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SUMMARY 

Breast cancer is a heterogeneous disease, with hormone receptor-positive and HER2-negative 

(HR+/HER2-) tumors accounting for approximately 70% of cases. The addition of CDK4/6 

inhibitors such as palbociclib and ribociclib to endocrine therapy has marked a significant 

advancement in the treatment of these tumors, leading to improved patient outcomes. 

However, despite these advances, the distinct effects of different CDK4/6 inhibitors and the 

development of resistance to these drugs remain major clinical challenges that warrant 

further investigation. In this thesis, we examined the molecular changes induced by 

palbociclib and ribociclib in HR+ breast cancer, explored treatment-associated shifts in 

intrinsic molecular subtypes, and identified FGFR4 as a key driver of resistance to CDK4/6 

inhibitors in HR+/HER2- and HER2-enriched breast cancer. Furthermore, we evaluated 

therapeutic strategies targeting FGFR4, including the development of FGFR4-directed 

antibody-drug conjugates (ADCs) as a promising treatment option in this resistant context. 

In the first part of the thesis, we examined the biological effects of palbociclib and ribociclib 

in hormone receptor-positive breast cancer. We investigated the downstream effects of 

CDK4/6 inhibitors in HR+ breast cancer using breast cancer cell lines, at different doses, alone 

and in combination with endocrine therapy, and across various time points. Both inhibitors 

induced equal cytotoxic effects and a similar dose-dependent inhibition of cell cycle 

progression and induction of cellular senescence. Analysis of PAM50 gene expression 

revealed that both drugs elicited comparable shifts in intrinsic subtypes. These findings were 

validated in tumor samples of patients with early-stage HR+/HER2- breast cancer from the 

CORALLEEN and NeoPalAna phase II clinical trials. Notably, in surgical samples from these 

trials, these molecular changes were more consistently maintained in ribociclib-treated 

patients, particularly the changes observed in the HER2-enriched subtype. 

In the second part of the thesis, we studied FGFR4 as a potential driver of resistance to CDK4/6 

inhibitors and as a novel therapeutic target. Tumor samples from patients with HR+/HER2- 

metastatic breast cancer treated with CDK4/6 inhibitors and endocrine therapy were 

analyzed.  
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Consistent with previously described findings, the HER2-enriched subtype and high FGFR4 

expression were associated with worse outcomes and were increased in samples of 

progressive disease to CDK4/6 inhibitors. FGFR4 protein levels correlated with transcript 

abundance and were low or absent in normal tissues, indicating that FGFR4 could be a 

promising therapeutic target in this resistant setting. In breast cancer cell lines, treatment 

with the selective FGFR4 kinase inhibitor INCB062079 demonstrated limited efficacy, 

underscoring the need for alternative therapeutic strategies. To address this, three FGFR4-

specific monoclonal antibodies were characterized for binding affinity and internalization in 

breast cancer cell lines with variable FGFR4 expression; and three FGFR4-directed ADCs were 

developed, all using monomethyl auristatin E (MMAE), a potent tubulin inhibitor, as the 

payload, but employing different conjugation chemistries and drug-to-antibody ratios (DARs). 

The three ADCs demonstrated potent and selective cytotoxicity in FGFR4-high breast cancer 

cell lines, and the lysine-conjugated ADC with a DAR of 4, named ADC-2, was selected for 

further study. Treatment with ADC-2 induced a shift in PAM50 subtypes toward less 

aggressive and proliferative phenotypes in vitro. Moreover, ADC-2 exhibited a bystander 

killing effect, which could potentially enhance its efficacy in tumors with heterogeneous 

FGFR4 expression. In vivo, treatment with ADC-2 led to dose-dependent tumor growth 

inhibition in an FGFR4-high xenograft model with complete tumor regressions at the higher 

doses, whilst eliciting minimal effect in an FGFR4-low xenograft model, which confirmed its 

target-dependent activity. Resistance models generated by continuous ADC-2 exposure 

displayed loss of FGFR4 expression and subtype shifts to more aggressive and proliferative 

profiles. 

Our findings indicate that while both CDK4/6 inhibitors similarly impact key pathways in 

HR+/HER2- breast cancer, their differential effects, particularly on the HER2-enriched 

signature, are dose- and context-dependent, shaped by fulvestrant co-treatment and 

deserving of further study. Moreover, we confirmed that tumors progressing on CDK4/6 

inhibitors and endocrine therapy shift toward increased HER2-enriched phenotypes with 

elevated FGFR4 expression, which are associated with poorer outcomes. While a tyrosine 

kinase inhibitor and naked anti-FGFR4 antibody failed to yield activity, an ADC targeting 

FGFR4 demonstrated rapid internalization, high potency, selective cytotoxicity against FGFR4-

high cells, a bystander effect in co-culture, and marked tumor growth inhibition in xenografts. 
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These findings position FGFR4 as a novel, clinically actionable mediator of resistance to 

CDK4/6i inhibidors combined with endocrine therapy in HR+/HER2– breast cancer and 

highlight an ADC strategy to overcome this barrier. Overall, this thesis contributes to the 

understanding of CDK4/6 inhibitor biology, elucidates a new mechanism of resistance, and 

provides preclinical validation for a novel FGFR4-directed ADC aimed at improving clinical 

outcomes in resistant HR+/HER2-/HER2-enriched breast cancer. 

