118-TR1 and PDX118-TR2) 

were checked for response to trastuzumab, pertuzumab and combination of the two 

agents. In accordance with results obtained from previous acquired trastuzumab-

resistant HER2+ BC cell lines, PDX118-TR1 and PDX118-TR2 showed lower 

response to trastuzumab, pertuzumab and combination of both drugs than parental 

PDX-derived cell line (Fig. 27A, 27B, 27C and 27D). 
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Figure 27. Response to trastuzumab, pertuzumab and combination of both agents 

in PDX-derived cell lines. Cell proliferation assay of PDX-derived cell lines treated 

with trastuzumab (A), pertuzumab (B) or combination (C, D) for 6 days. Cell 

numbers were estimated with the crystal violet staining assay. *P<0.05, 

**P<0.01, ***P<0.001 by two-tailed Student´s t-test in A, B, C and D. 

 

Besides, trastuzumab-resistant PDX-derived cell lines maintained HER2 

overexpression, but exhibited an upregulation of AXL and VIM in comparison to the 

parental cells (PDX118), reproducing those results previously obtained in our panel 

of acquired trastuzumab-resistant cell lines (Fig. 28). 

 

Figure 28. ERBB2, AXL and VIM mRNA expression of PDX-derived cell lines. mRNA 

expression was determined by RT-qPCR analysis. GAPDH was used as an 

endogenous control. **P<0.01, ***P<0.001 by two-tailed Student´s t-test. 
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The combination of TP-0903 plus trastuzumab in vitro resensitized resistant cells 

and significantly decreased IC50 of trastuzumab (PDX118-TR1 and PDX118-TR2 

p<0.0001). Furthermore, growth inhibition caused by trastuzumab in PDX118 was 

independent of AXL blockade (Fig. 29A and table 10). In accordance with the results 

from HER2+ BC cell lines, AXL inhibition plus trastuzumab significantly inhibited 

phosphorylation of PI3K/AKT and MAPK/ERK pathways in PDX-derived trastuzumab-

resistant cell lines (Fig. 29B). Next, we generated 3D in vitro models from PDX118-

TR1 and TR2 and the parental PDX118 PDX-derived cell line. In resistant 

mammospheres, trastuzumab or TP-0903 alone did not induce significant growth 

inhibition, while combination achieved a decrease to 27% in both models. In the case 

of PDX118 mammospheres, trastuzumab significantly decreased cell numbers with 

no greater effect of combination with TP-0903 (Fig. 29C and 29E). Besides, apoptosis 

assay revealed a significant increase in the percentage of apoptotic cells achieved by 

the combination of trastuzumab plus TP-0903 compared to any single agent in both 

parental and resistant PDX-derived 3D models (Fig. 29D). 
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Figure 29. AXL inhibition overcomes trastuzumab resistance in PDX-derived cell 

lines. Cell proliferation assay of PDX-derived cell lines treated with trastuzumab for 6 days 

and TP-0903 at 150 nM for the last 72 hours (A). Western blot analysis of HER2 

downstream pathways with and without trastuzumab and TP-0903 treatment in acquired 

trastuzumab-resistant PDX-derived cell lines (B). Cell proliferation (C) and apoptosis assay 

(D) of PDX118, TR1 and TR2 3D models treated with trastuzumab (100 µg/ml), TP-0903 

(1 µM PDX118 and TR1, 0,15 µM TR2) or combination. Viable and apoptotic cells were 

quantified by flow cytometry using propidium iodide and Annexin V staining. Representative 

images of mammospheres treated with trastuzumab, TP-0903 and combination (E). 

GAPDH was used as an endogenous control in B. Scale 100 µm, magnification 4X in E. 

*P<0.05, **P<0.01, ***P<0.001, by two-tailed Student´s t-test in C and D.  
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Table 10. IC50 value of trastuzumab in PDX-derived cell lines after AXL 

pharmacological inhibition. 

 

 

 

 

 

 

  

 

Second, five in vivo acquired trastuzumab-resistant PDX models were 

established by chronic treatment with trastuzumab and serial passages in mice as 

explained in Methods section. Upon analysis of these models, we observed AXL 

mRNA overexpression in all of them in comparison to the parental PDX118. Given 

that PDX118-TR4 showed the highest expression of AXL, we chose this model to 

better study the effect of AXL inhibition in vivo (Fig. 30).  

 

 

Figure 30.  AXL is overexpressed in in vivo acquired trastuzumab-resistant PDX 

models. RT-qPCR analysis of AXL mRNA expression in parental and trastuzumab-

resistant PDX in vivo models. GAPDH was used as an endogenous control. *P<0.05, 

**P<0.01, ***P<0.001 by two-tailed Student´s t-test. 

 

 IC50 (µg/ml) p-value 

 DMSO TP-0903  

PDX118 0.0332 0.0306 0.3573 

PDX118-TR1 0.0640 0.0205 <0.0001 

PDX118-TR2 0.0454 0.0149 <0.0001 
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In the resistant model PDX118-TR4 (Fig. 31A), the level of HER2 amplification 

was similar than in parental PDX118, but ERBB2 expression was downregulated 

317,318 (Fig. 31B). Consistent with the phenotype observed in vitro, these resistant PDX 

tumors upregulated AXL and VIM (Fig. 31B). Notably, GAS6 was undetectable in our 

PDX models, which supports the ligand-independent mechanism.  

 

In organoids generated from PDX118-TR4, trastuzumab or TP-0903 alone did 

not significantly reduce cell numbers, whereas combination decreased cell numbers 

to 38.2% compared to control (Fig. 31C and 31D). 
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Figure 31. AXL inhibition overcomes trastuzumab resistance in PDX-derived 

organoids. Generation of an in vivo trastuzumab-resistant model (PDX118-TR4). Parental 

PDX118 was implanted in an immunocompromised mouse, and when tumors reached 

~200 mm3 animals were treated i.p with trastuzumab (left). Next, resistant tumors were 

reimplanted in immunocompromised mice and treated with trastuzumab (right). Red arrows 

represent days of trastuzumab treatment (A). RT-qPCR analysis of ERBB2, AXL and VIM 

mRNA expression in PDX118 and in vivo trastuzumab-resistant model PDX118-TR4 (B). 

GAPDH was used as an endogenous control. Cell proliferation analysis of trastuzumab-

resistant patient-derived organoids treated with trastuzumab at 100 µg/ml, TP-0903 at 150 

nM and a combination of these two drugs. Viable cells were quantified by flow cytometry 

using EpCAM as a marker (C). Representative images of organoids treated with 

trastuzumab, TP-0903 and combination of these two drugs (D). Scale 100 µm, 

magnification 4X in D.  *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by two-tailed 

Student´s t-test in B and C.  
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In a PDX118-TR4 in vivo experiment, mice were treated with vehicle, 

trastuzumab, TP-0903 or a combination of these two drugs. The results showed that 

trastuzumab and the AXL inhibitor alone had no significant effect on tumor growth; 

however, the combination of both drugs abrogated tumor growth and achieved a 

complete regression after 21 days of treatment (Fig. 32A, 32B, 32C and 32D). 

Notably, animals from the combined treatment group remained alive with no evidence 

of tumor growth after therapy during a total of 321 days follow-up (Fig. 32E); likewise, 

treatment did not affect animal weight, showing that AXL inhibition did not lead to a 

significant toxic effect in preclinical models (Fig. 32F).   