 

Key words: Breast cancer, CDK4/6 inhibitor, ADC, HER2-enriched, FGFR4. 
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RESUM 

El càncer de mama és una malaltia heterogènia, on els tumors receptors hormonals positius 

i HER2 negatius (HR+/HER2-) representen aproximadament el 70% dels casos. La incorporació 

d'inhibidors de CDK4/6, com el palbociclib i el ribociclib, a la teràpia endocrina ha suposat un 

avenç significatiu en el tractament d’aquests tumors. Tot i això, els diferents efectes entre 

inhibidors de CDK4/6 i el desenvolupament de resistències continuen sent desafiaments 

clínics rellevants que requereixen una investigació més profunda. En aquesta tesi, hem 

estudiat els canvis moleculars induïts pel palbociclib i pel ribociclib en el càncer de mama HR+, 

hem explorat les alteracions en els subtipus moleculars intrínsecs associades al tractament i 

hem identificat FGFR4 com un factor clau implicat en la resistència als inhibidors de CDK4/6 

en tumors HR+/HER2- i HER2-enriquits. A més, hem avaluat estratègies terapèutiques 

dirigides contra FGFR4, incloent-hi el desenvolupament de conjunts anticòs-fàrmac (ADCs, 

per les seves sigles en anglès) com a opció prometedora en aquest context de resistència. 

A la primera part de la tesi, vam analitzar els efectes biològics del palbociclib i del ribociclib 

en el càncer de mama HR+. Utilitzant línies cel·lulars de càncer de mama, vam examinar els 

efectes d’aquests inhibidors a diferents dosis, sols i en combinació amb teràpia endocrina i 

en diversos intervals de temps. Ambdós fàrmacs van induir efectes citotòxics iguals i una 

inhibició dependent de la dosi del cicle cel·lular i una inducció de la senescència cel·lular 

similars. L’anàlisi de l’expressió gènica mitjançant PAM50 va revelar canvis comparables en 

els subtipus moleculars entre els diferents tractaments. Aquests resultats es van validar en 

mostres tumorals de pacients amb càncer de mama HR+/HER2- en estadi inicial, inclosos en 

els assaigs clínics de fase II CORALLEEN i NeoPalAna. Tot i així, en les mostres quirúrgiques 

d’aquests estudis, els canvis moleculars es van mantenir de manera més estable en pacients 

tractats amb ribociclib, especialment pel que fa al subtipus HER2-enriquit. 

A la segona part, vam estudiar FGFR4 com a possible mediador de resistència als inhibidors 

de CDK4/6 i com a nova diana terapèutica. Es van analitzar mostres tumorals de pacients amb 

càncer de mama metastàtic HR+/HER2- tractats amb inhibidors de CDK4/6 i teràpia 

endocrina. D’acord amb estudis previs, el subtipus HER2-enriquit i l’elevada expressió de 

FGFR4 es van associar amb pitjors resultats clínics, i es va observar un augment de FGFR4 en 
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les mostres obtingudes després de la progressió a aquests inhibidors. Els nivells de proteïna 

de FGFR4 es van correlacionar amb l’abundància de transcrits i es van detectar a nivells molt 

baixos o absents en teixits normals, fet que suggereix que FGFR4 podria ser una diana 

terapèutica atractiva en aquest context de resistència. En línies cel·lulars, el tractament amb 

l’inhibidor selectiu de FGFR4 INCB062079 va mostrar una eficàcia limitada, posant de 

manifest la necessitat de noves estratègies terapèutiques. Arran d’això, es van caracteritzar 

tres anticossos monoclonals específics per FGFR4, valorant la seva afinitat i capacitat 

d'internalització en línies cel·lulars amb diferents nivells d’expressió de FGFR4, i es van 

desenvolupar tres ADCs dirigits contra FGFR4. Tots ells contenien monometil auristatina E 

(MMAE) com a càrrega citotòxica, però es diferenciaven en les tècniques de conjugació i els 

ràtios fàrmac/anticòs (DAR, per les seves sigles en anglès). Els tres ADCs van demostrar una 

citotoxicitat potent i selectiva en línies amb alta expressió de FGFR4, i es va seleccionar el 

conjugat ADC-2 (DAR 4, conjugació per lisina) per a estudis posteriors. El tractament amb 

ADC-2 va induir canvis en els subtipus PAM50 cap a perfils menys agressius i proliferatius. A 

més, ADC-2 va mostrar un efecte citotòxic en cèl·lules veïnes sense expressió de FGFR4 

(concepte conegut com a "bystander effect" en anglès), fet que podria afavorir-ne l’eficàcia 

en tumors amb expressió heterogènia de FGFR4. En models animals, ADC-2 va induir una 

inhibició dependent de la dosi del creixement tumoral en xenotransplants amb alta expressió 

de FGFR4, amb regressions completes a dosis elevades, i un efecte mínim en models amb 

baixa expressió, confirmant la seva activitat específica. Els models de resistència generats per 

exposició contínua a ADC-2 van mostrar una pèrdua d’expressió de FGFR4 i canvis de subtipus 

cap a perfils més agressius i proliferatius. 

En conclusió, els nostres resultats indiquen que, tot i que el palbociclib i el ribociclib actuen 

de manera similar en tumors HR+/HER2-, els seus efectes diferencials, especialment sobre la 

signatura HER2-enriquida, depenen de la dosi i del context, i estan modulats pel co-

administrament de fulvestrant. Addicionalment, hem demostrat que els tumors que 

progressen després del tractament amb inhibidors de CDK4/6 i teràpia endocrina tendeixen 

a evolucionar cap a fenotips HER2-enriquits amb una expressió elevada de FGFR4, associats a 

un pronòstic més desfavorable. Tot i que l’inhibidor de FGFR4 INCB062079 i tres anticossos 

dirigits al mateix receptor no van mostrar cap efecte citotòxic en línies cel·lulars, un ADC 

dirigit contra FGFR4 va demostrar una ràpida internalització, alta potència, citotoxicitat 
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selectiva contra cèl·lules amb alta expressió, un “bystander effect” en cultius mixtos i una 

marcada inhibició del creixement tumoral en models de xenotransplant. Aquestes dades 

posicionen FGFR4 com un nou mediador de resistència clínicament abordable als inhibidors 

de CDK4/6 combinats amb teràpia endocrina en càncer de mama HR+/HER2-, i posen en 

relleu l’estratègia dels ADCs per superar aquesta resistència. En conjunt, aquesta tesi aporta 

coneixement sobre la biologia dels inhibidors de CDK4/6, revela un nou mecanisme de 

resistència i valida preclínicament un ADC dirigit a FGFR4 amb l’objectiu de millorar els 

resultats clínics en tumors resistents HR+/HER2-/HER2-enriquits. 

 

Paraules clau: Càncer de mama, Inhibidors de CDK4/6, ADC, HER2-enriquit, FGFR4. 
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INTRODUCTION 

1. An overview of breast cancer 

1.1 Breast cancer epidemiology and risk factors 

Cancer remains a leading cause of death worldwide, with rising incidence rates due to an 

aging population, lifestyle factors, and advancements in diagnostic techniques. In 2022, 

nearly 20 million new cancer cases were diagnosed globally, a number projected to reach 32.6 

million by 2050. The most frequently diagnosed cancers included lung (12.4%), female breast 

(11.6%), colorectal (9.6%), and prostate (7.3%) (Figure 1), with breast, colorectal, and 

prostate cancers also having the highest prevalence due to their relatively high survival rates 

(1). Despite advancements in cancer treatment, mortality remains high, with approximately 

9.7 million cancer-related deaths reported in 2022. Although early detection and improved 

therapies have enhanced outcomes for many patients, cancer-related mortality is expected 

to rise, surpassing 18.3 million deaths by 2050 (1). 

 

Figure 1. Cancer incidence worldwide. Most frequently diagnosed tumors according to GLOBLOCAN’s global cancer statistics 

2022. Both genders are included and non-melanoma skin tumors excluded. Adapted from references (1,2). 
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According to the Spanish Society of Medical Oncology (SEOM), approximately one in eight 

women will develop breast cancer in their lifetime (2). Advances in surgery, radiotherapy, and 

systemic treatments have significantly improved survival and quality of life of patients with 

breast cancer. However, despite initial successful treatment, about one in three patients will 

experience disease recurrence, which can lead to metastatic breast cancer. While early-stage 

breast cancer has a five-year survival rate of approximately 90%, this drops significantly to 

approximately 30% in distant metastatic disease (3), highlighting the urgent need for better 

therapeutic strategies for metastatic breast cancer. 

Breast cancer risk is influenced by a combination of genetic, hormonal, and lifestyle factors. 

Age is the most significant risk factor, as the likelihood of developing breast cancer increases 

over time (4,5). A family history of breast cancer further elevates risk, particularly when 

associated with hereditary mutations in the breast cancer 1 and breast cancer 2 (BRCA1 and 

BRCA2) genes, or other susceptibility genes such as partner and localizer of BRCA2 (PALB2), 

tumor protein p53 (TP53), checkpoint kinase 2 (CHEK2) or ataxia telangiectasia mutated 

(ATM) (6). It is estimated that 5%-10% of women with breast cancer carry a germline mutation 

in BRCA1 or BRCA2 (gBRCA1 or gBRCA2) (5,7,8). 