 

Histopathological analysis of tumor tissue was performed at endpoint. At this 

point, it is important to consider that no tumor tissue was available from TP-0903 plus 

trastuzumab treatment group, given that complete regression was achieved with no 

regrowth after follow-up. First, to ensure the on-target effect of TP-0903, we measured 

levels of phospho-AXL by IHC score in control versus TP-0903 treated tumors and, 

as expected, phospho-AXL levels were significantly decreased in treatment group 

(Fig. 32G). Next, to support the data, we measured Ki67 and c-CASP3 in control, 

trastuzumab and TP-0903 treated tumors as proliferation and apoptosis markers, 

respectively. In accordance with tumor size, no differences in Ki67 nor c-CASP3 were 

found between control and trastuzumab groups. However, despite tumor size did not 

achieve statistical difference between control and TP-0903 groups, percentage of 

Ki67+ cells was significantly decreased (Fig. 32H), while percentage of c-CASP3+ 

cells was increased in AXL inhibitor group (Fig. 32I).  
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Figure 32. AXL inhibition overcomes trastuzumab resistance in PDX in vivo models. 

Tumor growth of PDX118-TR4 in vivo model in NOD-SCID mice treated with vehicle, 

trastuzumab (10 mg/kg), TP-0903 (50 mg/kg) or combination represented in time-course 

line (A), % change from baseline of each individual (C) and endpoint dot plot (D). Tumor 

growth of PDX118-TR4 in vivo model treated with trastuzumab plus TP-0903. Black line 

represents treatment time period (B). Treatment was performed between days 89 and 110 

post-injection. OS Kaplan-Meier curve of mice divided by treatment (E). Animals’ weight 

during treatment and follow-up period (F). IHC quantification and representative images of 

phospho-AXL (G), Ki67 (H) and c-CASP3 (I) staining in the indicated tumor tissues at 

endpoint. N=30 mammary fat pad tumors; data represents mean ± SEM in A, B and D. 

Scale 50 µm, magnification 40X in G, H and I. ****P<0.0001 by two-way ANOVA with 

Bonferroni correction post-test in A. ***P<0.001, ****P<0.0001 by Mann-Whitney test in D. 

*P<0.05 by two-tailed Student´s t-test in G, H, I. 



CHAPTER 4 

 
 

162 
 

With these results, we conclude that the combination of TP-0903 with 

trastuzumab completely abrogates tumor growth in in vivo acquired trastuzumab-

resistant PDX models and achieves complete tumor regression safely. Therefore, this 

is a promising therapeutic strategy to treat HER2+ BC resistant to standard care.  

4.7 AXL expression in HER2+ BC patients correlates with a strong negative 

prognostic factor.  

On the basis of these preclinical data, we hypothesized that upregulation of AXL 

might promote acquired resistance to trastuzumab treatment in HER2+ BC patients. 

To test this hypothesis and assess the clinical relevance of our preclinical findings, we 

analyzed AXL expression in a retrospective cohort of HER2+ BC patients (n= 50) 

(Table 4). The median age at BC diagnosis was 51 years (range: 33-73); median 

follow-up was 7 years. Median DFS was 65.5 months (range: 5-177) and median OS 

was 80.5 months (range: 7-177).  

AXL expression was significantly upregulated at the time of diagnosis in primary 

tumor tissue from patients who later experienced disease relapse (p=0.003) 

compared to those that were free of disease when the analysis was performed (Fig. 

33A). ROC analysis also revealed that AXL expression may discriminate between 

HER2+ BC patients who will relapse from those who will be free of disease with AUC= 

96.96% (95% CI 0.9292-1.00; p<0.0001). Applying the best cut-off value, biomarker 

performance parameters showed 100% sensitivity, 84.62% specificity, and 92% 

accuracy (Fig. 33B). We found that patients with high levels of AXL had significantly 

shorter DFS and OS (log-rank p < 0.001; HR: 12.56; [95% CI: 3.70–42.66] for DFS; 

log-rank p= 0.006; HR: 6.91; [95% CI: 1.50-31.78] for OS). Median DFS and OS were 

30 and 136 months, respectively, in patients with high AXL expression, whereas in 

patients with low AXL expression these were not reached (Fig. 33C and 33D).  

The prognostic value of AXL was also confirmed in-silico in an independent 

public early HER2+ BC patients’ cohort 308. Patients with high AXL levels had 

significantly shorter DFS (log-rank p = 0.0018; HR: 2.03; [95% CI: 1.29–3.19]) and 
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distant metastasis free-survival (DMFS) (log-rank p = 0.0043; HR: 2.62; [95% CI: 

1.32– 5.19]) (Fig. 33E and 33F).  
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E     F     

 

Figure 33. AXL expression correlates with a strong negative prognostic factor in 

HER2+ BC patients. RT-qPCR analysis of AXL mRNA expression in HER2+ BC patients’ 

FFPE samples (A). ROC curve analysis for relapse prediction based on AXL mRNA 

expression in HER2+ BC patients (B).  DFS (C) and OS (D) Kaplan-Meier curves of HER2+ 

BC patients stratified by median AXL expression levels. Kaplan-Meier RFS (E) and DMFS 

(F) curves of HER2+ BC patients stratified by median AXL expression levels using KM 

Plotter (n= 252) 308. N=50 in A. B, C and D, N= 252 in E and F; Red lines represent median 

and interquartile; GAPDH was used as an endogenous control in A. **P<0.01 by two-tailed 

Student’s t-test with Welch’s correction in A.  

 

 

As AXL expression correlated with VIM in our trastuzumab-resistant models, we 

sought to validate this correlation in our patients’ cohort. Interestingly, we found a 

strong positive correlation between VIM and AXL expression (correlation (cor) = 0.91, 

p < 0.001) (Fig. 34A), and indeed, VIM expression was associated with worse 

prognosis. The results revealed that higher VIM expression in primary tumor was 

related to relapse (p= 0.0033), worse DFS (log-rank p < 0.001; HR: 50.63; [95% CI: 

6.74–380.5] and OS (log-rank p < 0.001; HR: 16.48; [95% CI: 2.11–128.80]) 

compared to low VIM HER2+ BC patients (Fig. 34B, 34C and 34D).  
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Next, we analyzed GAS6 mRNA expression in our patients’ cohort. Interestingly, 

no association between GAS6 and AXL expression was found (cor= -0.069, p=0.647) 

(Fig. 34A), in accordance with our preclinical data. Furthermore, GAS6 was not a 

negative prognostic factor; there was no significant correlation between GAS6 levels 

and DFS or OS (Fig. 34E, 34F and 34G). In-silico analysis of public data from early 

HER2+ BC patients’ cohort also failed to correlated GAS6 with prognosis, supporting 

the hypothesis that AXL role in anti-HER2 resistant occurs in a ligand-independent 

manner (Fig. S11). A similar result was observed with ERBB2, whose expression was 

not strongly correlated with either AXL (cor= 0.43, p= 0.003) or VIM (cor= 0.32, p= 

0.031) (Fig. 34A). 
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F     G 

 

Figure 34. VIM expression but not GAS6 correlates with a strong negative prognostic 

factor in HER2+ BC patients. Correlation matrix of AXL, VIM, ERRB2 and GAS6 mRNA 

expression in HER2+ BC patients (A). RT-qPCR analysis of VIM mRNA expression in 

HER2+ BC patients’ FFPE samples (B).  DFS (C) and OS (D) Kaplan-Meier curves of 

HER2+ BC patients stratified by median VIM expression levels. RT-qPCR analysis of GAS6 

mRNA expression in HER2+ BC patient´s FFPE samples (E). DFS (F) and OS (G) Kaplan-

Meier curves of HER2+ BC patients stratified by median GAS6 expression levels. N=50; 

Red lines represent median and interquartile. GAPDH was used as an endogenous control 

in B and E. *P<0.05, **P<0.01, ***P<0.001 by two-tailed Student’s t-test with Welch’s 

correction in A and B.  

 

 

In the multivariable model, AXL was selected the best model for both DFS (HR: 

22.95; [95% CI: 3.07–171.87]; p = 0.002) and OS (HR: 15.92; [95% CI: 0.849-298.32]; 

p = 0.064) according to Akaike’s information criterion.  

 

Collectively, these findings reveal a ligand-independent association between 

high AXL expression and worse prognosis in patients with HER2+ BC treated with 

trastuzumab and taxanes plus anthracycline-based chemotherapy.  
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4.8 Early in vivo biological changes during dual HER2 blockade in BC patients.  

To identify early molecular changes induced by dual HER2 blockade in patients 

with HER2+ BC, gene expression profiling was performed in 96 tumor samples 

obtained before treatment and at day 14 with lapatinib and trastuzumab (and 

endocrine therapy  in HR+ tumors) from the phase II PAMELA clinical trial 232. AXL 

gene expression was explored at both time points. Of particular interest was that AXL 

significantly increased at day 14 compared to baseline (p= 5.8e-20) (Fig. 35A). 

Overall, this effect was observed in HER2+/HR+ (p=5.63e-07), HER2+/HR- (p=1.446-

06), and across all PAM50 subtypes (Luminal A p=0.0192, Luminal B p=0.00247, 

HER2-E p=6.73e-08, Basal-like p=0.042) (Fig. 35B and 35C). This rapid response 

suggests that AXL is involved in determining resistance to HER2 inhibition. 

 

We completed the analysis of AXL in residual tumors from the surgery in those 

patients failing to achieve pCR (n= 57). Of note, the median time from the last 

treatment dose to surgery, during which the tumor samples were obtained, was 29.5 

days (range: 7-76 days). Interestingly, AXL was found to be differentially expressed 

in residual tumors at surgery compared to day 14 (p= 6.04e-14) (Fig. 35D). In 

agreement with previous gene expression analysis in the PAMELA trial 319, we found 

a rebound effect between day 14 and surgery samples, potentially due to that 

discontinuation of dual HER2 inhibition which reverses its biological effects. 
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Figure 35. AXL mRNA biological changes after dual HER2 blockade. AXL mRNA 

expression changes between baseline and day 14 of treatment in all 96 tumor samples 

from the PAMELA clinical trial (A) and across histological subtypes (B) and PAM50 

subtypes (C). AXL mRNA expression changes between baseline, day 14 and surgery in 57 

residual tumors at surgery (D). Each line represents a tumor sample. Increases are 

represented in red and decrease in green. P-values were determined by two-tailed paired 

t-tests.  
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According to our previous preclinical data, VIM expression presented similar 

biological changes than AXL, whereas ERBB2 expression decreased after dual HER2 

blockade (Fig. 36A and 36B). 
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B 

 

 

Figure 36. VIM and ERBB2 mRNA biological changes after dual HER2 blockade. VIM 

(A) and ERBB2 (B) mRNA expression changes between baseline, day 14 and surgery in 

57 residual tumors at surgery from PAMELA trial. Each line represents a tumor sample. 

Increases are represented in red and decrease in green. P-values were determined by two-

tailed paired t-tests.  
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Other interesting findings were that AXL and VIM expression were strongly 

correlated (cor=0.67, p=1.15e-55), and ERBB2 had a negative correlation with both 

AXL and VIM (cor=-0.362, p=2.23e-14; cor=-0.48, p=2.31e-25, respectively) (Fig. 37). 

 

 

 

 

Figure 37. Correlation between AXL, VIM and ERBB2 mRNA expression in HER2+ BC. 

mRNA expression was measured in 96 tumor samples from the PAMELA clinical trial. P-

values were determined by two-tailed paired t-tests.  

 

 

These observations were particularly significant as the biological changes 

observed in our preclinical models recapitulated the biological changes observed in 

patients from a phase II clinical trial. 
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4.9 AXL mRNA might be upregulated by the AP-1 transcription factor JUNB. 

In the previous sections we demonstrated that AXL is increased upon 

trastuzumab resistance in in vitro and in vivo models. Besides, results from PAMELA 

trial showed increased AXL mRNA expression in the tumor after 14 days of anti-HER2 

therapy.  

The increase in mRNA expression indicates for enhanced transcription activity. 

Thus, to better understand the mechanism underlying trastuzumab resistance through 

AXL, we aimed to investigate potential TFs regulating AXL.  

Given that AP-1 family is known as one of the most well-described TFs regulating 

AXL and that several studies proposed that JUNB might have an important role in 

drug resistance in several types of cancer 320–322 and also in BC metastasis 323,324, we 

first performed in-silico analysis to investigate if JUNB TF could bind AXL promoter. 

Results from JASPAR software predicted six potential JUNB binding sites in AXL 

promoter (see Appendix). In accordance with this data, analysis with PROMO 

software identified putative AP-1 binding sites in AXL promoter sequence (see 

Appendix). 

Next, we studied JUNB expression in our models. Results showed that all the 

three acquired trastuzumab-resistant HER2+ BC cell lines present overexpression of 

JUNB compared to their parental counterparts (Fig. 38A). Besides, regarding 

trastuzumab-resistant PDX models generated in vivo, three of the five resistant PDX 

also showed higher JUNB expression than parental PDX118. In particular, PDX118-

TR4 which we used for our in vivo experiments because its highest AXL expression, 

also presents one of the highest JUNB expression (Fig. 38B). 

Once overexpression of JUNB in our trastuzumab-resistant models was 

confirmed, we studied the effect of JUNB modulation on AXL expression. As 

expected, JUNB downregulation by siRNA caused a significant decrease in AXL 

expression, conversely, JUNB overexpression induced an increase in AXL protein 
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levels (Fig. 38C). These data suggest that JUNB TF might be regulating AXL as a 

mechanism of trastuzumab resistance. 

A 

 

B 

 
C 

 

 

Figure 38.  The AP-1 transcription factor JUNB in overexpressed in trastuzumab-

resistant models and regulates AXL expression. Western blot analysis of JUNB in 

trastuzumab-sensitive and resistant HER2+ BC cell lines (A). RT-qPCR analysis of JUNB 

mRNA expression in parental and trastuzumab-resistant PDX in vivo models (B). Western 

blot analysis of AXL expression levels after down- and upregulation of JUNB in the 

indicated cell lines (C). GAPDH was used as an endogenous control in A, B and C. 

**P<0.01, ***P<0.001 by two-tailed Student´s t-test in B.
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Trastuzumab is an essential and effective targeted anticancer agent for HER2+ 

BC patients. Unfortunately, despite the efficacy of this anti-HER2 treatment a 

significant number of patients develop progressive disease 325, requiring additional 

therapeutic strategies. Several molecular mechanisms, such as activation of 

alternative signaling pathways and/or downregulation of ERBB2, could contribute to 

the development of resistance to anti-HER2 agents 326,327. This scenario highlights an 

urgent need to develop new therapeutic approaches to effectively treat this group of 

patients. The current study was conducted to investigate the potential role of AXL 

activation in acquired resistance to trastuzumab with the aim of exploring AXL 

inhibition as a new potential therapeutic strategy for HER2+ BC patients. Indeed, 

several TKIs, monoclonal antibodies and antibody-drug conjugates against AXL are 

currently under development or evaluation in different clinical trials as effective 

targeted therapy in solid tumors 328,329. Besides, we also evaluated the performance 

of AXL expression in primary tumor tissue as a prognostic biomarker in HER2+ BC 

patients treated with standard of care.  