Hormonal factors also play a key role. Elevated endogenous estrogen levels due to early 

menarche or late menopause prolongs lifetime estrogen exposure, increasing risk (5,9,10). 

Similarly, nulliparity and older age at first childbirth are linked to a higher likelihood of 

developing breast cancer (5). Hormone replacement therapy has also been associated with 

increased risk (5,11). 

Lifestyle and environmental factors contribute as well. Alcohol consumption has a dose-

dependent effect on risk (5), while postmenopausal obesity increases breast cancer likelihood 

due to greater estrogen production in adipose tissue (5,12). Dense breast tissue, which can 

make detection more difficult, is also a risk factor (5,13). Additionally, a personal history of 

breast cancer or benign breast disease suggests a predisposition to malignancy (5,14–17). 

Radiation exposure to the chest, especially at a young age, further elevates risk (18). 

Understanding these factors is crucial for early detection, risk assessment, and developing 

preventive strategies. 
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1.2 Breast cancer tumorigenesis and progression 

Cancer arises due to the uncontrolled proliferation of abnormal cells, which fail to respond to 

standard regulatory signals. In addition to sustaining proliferative signaling, cancer cells 

acquire a range of biological capabilities that drive tumor progression. These include evading 

growth suppressors, resisting cell death, enabling replicative immortality, inducing 

angiogenesis, activating invasion and metastasis, reprogramming cellular metabolism, 

avoiding immune destruction, and presence of senescent cells, among others (19–21). 

Cancers are classified based on their tissue of origin: carcinomas, which account for around 

90% of cases, arise from epithelial cells, sarcomas develop from connective tissues, and 

leukemias/lymphomas originate from blood-forming or immune cells (22). Breast carcinomas 

can also be divided into two major histological subtypes: ductal carcinomas, which account 

for over 75% of all breast carcinomas, and lobular carcinomas, which comprise 10%-15% of 

all cases. Less common special subtypes include mucinous, cribriform, micropapillary, 

papillary, tubular, medullary, metaplastic, and inflammatory carcinomas (4,23). 

Breast tumors are believed to develop through a stepwise progression from atypical 

hyperplasia (benign abnormal cell growth) to ductal carcinomas in situ (DCIS) due to genetic 

and/or epigenetic alterations. DCIS can evolve from their preinvasive state to an invasive state 

due to further alterations, becoming invasive ductal carcinomas, which may eventually 

progress to metastatic disease if tumor cells disseminate through the bloodstream or the 

lymphatic system to distant organs (23,24) (Invasion-metastasis cascade described in Section 

2.1). Even though they are less frequent, lobular carcinomas in situ (LCIS) can also be 

considered a precursor lesion for invasive lobular carcinoma (25). 

 

1.3 Breast cancer classification 

Staging classifications were introduced in the early 20th century to help clinicians better 

understand cancer progression, categorize patients into subgroups, and compare clinical 

outcomes within these groups. In 1977, the American Joint Committee on Cancer (AJCC) 

published the first staging system based on the TNM concept, which classifies patients with 
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breast cancer according to tumor size, lymph node involvement, and metastasis (26). Over 

the years, this system has evolved to incorporate new research findings, leading to the 

implementation of the 8th edition in 2018. This latest edition expands the traditional TNM 

classification by incorporating advancements in tumor biology and prognostic biological 

markers, such as histological grade, hormone receptor (HR) status, human epidermal growth 

factor receptor 2 (HER2) status, proliferation marker Ki-67, and gene expression profiling 

(when available). These guidelines enable clinicians to classify patients into prognostic groups 

and treat breast cancer as the heterogeneous disease that it is (27,28). 

  1.3.1 The TNM classification 

The TNM classification for breast cancer consists of three main components: 

- Tumor size (T): Describes the size of the primary tumor. Ranges from Tis (in situ) to T4 

(invasive tumor with chest wall or skin involvement). 

- Lymph node involvement (N): Indicates whether the cancer has spread to nearby 

lymph nodes, ranging from no lymph node involvement (N0) to extensive nodal 

involvement (N3). 

- Metastasis (M): Identifies whether the cancer has spread to distant organs and is 

classified as no distant metastasis (M0) or presence of distant metastasis (M1). 

According to the AJCC staging manual, each category is assigned a number or letter, which 

helps determine the overall cancer stage, ranging from 0 to IV (Table 1) (27). 

 
Table 1. Breast cancer staging following the AJCC’s TNM classification (27). 