5.1 Lessons and discussion from original results 

Based on the obtained results, we demonstrated that acquired trastuzumab-

resistant HER2+ BC cells have significantly higher AXL expression than their parental 

cells, which suggests its implication in anti-HER2 resistance. AXL upregulation 

together with a mesenchymal phenotype have been associated with acquired 

resistance to several cytotoxic agents and targeted therapies in cancer, including 

triple negative BC 258,275,282,285. However, despite strongly correlated with invasion and 

metastasis in several types of cancer 258 , the specific role of AXL in the EMT process 

remains unclear, while some authors found AXL as a driver of EMT, others proposed 

it as a downstream effector  262,267,268,284. In our acquired trastuzumab-resistant HER2+ 

BC cell lines, we found that AXL upregulation occurs in the context of an EMT-

associated transcriptional program. The obtained data are consistent with previous 

studies in which vimentin upregulation was associated with AXL overexpression in BC 

cells 268. Indeed, trastuzumab-resistant cell lines show increased migration and 

invasion capability and EMT-like phenotype, which are related to metastatic 
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behaviour. AXL gain and loss of function experiments across our in vitro models 

corroborated that AXL activity induces a mesenchymal-like phenotype. AXL genetic 

or therapeutic inhibition was sufficient to reduce migration and invasion capacity and 

mesenchymal markers expression in three independent models. Altogether, these 

results highlight the role of AXL in metastatic cascade in HER2+ BC, in agreement 

with previous findings by Goyette et al. 272. Moreover, we demonstrated that AXL is 

involved in trastuzumab response and, importantly, AXL knockdown or inhibition by 

TP-0903, one of the most selective AXL inhibitors, were able to restore response to 

anti-HER2 therapy in in vitro models, supporting the data initially suggested by Li et 

al. in lapatinib-resistant models 288. 

Previous studies show evidence that AXL could be activated via both ligand-

dependent and ligand-independent mechanisms 273 and recent data suggest that AXL 

heterodimerization with other transmembrane receptors occurs in several solid tumors 

273,330,331. After exploring the mechanism leading to trastuzumab resistance through 

AXL in our in vitro models, results provide evidence that AXL activation arises through 

AXL-HER2 heterodimerization followed by the trigger of PI3K and MAPK cascades 

(Fig. 39). This is consistent with previous works showing that AXL can drive oncogenic 

signaling of each of these pathways in other cancer types 332. Analysis of pathway’s 

phosphorylation show that AXL inhibition alone induced some decrease in pathway 

activation, despite this change was not consistent in all cell lines or all proteins. 

However, simultaneous AXL inhibition plus trastuzumab achieved a significantly great 

inhibition of the pathway in all cell lines. Opposite trend was observed upon AXL 

overexpression in sensitive cell lines: although it was not sufficient for consistently 

promoting phosphorylation of PI3K/AKT and MAPK/ERK, pathway inhibition by 

trastuzumab was considerably less effective in AXL overexpressed cell lines than in 

control cell lines. These results suggest that activation of HER2 downstream 

pathways by AXL is the main mechanism leading to trastuzumab resistance in these 

models. However, other possibilities come up from our data. Trastuzumab is an 

antibody that interferes with HER2 ligand-independent activation by several 

mechanisms between them, inhibition of downstream pathways but also impediment 
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of dimerization. The fact of observed AXL-HER2 dimers in our acquired trastuzumab-

resistant cell lines agrees with studies demonstrating that trastuzumab response is 

positively correlated with HER2 homodimers; thus, the increased number of AXL-

HER2 heterodimers would lead to a decrease in treatment response 333. Moreover, 

HER2-AXL dimer could be somehow hindering trastuzumab binding to HER2 by steric 

effects. The possible differences in trastuzumab binding upon AXL overexpression 

have not been studied in this work; nevertheless, exploring this scenario would be an 

interesting approach to deeply understand the mechanism of resistance to 

trastuzumab thorough AXL. 

 

Figure 39. Proposed mechanism of AXL–driven resistance to trastuzumab in HER2+ 

BC. In HER2+ trastuzumab-resistant BC, overexpressed AXL dimerizes with HER2 and 

activates PI3K/AKT and MAPK/ERK signaling pathways in a GAS6-independent manner. 

Upregulation of AXL could be mediated by the AP-1 transcription factor JUNB. 

Pharmacological inhibition of AXL with the inhibitor TP-0903 sensitizes the tumor cells to 

trastuzumab via preventing PI3K/AKT and MAPK/ERK pathway activation. 
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Regarding AXL activation, we demonstrated that in our models it occurs in a 

ligand-independent manner (Fig. 39), given that no correlation was observed between 

GAS6 and AXL expression in either HER2+ BC cell lines or in vitro and in vivo PDX 

models. Besides, GAS6 expression in our cohort of HER2+ BC primary tumor samples 

did not correlate with DFS nor OS, which was further validated in an in-silico analysis 

of public human data, supporting the evidence that GAS6 is not implicated in 

acquisition of trastuzumab resistance. This observation agrees with results by Goyette 

et al., who found that, despite AXL was essential for metastasis in HER2+ BC, GAS6 

was not 272. 

In an attempt to give higher translational value to our studies, we further 

elucidated the contribution of AXL in acquired resistance to trastuzumab in a PDX 

model derived from a HER2+ BC patient. Interestingly, AXL overexpression was 

confirmed in the two generated acquired trastuzumab-resistant PDX-derived cell lines 

and in the five generated trastuzumab-resistant PDX in vivo models in comparison to 

their parental counterparts, which supports the idea of AXL as a potential key driver 

in trastuzumab resistance. Moreover, we validated the previous in vitro data in several 

models, including PDX-derived cell lines, PDX-derived organoids and PDX in vivo 

models. In all the mentioned cases, we were able to confirm that AXL inhibition 

restores sensitivity to trastuzumab in acquired-resistant models. Importantly, we 

reported that simultaneous therapeutical ablation of AXL and HER2 activity in vivo 

resulted in complete regression of HER2+ trastuzumab-resistant tumors. Indeed, the 

potential effect of TP-0903 has been studied in vivo in other cancers such as leukemia 

334,335 and lung cancer 336. To our knowledge, this is the first report to demonstrate the 

in vivo efficacy and tolerability of TP-0903 combined with trastuzumab in the treatment 

of HER2+ BC. Importantly, all animals treated with this combination remained free of 

tumor after therapy discontinuation and presented a good quality of life after 321 days 

follow-up. This observation also suggests that the combination of HER2 and AXL 

inhibition might avoid treatment escape by tumor cells with acquired trastuzumab 

resistance, leading to a potential long-term benefit for HER2+ BC patients. Endpoint 

data from the in vivo experiment revealed that TP-0903 induced a decrease in 
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proliferation and an increase in apoptosis rate observed by Ki67 and c-CASP3 

expression in tumor tissue, respectively, despite our results did not achieve a 

significant decrease in tumor size in TP-0903 treated animals compared to controls. 

However, we can observe a trend to a smaller tumor size that might have been 

significant after longer time of treatment, revealing that AXL inhibition could have anti-

tumor effect by itself and that its combination with trastuzumab is a potential 

therapeutic strategy in HER2+ breast tumors with high AXL levels. Given that AXL has 

been previously proposed to have a role in tumor microenvironment in BC 337,338, 

despite the use of immunodepleted NOD-SCID mice is not the best model in this case, 

we consider the possibility of association between microenvironment and the effect of 

AXL inhibitors in in vivo models. Further studies will elucidate the role of AXL in the 

tumor microenvironment in a trastuzumab resistance context.  

Other limitation of our in vivo experiment is the fact that no tumor tissue from TP-

0903 plus trastuzumab treatment was available at endpoint, thus lacking these 

samples in protein expression studies. The rapid abrogation of the tumor with no 

regrowth after follow-up is an important result supporting AXL and HER2 inhibition as 

a therapeutic strategy, but a second experiment with shorter treatment period would 

allow to obtain tumor tissue to a deeper study of this group. 

In agreement with previous research, our data further current understanding of 

the role of AXL as a prognostic biomarker in human cancer 262. Analysis of primary 

HER2+ breast tumor tissue samples showed that high AXL expression at the moment 

of diagnosis is strongly related with poorer prognosis in terms of DFS and OS. This 

observation suggests a direct association between AXL activation and poor response 

to anti-HER2 therapies, leading to metastatic disease development. In our patients’ 

cohort, AXL was also found to be strongly linked to VIM overexpression, which has 

been described as a poor prognosis biomarker in triple negative BC 339. However, little 

is known about its correlation with prognosis in HER2+ BC. Here, we demonstrated 

that VIM is also related to poor prognosis in HER2+ BC patients. 

Another remarkable observation across tumor samples studies deriving from the 

PAMELA clinical trial, is the increase of AXL expression in residual disease during 
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dual anti-HER2 therapy. This biological acquisition was relatively rapid in the first two 

weeks of treatment, suggesting the importance of AXL overexpression in 

development of anti-HER2 resistance and the consequent high risk of metastases. 

This underlines that the selective pressures of therapy could shape cancer evolution, 

leading to selection of tumor subclones enriched with aberrations causing drug 

resistance.  

The increase in AXL mRNA expression upon trastuzumab resistance, indicates 

enhanced transcription activity; thus, we performed an initial approach to TFs 

regulating AXL in our models. The AP-1 TF family is known to be one of the main 

regulators of AXL transcription 340, and, in particular, JUN TFs have been 

demonstrated to be involved in resistance to chemotherapy 322 and targeted therapies 

in several types of cancer, such as head and neck and oesophageal cancer341 and 

melanoma 321, and have been proposed as potential anticancer targets 342. Besides, 

JUNB associates with poor prognosis in BC 323,324. In this scenario, we aimed to 

explore JUNB as a TF regulating AXL in our models. Overexpression of JUNB in the 

three acquired trastuzumab-resistant HER2+ BC cells lines, and in three of the five 

PDX trastuzumab-resistant in vivo models that overexpressed AXL, supports the idea 

about the implication of JUNB in resistance to trastuzumab by regulating AXL 

transcription (Fig. 39). Moreover, we demonstrated that JUNB regulates AXL 

expression in our models. Regrettably, JUNB expression was not included in the gene 

expression profile analyzed in tumor samples from PAMELA trial, thus we are not able 

to explore its changes and correlation with AXL in this cohort. These preliminary 

findings open a new interesting point to start studying the role of JUNB in anti-HER2 

resistance and to explore the genes and pathways that it regulates in this context. 

In conclusion, this study has demonstrated the substantial biological significance 

of AXL activation in acquired trastuzumab resistance in HER2+ BC. AXL plays a 

critical role in EMT and in development of metastatic disease. Interestingly, our 

findings demonstrate crosstalk between AXL and HER2 receptors. This 

heterodimerization induces resistance through PI3K and MAPK pathways activation. 

Importantly, the combination of trastuzumab with AXL inhibition overcomes resistance 
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to trastuzumab both in vitro and in vivo. This dual inhibition induced complete tumor 

regression in in vivo PDX models without tumor regrowth after 321 days follow-up. 

The strong independent correlation of AXL expression with reduced DFS and OS in 

HER2+ BC patients suggests that patients with high AXL expression could benefit 

from AXL-targeted therapy. Moreover, high AXL expression is not genetically driven 

(neither amplified nor activating mutations) 343, thus this key drug target will be missed 

when using DNA-based tests. 

5.2 Future perspectives 

This work has shed the light on how HER2+ BC cells acquire resistance to 

trastuzumab through AXL activation. It has been also demonstrated that simultaneous 

inhibition of AXL and HER2 is a potential therapeutic strategy in HER2+ BC with 

resistance to trastuzumab. Besides, we validated AXL as a prognostic biomarker able 

to predict relapse in primary HER2+ breast tumor tissue. Still, future work directed at 

better understanding AXL activation in HER2+ BC will extend our knowledge of its 

contribution of acquisition to anti-HER2 therapy resistance. 

Regarding the regulation of AXL by JUNB, although computational analysis of 

the promoter of AXL anticipates binding sites for JUNB, chromatin 

immunoprecipitation and promoter activity assays are still necessary to distinguish 

between direct versus indirect mechanisms. It would also be interesting to prove by 

loss and gain of function assays the involvement of JUNB in trastuzumab resistance. 

Additionally, information about the genes being regulated by JUNB in our models will 

allow to explore other drivers of anti-HER2 resistance beyond AXL. It should be noted 

that JUNB is also overexpressed in disseminated tumor cells, aggravates invasion in 

BC and identifies a subset of patients at higher risk for relapse 323,324. Moreover, JUNB 

induced by TGF-β activates invasion-mediating genes 324 and AXL inhibition was 

demonstrated to impair TGF-β-induced cell invasion 272. Thus, JUNB-AXL axis could 

have important translational implications in HER2+ BC. Finally, it would be also 

interesting to check JUNB expression in a cohort of HER2+ BC tumor samples 

together with AXL expression, between others genes.  
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Another area of research that deserves attention is to explore the role of AXL in 

tumor microenvironment in the context of HER2+ BC and trastuzumab resistance. AXL 

is expressed in several cell types conforming microenvironment such as NK, dendritic 

cells and macrophages, that promote immunosuppression and resolution of 

inflammation 344,345. AXL has a direct role in modulation of immune system and 

promotes reprogramming of the metastatic niche in favour to an initial EMT and a 

subsequent MET (mesenchymal to epithelial transition) at metastatic site in BC. 

Besides, AXL promotes the release of cytokines that further contribute to decreasing 

the antitumor immune response 314. In triple negative BC, AXL also cooperates to 

promote evasion of antitumor immunity in mice models, while TAM-family inhibitors 

induce anti-tumor immune response and act synergistically with anti-PD1 blockade 

338,346. Regarding HER2+ disease, clinical trials of combined immune checkpoint 

blockade plus trastuzumab showed modest benefit 347. However, recent studies 

evaluated the role of AXL in tumor microenvironment in HER2+ BC and demonstrated 

that targeting AXL during immunotherapy enhanced anti–PD1 therapy response by 

promoting proinflammatory tumor microenvironment 337. A part from that, it has 

recently shown that targeting tumor microenvironment in combination with 

trastuzumab represents a potential therapeutic strategy in HER2+ BC that have 

progressed to anti-HER2 agents 348. Based on these previous observations, we 

hypothesize that overcoming trastuzumab resistance by AXL inhibition would be 

related not only to tumor cells but also to microenvironment. This hypothesis opens 

the door to a new area of investigation that will clarify the role of AXL in anti-HER2 

resistance and the potential of AXL inhibition plus HER2 blockade as a therapeutic 

strategy. 