Stage Description Tumor Lymph nodes Metastasis 

0 
Non-invasive carcinoma 
in situ 

Tis N0 M0 

I 
Small tumor, no lymph 
node involvement 

T1 ( 2 cm) N0 M0 

II 
Minimal lymph node 
spread or larger tumor 

T0 to T2 N1 (1-3 nodes) M0 

T2 (> 2,  5 cm) N0 M0 

III 
Locally advanced cancer 
with significant lymph 
node involvement 

T3 (> 5 cm) to T4 
(chest wall or 
skin involvement) 

N2 (4-9 nodes) to 

N3 ( 10 nodes) 
M0 

IV Metastatic cancer Any T Any N M1 
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1.3.2 The Nottingham Grading System 

The Nottingham (Elston-Ellis) modification of the Scarff-Bloom-Richardson grading system, 

also known as the Nottingham Grading System (NGS), grades breast tumors based on the 

degree of tubule/duct formation, nuclear size, nuclear pleomorphism, and mitotic rate, 

ranging from 1 (well differentiated) to 3 (poorly differentiated). This system helps predict 

breast cancer aggressiveness and, along with other clinicohistological information, helps 

guide treatment decisions and prognosis (29). 

  1.3.3 Immunohistochemical classification 

Breast cancer is classified based on the expression of estrogen receptor (ER), progesterone 

receptor (PR), and HER2. HR status, defined by ER and PR expression, is assessed using 

immunohistochemistry (IHC), with  1% staining considered positive (30). HER2 status is also 

evaluated by IHC, where staining intensity is graded as follows: negative (0 or 1+), equivocal 

(2+), or positive (3+). A score of 0 indicates no staining, 1+ represents weak and incomplete 

membrane staining in less than 10% of tumor cells, and 3+ indicates strong and complete 

membrane staining in more than 30% of tumor cells. A score of 2+ indicates moderate and 

incomplete membrane staining in more than 10% of tumor cells, which is considered 

equivocal. For these cases, in situ hybridization (ISH) is performed to determine ERBB2/HER2 

gene amplification. Tumors with a HER2/CEP17 ratio < 2.0 (non-amplified) are classified as 

HER2-negative, while those with a ratio  2.0 (amplified) are considered HER2-positive (31). 

This classification results in four major clinical subgroups (Figure 2): 

1. HR-positive/HER2-negative (HR+/HER2-) 

2. HR-positive/HER2-positive (HR+/HER2+) 

3. HR-negative/HER2-positive (HR-/HER2+) 

4. HR-negative/HER2-negative (HR-/HER2-) or triple-negative breast cancer (TNBC) 
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Figure 2. Representative IHC images of breast cancer subtypes based on HR and HER2 status. Representative IHC images 

showing the expression patterns of ER, PR, HER2, and Ki-67 in each clinical subgroup: HR+/HER2-, HR+/HER2+, HR-/HER2+, 

and HR-/HER2-. Cancer histology is illustrated using hematoxylin and eosin (H&E) staining. Original magnification, x20. Image 

courtesy of Dr. Sanfeliu. 

 

The traditional IHC classification of breast cancer has historically divided tumors into HER2-

positive and HER2-negative. However, emerging research has revealed a spectrum of HER2 

expression, which has led to the identification of two additional groups. While HER2-negative, 

null, or 0 tumors are completely free of staining, HER2-ultralow tumors have an IHC staining 



 35 

of 0 but show faint membrane staining, and HER2-low tumors are IHC 1+ or IHC 2+/ISH-

negative (32,33). HER2-low tumors represent 59.7% of all HER2-negative cases, 67.6% are 

classified as IHC 1+, and are more common in HR+ breast cancer than in TNBC (65.4% vs. 

36.6%) (34). Further research is ongoing to better understand the clinicopathological and 

molecular characteristics of these groups in order to optimize treatment strategies. 

Together with the disease burden, the histopathological classification is of great importance 

for the choice of therapy in the clinical setting, as it is a key determinant of the treatment 

each patient will receive (23). 

HR+/HER2- tumors account for approximately 70% of all breast cancers (3,35). The standard 

treatment includes hormone or endocrine therapy, such as tamoxifen or aromatase inhibitors 

(AIs), with chemotherapy reserved for aggressive or high-risk cases (5,36). In patients at high 

risk of relapse, the addition of adjuvant cyclin-dependent kinase 4/6 (CDK4/6) inhibitors to 

standard endocrine therapy significantly improves invasive disease-free survival (37). 

HER2+ breast cancers are characterized by the overexpression or amplification of the HER2 

receptor (31). These tumors tend to be more aggressive than HER2-negative tumors but have 

significantly benefited from the development of HER2-targeted therapies, such as 

trastuzumab, pertuzumab, tyrosine kinase (TK) inhibitors (TKIs) such as lapatinib, tucatinib or 

neratinib, and antibody-drug conjugates (ADCs) such as trastuzumab emtansine (T-DM1) or 

trastuzumab deruxtecan (T-DXd) (38). Standard regimens often include a combination of 

agents, sometimes starting with neoadjuvant chemotherapy to shrink the tumor and allow 

for more conservative surgery (5,36). Additionally, patients with HR+/HER2+ tumors, which 

express both HER2 and HRs, are also typically treated with endocrine therapy (5,36). 

Lastly, TNBCs, which lack both HRs and HER2, represent 15%-20% of all breast cancer cases. 