In the clinical setting, given the retrospective nature of this study, and to 

determine the potential heterogeneity of treatment effects associated with AXL 

functions, our results warrant further validation in a prospective clinical trial. Despite 

this limitation, our findings provide a strong rationale for developing and testing AXL 

inhibitors for clinical use in AXL-upregulated HER2+ BC patients to either prevent or 

overcome resistance to trastuzumab. The strategy for AXL inhibition could be afford 
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by TKI or antibodies. Several selective AXL inhibitors, such as R428, SLC-391/SLC-

0211 or TP-0903, and antibodies, such as BGB149, are being currently evaluated for 

clinical application in solid tumors. CAR T (chimeric antigen receptor-modulated T 

lymphocyte) therapy targeting AXL is also in clinical trial in renal carcinoma 349. 

Independently of the AXL inhibition strategy, testing this approach together with 

trastuzumab in selected HER2+ BC patients would be of special interest. 
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In light of the results presented in this thesis, the conclusions drawn from the 

study are the following: 

1. The mechanism of acquired resistance to trastuzumab also confers 

resistance to pertuzumab and combination of both drugs in HER2+ BC 

cell lines and PDX models. 

2. Acquired trastuzumab-resistant HER2+ BC cell lines present: 

-Higher proliferation 

-No changes in ER, PR and HER2 by IHC 

-Lower HER2 mRNA and protein expression 

-Overexpression of AXL 

3. AXL downregulation or pharmacological inhibition restores sensitivity to 

trastuzumab in acquired resistant cells in vitro. However, it has no effect 

on treatment response in trastuzumab-sensitive nor innate resistant cell 

lines. Conversely, AXL upregulation decreases response to 

trastuzumab in sensitive HER2+ BC cell lines. 

4. AXL gain and loss of function has no effect on HER2+ BC cell lines 

proliferation. 

5. AXL regulates EMT-like phenotype and migration and invasion capacity 

in HER2+ BC cell lines. Thus, trastuzumab-resistant cells present higher 

mesenchymal phenotype. 

6. AXL activation in acquired trastuzumab-resistant HER2+ BC cell lines 

occurs in a ligand-independent manner, through heterodimerization with 

HER2, leading to phosphorylation of PI3K/AKT and MAPK/ERK 

pathways.  
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7. Trastuzumab-resistant PDX models present AXL overexpression. 

Combination of AXL inhibition with trastuzumab increases response to 

the anti-HER2 agent in PDX-derived cell lines and organoids and 

completely abrogates tumor growth in vivo. Moreover, mice did not show 

evidence of toxicity nor tumor regrowth after follow-up. 

8. AXL expression in primary tumor tissue associates with worse prognosis 

and directly correlates with VIM expression in a cohort of HER2+ BC 

patients. Besides, AXL suffers a rapid increase after dual HER2 

blockade in HER2+ BC patients from a phase II clinical trial. 

9. AXL mRNA might become upregulated upon trastuzumab resistance by 

enhanced transcription by JUNB TF. 
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Supplementary tables 

Table S1. Description of T, N and M categories. Adapted from AJCC Cancer 

Staging Manual 56. 

Tumor size 
(T) 

TX  Tumour size can't be assessed 

Tis  Ductal carcinoma in situ 

T1 

T1mi 0.1cm or less 

T1a more than 0.1 cm but less than 0.5 cm 

T1b more than 0.5 cm but less than 1 cm 

T1c more than 1 cm but less than 2 cm 

T2  more than 2 cm but less than 5 cm 

T3  more than 5 cm 

T4 

T4a tumour has spread into the chest wall 

T4b tumour has spread into skin, breast is swollen 

T4c tumour has spread to skin and chest wall 

T4d inflammatory carcinoma: skin red, swollen, painful 

 
Clinical 

lymph node 
(cN) 

cNX  not possible to assess the lymph nodes 

cN0  no signs of cancer in the lymph nodes 

cN1 

cN1 
cancer cells have spread to one or more lymph 
nodes in the lower and middle part of the armpit 

cN1mi 
cancer cells in the lymph nodes are very small, only 

observed in microscope (micrometastasis) 

cN2 

cN2a 
cancer cells in the armpit are stuck together or fixed 

to other areas of the breast 

cN2b 
cancer cells in the lymph nodes behind the breast 

bone 

cN3 

cN3a 
cancer cells in one or more lymph nodes below the 

collar bone 

cN3b 
cancer cells in one or more lymph nodes around the 

armpit and breast bone 

cN3c 
cancer cells in one or more lymph nodes above the 

collar bone 
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Table S1. (continued). 

 

 

 

 

 

 

 

 

 

 

 

 

Pathological 
lymph node 

(pN) 

pNX  lymph nodes can't be assessed 

pN0  no cancer cells in any nearby nodes 

pN1 

pN1mi 
one or more lymph nodes contain micrometastases 

larger than 0.2mm 

pN1a 
cancer cells have spread into 1 to 3 lymph nodes 

and at least one is larger than 2mm 

pN1b 
cancer cells in the lymph nodes behind the 

breastbone found with a sentinel node biopsy. 

pN1c 
cancer cells in 1 to 3 lymph nodes in the armpit and 

in the lymph nodes behind the breastbone 

pN2 

pN2a 
cancer cells in 4 to 9 the lymph nodes in the armpit, 

and at least one is larger than 2 mm 

pN2b 
cancer cells in the lymph nodes behind the breast 

bone 

pN3 

pN3a 
cancer cells in 10 or more lymph nodes in the armpit 
and at least one is larger than 2mm, or cancer cells 

in the nodes below the collarbone 

pN3b 
cancer cells in lymph nodes in the armpit and lymph 

nodes behind the breastbone 

pN3c cancer cells in lymph nodes above the collarbone 

Metastasis 
(M) 

M0  no sign that the cancer has spread 

M1  cancer has spread to another part of the body 
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Table S2. Pathologic prognostic stage groups. Adapted from AJCC Cancer 

Staging Manual 56. 

TNM Grade HER2 ER PR Stage 

TisN0M0 Any Any Any Any 0 

T1N0M0 
T0N1miM0 
T1N1miM0 

1 Any Any Any IA 

2 

+ Any Any IA 

- 

+ Any IA 

- 
+ IA 

- IB 

3 

+ Any Any IA 

- 

+ Any IA 

- 
+ IA 

- IB 

T0N1M0 
T1N1M0 
T2N0M0 

1 

+ 

+ 
+ IA 

- IB 

- 
+ IB 

- IIA 

- 

+ 
+ IA 

- IB 

- 
+ IB 

- IIA 

2 

+ 

+ 
+ IA 

- IB 

- 
+ IB 

- IIA 

- 
+ 

+ IA 

- IIA 

- Any IIA 

3 
 
 

+ 
+ 

+ IA 

- IIA 

- Any IIA 

- 
+ 

+ IB 

- IIA 

- Any IIA 
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Table S2. (continued). 

T2N1M0 
T3N0M0 

 

1 

+ 
+ 

+ IA 

- IIB 

- Any IIB 

- 
+ 

+ IA 

- IIB 

- Any IIB 

2 
 

 

+ 
+ 

+ IB 

- IIB 

- Any IIB 

- 
+ 

+ IB 

- IIB 

- Any IIB 

3 

+ 
+ 

+ IB 

- IIB 

- Any IIB 

- 

+ 
+ IIA 

- IIB 

- 
+ IIB 

- IIIA 

T0N2M0 
T1N2M0 
T2N2M0 
T3N1M0 
T3N2M0 

1 

+ 
+ 

+ IB 

- IIIA 

- Any IIIA 

- 
+ 

+ IB 

- IIIA 

- Any IIIA 

2 

+ 
+ 

+ IB 

- IIIA 

- Any IIIA 

- 

+ 
+ IB 

- IIIA 

- 
+ IIIA 

- IIIB 
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Table S2. (continued) 

 3 

+ 
+ 

+ IIA 

- IIIA 

- Any IIIA 

- 

+ 
+ IIB 

- IIIA 

- 
+ IIIA 

- IIIC 

T4N0M0 
T4N1M0 
T4N2M0 

T(any)N3M0 

1 

+ 
+ 

+ IIIA 

- IIIB 

- Any IIIB 

- 
+ 

+ IIIA 

- IIIB 

- Any IIIB 

2 

+ 
+ 

+ IIIA 

- IIIB 

- Any IIIB 

- 

+ 
+ IIIA 

- IIIB 

- 
+ IIIB 

- IIIC 

3 

+ Any Any IIIIB 

- 
+ 

+ IIIIB 

- IIIC 

- Any IIIC 

T(any)N(any)
M1 

Any Any Any Any IV 
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Table S3. List of used Taqman probes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S4. List of used antibodies. 