These tumors are often high-grade and associated with a poor prognosis (39). Patients with 

TNBC heavily rely on chemotherapy (e.g., anthracycline, taxanes, platinum), although newer 

treatments, such as Poly (ADP-ribose) polymerase (PARP) inhibitors for gBRCA1/2 mutation 

carriers (See Section 2.2.4) (40,41) or immunotherapy, are available (5,36). Immune 

checkpoint inhibitors (ICIs), such as pembrolizumab and atezolizumab (programmed cell 
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death protein 1 (PD-1) and its ligand (PD-L1) inhibitors), have shown clinical benefit in PD-L1+ 

TNBC patients (42,43). 

Tumor-infiltrating lymphocytes (TILs) have emerged as a valuable biomarker in breast cancer, 

with their presence and density offering insights into the tumor microenvironment (TME) and 

potential treatment responses. TNBCs typically have higher levels of TILs compared to other 

subtypes. Studies have demonstrated that higher TIL levels in TNBC are associated with 

improved overall prognosis and better response to chemotherapy (44–48). A high TIL 

presence suggests an active immune microenvironment, making TNBC a prime candidate for 

immunotherapy. Similar to TNBC, HER2+ tumors can exhibit varying levels of TILs. Increased 

TILs in these tumors have been linked with a favorable prognosis and enhanced response to 

anti-HER2-based chemotherapies (49,50). While TILs contribute to a better prognosis and 

treatment response in HER2+ tumors (46–52), HER2-targeted therapies remain the 

cornerstone of treatment. Finally, HR+/HER2- tumors generally have lower TIL counts 

compared to TNBC and HER2-positive tumors. While high TILs in these tumors are less 

common, emerging data suggest that a high-risk subset of HR+/HER2- cancers with increased 

TILs might exhibit different clinical behavior or potentially benefit from immunomodulatory 

treatments (47,53). 

  1.3.4 PAM50 intrinsic subtypes 

Over the past two decades, advancements in gene expression profiling have greatly improved 

our understanding of the molecular heterogeneity of breast cancer. These advances provide 

valuable prognostic information that complements traditional clinical and histopathological 

assessments. Four main molecular subtypes of breast cancer have been identified: Luminal 

A, Luminal B, HER2-enriched, and Basal-like, along with a Normal-like group (54–57). This has 

led to the development of Prosigna, a clinically applicable gene expression-based test that 

uses the PAM50 algorithm to classify tumors into these intrinsic subtypes (58). These 

subgroups have revealed key differences in incidence (59), survival (55,58), and response to 

treatment (60–62) among patients with breast cancer, enabling more personalized treatment 

options. 
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Luminal breast cancers exhibit the greatest heterogeneity in gene expression, mutation 

spectrum, copy number alterations, and patient outcomes (63–65). Both Luminal A and 

Luminal B subtypes show similarly high mRNA and protein levels of the luminal expression 

signature, along with a high mutation frequency of phosphoinositide-3-kinase catalytic 

subunit alpha (PIK3CA) (49% and 32%, respectively) and cyclin D1 (CCND1) amplification (29% 

and 58%, respectively) (64). Luminal A tumors are less aggressive and are associated with the 

most favorable prognosis. Although ER levels are similar in both subtypes, Luminal A tumors 

express higher levels of PR (63,65,66) and lower Ki-67. These tumors are also considered the 

most likely to preserve retinoblastoma 1 (RB1) and TP53 function, as indicated by high RB1 

expression and elevated markers of functional TP53, along with intact TP53 activity (63,64). 

In contrast, Luminal B tumors exhibit a higher frequency of TP53 mutations (32% compared 

to 12% in Luminal A), contributing to their more proliferative and aggressive phenotype 

(64,66). 

The HER2-enriched intrinsic subtype is characterized by elevated expression of HER2-related 

and proliferation-related genes, such as ERBB2 and growth factor receptor-bound protein 7 

(GRB7), and their corresponding proteins. At a DNA level, these tumours exhibit the highest 

mutation burden, with notable mutations in TP53 (75%) and PIK3CA (42%). Beyond HER2 

signaling, HER2-enriched tumors also demonstrate increased expression of other receptor 

TKs (RTKs), including fibroblast growth factor receptor 4 (FGFR4) and epidermal growth factor 

receptor (EGFR) (64). Additionally, HER2-enriched tumors frequently harbor APOBEC3B-

associated mutations, which are a result of DNA replicative stress (67). 

Basal-like tumors are considered the most aggressive form of breast cancer and are 

associated with the worst prognosis. These tumors are characterized by high proliferation 

rates, evidenced by elevated levels of marker of proliferation Ki-67 (MKI67) and other 

proliferation-related genes. They also express basal cytokeratins (such as 5, 6, and 17) and 

generally lack expression of estrogen and HER2-related genes. TP53 loss is observed in up to 

75% of all cases, and loss of RB1 and BRCA1 are also common features of Basal-like tumors 

(63,64,68). 

A group resembling normal tissue, exhibiting gene expression patterns typically associated 

with adipose tissue and clustering with fibroadenoma and normal breast tissue, has also been 
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identified and labeled as “Normal-like” (69). Its clinical significance remains unclear, and 

many, including our group, consider it an artifact, likely resulting from contamination of the 

specimen by normal tissue (55,56,58,70,71). 

Each of the PAM50 subtypes is represented across all histological groups (Figure 3) (57). 

Luminal A and Luminal B subtypes are predominantly found in HR+ breast cancers (90%), 

while the HER2-enriched subtype is typically associated with HER2+ breast cancers (54.6%), 

and the Basal-like subtype is most commonly observed in TNBC (78.8%). However, other 

intrinsic subtypes are also present within each IHC group (63–65,72). Understanding the 

distribution of PAM50 subtypes within IHC groups is crucial, since this intraheterogeneity 

adds significant complexity to treatment decision-making, underscoring the importance of 

personalized treatment strategies as patients with apparently similar subtypes can respond 

differently to the same therapies. 

 

Figure 3. Molecular heterogeneity of early breast cancer. Intrinsic subtype distribution in the global cohort, HR+/HER2-, 

HER2+, and TNBC by IHC. Adapted from reference (72). 
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2. Metastatic breast cancer 

Following recent progress in classifying and understanding primary breast cancer, more focus 

has been put on the importance of metastasis, which accounts for 90% of solid tumor-related 

deaths and is considered an uncurable disease (73,74). 

Metastasis continues to be the most elusive aspect of cancer progression. It arises from a 

complex evolutionary process where interactions between cancer cells and their surrounding 

environment trigger changes that enable them to spread, adapt, and survive in different 

tissues, ultimately resulting in organ failure and death (75). De novo metastatic breast cancer, 

which accounts for approximately 5% of all breast cancer presentations, is diagnosed when 

metastases are already present at the time of initial diagnosis, indicating that the cancer has 

spread before detection. In contrast, recurrent metastatic breast cancer occurs when 

metastases develop after a period of remission following primary treatment (76).  

Breast cancer commonly spreads to the bones, lungs, liver, and brain, as well as to distant 

lymph nodes, and the pattern of metastasis varies depending on the molecular subtype (77). 

For HR+ breast tumors, the bones are the most frequent site of metastasis (77). These tumors 

have the best prognosis and a low incidence rate within the first five years, which gradually 

increases beyond five years (78). In contrast, HER2+ breast tumors, which tend to be more 

aggressive, have a higher propensity to metastasize to the brain (77,78). While HER2+ breast 

cancer has numerous targeted treatment options, the development of brain metastases 

significantly complicates prognosis (79,80). Meanwhile, TNBC is known for its highly 

aggressive nature and increased likelihood of spreading to visceral organs, as well as the 

brain. TNBC metastases often occur earlier in the disease course, within the first two years, 

and are associated with a poorer prognosis due to the limited availability of targeted 

therapies (77,78,81). 

2.1 The invasion-metastasis cascade 

The invasion-metastasis cascade is a complex multistep process by which cancer cells escape 

the primary tumor and spread to distant organs (Figure 4) (73,74,82–84). It is rare for 

individual cancer cells to successfully complete all steps due to several mechanical and 
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molecular bottlenecks. In animal models, fewer than 0.01% of the cancer cells entering 

circulation ultimately develop into metastases (85). 

Most cancers originate in epithelial tissues, separated from the stroma by the extracellular 

matrix (ECM) (22). Carcinomas remain non-invasive as long as they are confined to the 

epithelial side of the ECM. They become invasive once they breach the basement membrane 

(BM) of the ECM, allowing them to detach from the primary tumor and invade the 

surrounding stroma as disseminated tumor cells (DTCs) (Figure 4.1). Matrix 

metalloproteinases (MMPs) have a proteolytic activity and are primarily responsible for the 

degradation of the BM (86). After breaching the BM, DTCs enter the stromal compartment, 

where they gain access to blood and lymphatic vessels (87). 

 

Figure 4. Tumor cell dissemination via the invasion-metastasis cascade. Schematic overview of the multistep process by 

which cancer cells spread from the primary tumor to distant organs. The sequence includes: (1) invasion of surrounding 

tissue, (2) intravasation into the blood or lymphatic vessels, (3) survival and transport through the circulatory system, (4) 

extravasation into distant tissues, leading to the formation of micrometastases, and (5) colonization, where micrometastases 

grow into clinically detectable macrometastases. Illustration created using a template in BioRender.com 

 

A key driver of this first step of the metastatic cascade is the epithelial-mesenchymal 

transition (EMT), where epithelial cells can undergo a phenotypic shift to acquire 

mesenchymal characteristics, such as enhanced motility and invasiveness (88,89). This 

transition is regulated by a network of signaling pathways and transcription factors that drive 

cellular changes, including the disruption of cell-cell adhesion by loss of E-cadherin (88,90–

93), loss of cell polarity, and reorganization of the cytoskeleton (88). In the reverse process, 

the mesenchymal-epithelial transition (MET), cells regain epithelial characteristics after 
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undergoing EMT (88,89). It has been suggested that EMT and MET are not strict, linear 

processes but instead represent a continuum of dynamic and reversible transitions, 

contributing to epithelial-mesenchymal plasticity (EMP) (94). This plasticity leads to a 

spectrum of phenotypic states that contribute to the heterogeneous nature of tumors. 