 

Antibody Reference 

Western blot  

Anti-Axl Cell Signaling (C89E7) 

Anti-phospho-Axl (Tyr702) Invitrogen (PA564862) 

Anti-Akt  Cell Signaling (9272) 

Anti-phospho-Akt (T308) Cell Signaling (9275) 

Anti-β-Catenin Cell Signaling (D10A8) 

Anti-E-Cadherin Cell Signaling (24E10) 

Anti-Her2/Erbb2 Cell Signaling (29D8) 

Anti-phospho-Her2 (Tyr1221/1222) Cell Signaling (6B12) 

Anti- p44/42 MAPK (Erk1/2) Cell Signaling (9102) 

Anti-phospho-Erk1/2 (E-4) (Tyr204) Santa Cruz Biotechnology (sc-7383) 

Anti-Fibronectin Abcam (ab32419) 

Anti-Gapdh Abcam (ab8245) 

Anti-Gas6 Santa Cruz Biotechnology (sc-376087) 

Anti-JunB Cell signaling (3753) 

Anti-Mek1/2 Cell Signaling (9122) 

Anti-phospho-Mek1/2 (Ser217/221) Cell Signaling (9121) 

Anti-N-Cadherin Cell Signaling (4061) 

Taqman probe Invitrogen Reference 

AXL Hs01064444 

CTNNB1 Hs00355045 

CDH1 Hs01023895 

CDH2 Hs00983056 

ERBB2 Hs00170433 

FN1 Hs01549976 

GAPDH Hs03929097 

GAS6 Hs00181323 

JUNB Hs00357891 

VIM Hs00958111 
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Table S4. (continued) 

Anti-S6 Ribosomal Protein Cell Signaling (2217) 

Anti-phospho-s6 (S235/236) Cell Signaling (2211) 

Anti-Vimentin BD Pharmigen (550513) 

Anti-mouse IgG HRP-linked Cell Signaling (7076) 

Anti-rabbit IgG HRP-linked Cell Signaling (7074) 

PLA  

Anti-Axl  Abcam (a227871) 

Anti-Her2/Erbb2 Invitrogen (MA5-15702) 

Flow citometry  

Anti-erbB2/HER2 Alexa Fluor 488 Biolegend (324410) 

Anti-Gas6 Alexa Fluor 647 Santa Cruz Biotechnology (sc-376087) 

Anti-Epcam Alexa Fluor 647 BioLegend (324212) 

IHC  

Anti-phospho-Axl (Tyr779) Invitrogen (MA524334) 

Anti-cleaved-caspase 3 (Asp175) Cell Signaling (9664) 

Anti-Her2/Erbb2 (4B5)  Roche (790-2991) 

Anti-ER (SP1)  Roche (790-4324) 

Anti-PR (1E2)  Roche (790-2223) 

Anti-Ki67 (30-9)  Roche (790-4286) 

Anti-Rabbit HRP  Dako (K5007) 

Anti-Rabbit HRP (Ventana) Roche (760–4315) 
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Table S5. 3D breast tumor organoid media composition. 

 

Reagent 
Stock 

concentration 
Volume 

(for 20 ml total) 
Concentration 

DMEM-F12 + 1% 
Pen/Strep 

 16.5 ml  

HEPES 
(#15630056 Invitrogen) 

1M 200 µL 10 mM 

Neoregulin 
(#100-03 Peprotech) 

0.1 mg/ml 7.52 µL 5 nM 

RSPO1 Conditioned 
media 

 2 ml  

hNoggin 
(#120-10C Peprotech) 

0.1 mg/ml 20 µL 100 ng/ml 

B27 suppl 
(#17504-44 Gibco) 

50X 400 µL 1X 

FGF10 
(#100-26 Peprotech) 

0.1 mg/ml 4 µL 20 ng/ml 

N-acetyl cysteine 
(#A9165 Sigma-

Aldrich) 
500 mM 50 µL 

1.25 mM 
 

Nicotinamide 
(#N0636 Sigma-

Aldrich) 
1M 100 µL 5 mM 

FGF7 
(#100-09, Peprotech) 

0.1 mg/ml 1 µL 
5 ng/ml 

 

A83-01 
(#2939, Tochris)  

25 mM 0.4 µL 500 nM 

SB202190 
(#S7067 Sigma-

Aldrich) 
30.2 mM 0.36 µL 500 nM 

ROCK inhibitor 
Y-27632 (Abmole) 

500X 5mM 20 µL 5 µM 
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Supplementary figures 

Figure S1. Densitometry scores for bands in Western blot shown in Figure 21 

(normalized to GAPDH). *P<0.05, **p<0.01, ***P<0.001 by two-tailed Student´s t-

test. 
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Figure S2. Densitometry scores for bands in Western blot shown in Figure 22 

(normalized to GAPDH). Figure 22A (A) and Figure 22B (B). *P<0.05, **p<0.01, 

***P<0.001 by two-tailed Student´s t-test in A and B. 
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Figure S3. Densitometry scores for bands in Western blot shown in Figure 23 

(normalized to GAPDH). *P<0.05, **P<0.01 by two-tailed Student´s t-test. 
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Figure S4. AXL regulates invasion and migration capacity. Transwell migration 

and invasion assay in BT474 versus BT474R cell lines (A), siRNA-mediated AXL 

knockdown (B) and pharmacological AXL inhibition by TP-0903 (C) in BT474R and 

AXL overexpressed BT474 (D). Images show representative migrating/invading cells 

and bars show percentage of the mean (±SD, n=3) of migrating/invading cells, scale 

100 µm, magnification 10X. *P<0.05, ***P<0.001 by two-tailed Student´s t-test in A, 

B, C and D.  

 

 

 

Figure S5. PLA negative control in confocal microscopy.  Negative control 

consisted of PLA assay standard protocol but omitting primary antibodies. Nuclei 

were counterstained with DAPI (blue). Scale 100 µm, magnification 40X. 



Appendix 

 

 
 

A 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

C 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Densitometry scores for bands in Western blot shown in Figure 

26A (normalized to GAPDH). AU565 (A), BT474 (B), SKBR3 (C). *P<0.05, **p<0.01, 

***P<0.001 by two-tailed Student´s t-test in A, B and C. 
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Figure S7. Densitometry scores for bands in Western blot shown in Figure 

26B (normalized to GAPDH). AU565R (A), BT474R (B), SKBR3R (C). *P<0.05, 

**p<0.01, ***P<0.001 by two-tailed Student´s t-test in A, B and C. 



Appendix 

 

 
 

A 

 

 

 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

 

 

 

 

 

C 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Densitometry scores for bands in Western blot shown in Figure 

26C (normalized to GAPDH). AU565R (A), BT474R (B), SKBR3R (C). *P<0.05, 

**p<0.01, ***P<0.001 by two-tailed Student´s t-test in A, B and C. 
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Figure S9. AXL-HER2 heterodimer regulates PI3K/AKT and MAPK/ERK 

pathways. Western blot analysis of AXL-HER2 downstream pathways with and 

without trastuzumab after AXL knockdown (A) and pharmacological AXL inhibition by 

TP-0903 (B) in parental cell lines. GAPDH was used as an endogenous control. 
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Figure S10. Densitometry scores for bands in Western blot shown in Figure 

26D (normalized to GAPDH). AU565 (A), BT474 (B), SKBR3 (C). *P<0.05, **p<0.01, 

***P<0.001 by two-tailed Student´s t-test in A, B and C. 
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Figure S11. RFS Kaplan-Meier curve of HER2+ BC patients stratified by GAS6 

using KM Plotter. Patients were stratified by median GAS6 gene expression levels 

(N= 252)308. 
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AXL promoter sequence from Genome Browser 
 

>axl promoter seq 

gtcacagaaacataaggagtttagggttctgctgaaaggtttggggcagaggtgggaaaggg

tttggtttgagattgggaagaagccttctgactgttgagtgggagacaggttggaaggagca

acagaagccagcagcccatggccgggcacagtgacccacgcctgtaatcccagccctttggg

aggccgaggcgggcagatcacgagttcaggagttccagaccagcctggccaacatggtgaaa

ccccgtctctaccaaaaatacaaaaattaacctggcatggtggtgcacacctgtaatcccag

caactcaggaagctgaggtgggaggatcacttgaacccaggagatggaggttgcagtgagcc

gagatcgagccattgcactccagcctgggcaacaaagcaagactgggtctcaaaaaaaaaaa

aaaaaaaaaagacacagcccagggagacaacggtgaagggccctaagtggccagtgacaagg

agctgggagcttgccctgagggcagcaggaggccatgggcaagcagagaagggacagggtag

gatttgactttcagaaacagtcctctggttgctaaatgggagaaaggagtgacagtagaggc

aggagaaggcaggatcagacgggggtgctgggaaggggcaggtagaagagacatcaggaggc

caaacagataggactttatgatgcaccgtaggtataccagtacccaaacacaggtggccaag

agcagagggatagacgcccagcctcctcctcacagacatccaggcatgcagagccctccacg

tgccaaacacacagggccgaggaatggaagtgcagcagagccgatacgcaggcagcagatct

gcaataaccaggacacacagtcccaccagaaggagagagcagtggaatgatcagggctcact

gcagcctcgatctcttggactcaagcgttcctctcactccagcctccctagtagctgggacc

acaggcacacgccatgatacctggttaagttttaatttttaaacttcttgtagagatggggt

ctcagtgcattgaccagtctggtctcgaactcctgggctcaagcgatcctcccaccttggcc

tcccaaagtgctgggattacaggagtgagttactgtgcccggccaacaactattcttattcc

cattttacagatggacaaactgaggctcaggaggccagtcacttgcctgtagcccacagtta

gtggtagcactgggattccaacttgggtccccttcatgtcgcctgtatttggtgtcccattt

aggcgtccatgcaggttttggcgtgtctgaagatctgtgtctccccaagtaagtgtccccca

tggatgcccacccagccgtgtcctcctgtctctgaggtttctccaggaatcgagctcctggc

ctggcttgtctgagtgtgtctgtgggccagtagcatgcccctgcccgtctgggtccctctgc

gtgtctctgcttgtcctagcctgtgtgtgtcagtgacgtctaagagtgtgtgtgcgtgcgtc

gtgcgtgcgtgtgtgtgtgtgtgtgtgtgtccttgtccgaggagccgagagagtgaggggga

atgaagggccaaggaggcctggctggggctgggctgggggtggaggcggggagaggggcgtc

acggcctgagctgagaggggagtggagttctggaggaatgtttaccagacacagagcccaga

gggacagcgcccagagcccggatgagagacacggcctcactggctcaggacagggggcacag

ccaccagggtccccttccccctcctcagctccctccctggcccctttaagaaagagctgatc

ctctcctctcttgagttaacccctgattgtccaggtggcccctgggctctggccctggtggg

cggaggcaaagggggagccaggggcggagaaagggttgcccaagtctgggagtgagggaagg

aggcaggggtgct 
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Prediction of putative binding sites of JUNB TF in AXL promoter by JASPAR 

2022 software.  
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TF predicted to bind AXL promoter by PROMO software. 

 

-- Factors predicted by PROMO in this sequence ---------------------- 

NAME; MATRIX_WIDTH; 

FOXP3 [T04280]; 6 

STAT5A [T04683]; 13 

PR B [T00696]; 7 

PR A [T01661]; 7 

GR-alpha [T00337]; 5 

C/EBPbeta [T00581]; 4 

NF-1 [T00539]; 8 

IRF-1 [T00423]; 9 

TFIID [T00820]; 7 

NF-AT1 [T00550]; 9 

C/EBPalpha [T00105]; 7 

NF-Y [T00150]; 8 

Pax-5 [T00070]; 7 

p53 [T00671]; 7 

YY1 [T00915]; 4 

XBP-1 [T00902]; 6 

ENKTF-1 [T00255]; 8 

ER-alpha [T00261]; 5 

RXR-alpha [T01345]; 7 

AhR:Arnt [T05394]; 10 

TFII-I [T00824]; 6 

GR-beta [T01920]; 5 

Ik-1 [T02702]; 13 

LEF-1 [T02905]; 8 

AP-2alphaA [T00035]; 6 

STAT4 [T01577]; 6 

c-Ets-1 [T00112]; 7 

RAR-beta [T00721]; 10 

NFI/CTF [T00094]; 8 

GR [T05076]; 7 

MEF-2A [T01005]; 11 

HNF-3alpha [T02512]; 8 

HOXD9 [T01424]; 10 

HOXD10 [T01425]; 10 

HNF-1C [T01951]; 9 

HNF-1A [T00368]; 8 
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HNF-1B [T01950]; 9 

USF2 [T00878]; 10 

c-Myb [T00137]; 8 

c-Ets-2 [T00113]; 9 

VDR [T00885]; 9 

RAR-beta:RXR-alpha [T05420]; 12 

PXR-1:RXR-alpha [T05671]; 8 

SRY [T00997]; 9 

TCF-4E [T02878]; 7 

EBF [T05427]; 11 

ETF [T00270]; 11 

PEA3 [T00685]; 9 

c-Myc [T00140]; 6 

USF1 [T00874]; 10 

Egr-3 [T00243]; 13 

RBP-Jkappa [T01616]; 12 

AP-1 [T00029]; 9 

c-Jun [T00133]; 7 

AR [T00040]; 9 

PPAR-alpha:RXR-alpha [T05221]; 11 

E2F [T00221]; 10 

NF-kappaB1 [T00593]; 11 

ATF-1 [T00968]; 11 

ATF3 [T01313]; 8 

GCF [T00320]; 9 

MAZ [T00490]; 13 

Elk-1 [T00250]; 9 

E2F-1 [T01542]; 8 

Sp1 [T00759]; 10 

GATA-2 [T00308]; 9 

GATA-1 [T00306]; 6 

CREB [T00163]; 9 

ATF-2 [T00167]; 10 

ATF [T00051]; 12 

IRF-2 [T01491]; 6 

HNF-4alpha [T03828]; 13 

HIF-1 [T01609]; 9 

T3R-beta1 [T00851]; 9 

NF-AT2 [T01945]; 10 

STAT1beta [T01573]; 10



 

 
 

 

  



 

 
 

 