Alternative metastatic mechanisms beyond EMT have also been proposed, such as collective 

or amoeboid migration, which allow cancer cells to disseminate and invade surrounding 

tissues without undergoing a full EMT (95).  

Individual or small clusters of DTCs that detach from the primary tumor can enter the vessel 

lumina through a process called intravasation (Figure 4.2). Upon entering the circulatory 

system, DTCs become circulating tumor cells (CTCs). These migrating cells must overcome 

many challenges during the circulation stage (Figure 4.3), including cell death from anoikis 

due to the lack of anchorage to substrates (96), cell damage due to hydrodynamic shear forces 

in the circulation, and attacks from the immune system. Some have shown that CTCs enhance 

survival by forming clusters or interacting with blood platelets (97,98). 

The physical lodging of CTCs in small vessels represents the first step of extravasation (Figure 

4.4) (99). Once trapped, CTCs exit the bloodstream either by attaching to the vessel walls and 

penetrating the endothelium of the surrounding tissue (parenchyma) (84) or by proliferating 

within the vessel’s lumen until causing vessel disruption (100). Once in the tissue’s 

parenchyma, DTCs can form micrometastases, which may eventually grow into 

macrometastases through a process called colonization (Figure 4.5). Colonization is 

considered a rate-limiting step in the metastatic cascade (84,99). Other DTCs may remain 

dormant for months or years, forming micrometastases that are too small to detect with 

conventional imaging techniques. Over time, these quiescent cells can reactivate, leading to 

the formation of macrometastases that are usually accompanied by a second wave of 

dissemination, typically responsible for most metastasis-associated deaths. 

Once established in a secondary site, metastatic tumors can stimulate the formation of new 

blood vessels, a process known as angiogenesis, considered a hallmark of metastatic cancer 

(19–21). This new vasculature is essential for supplying the growing tumor with nutrients and 

oxygen, supporting continued tumor expansion and the formation of macrometastases. 
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2.2 Targeted therapeutic strategies for metastatic HR+/HER2- breast cancer 

Metastatic breast cancer is considered an incurable disease, and although advancements in 

therapy have improved patients' quality of life and extended survival rates, most patients 

eventually experience disease progression and do not survive. 

HR+/HER2- tumors represent approximately 70% of all breast cancers (35), therefore, this 

thesis will focus exclusively on this subgroup of patients moving forward. The European 

Society for Medical Oncology (ESMO) 2024 guidelines recommend a stepwise treatment 

strategy for advanced HR+/HER2- patients, incorporating endocrine therapy, targeted agents, 

and chemotherapy, depending on disease progression and molecular profiling (5). Since the 

identification of ER as a predictive biomarker for endocrine therapy response, hormone-

based treatments have significantly contributed to reducing breast cancer-related mortality 

(101). The current international consensus guidelines for treatment of advanced HR+ breast 

cancer recommend endocrine therapy in combination with CDK4/6 inhibitors as part of the 

initial first-line treatment unless there is evidence of a visceral crisis (5). The addition of 

CDK4/6 inhibitors to endocrine therapy in patients with advanced HR+/HER2- breast cancer 

has led to substantial improvements in progression-free survival (PFS) and overall survival 

(OS) (102–116). Second-line treatment options and beyond depend on factors such as prior 

treatments, disease burden, mutational status, and patient preferences.  

  2.2.1 Endocrine therapy 

ERs are nuclear HRs that mediate the effects of estrogen within cells. In breast cancer, ER is 

the predominant form and plays a critical role in disease progression. Estradiol (E2), mainly 

produced in the ovaries, is the primary and most biologically active form of estrogen in 

premenopausal women (117). In HR+ breast cancer, E2 stimulates tumor growth by 

selectively binding to ER, which leads to the activation of pathways that promote cell 

proliferation. As a result, hormone therapies are used to block estrogen signaling and prevent 

cancer progression in hormone-dependent tumors. Various endocrine therapy agents are 

available for HR+ breast cancer treatment, each acting through distinct mechanisms (118). 

Selective ER modulators (SERMs) compete with E2 for binding to ER in breast tissues, acting 

as ER antagonists that inhibit estrogen-driven tumor growth. However, SERMs also exert 
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agonistic effects in other tissues, such as bone, liver, and uterus. Tamoxifen, the first 

hormone-based treatment option for HR+ patients, remains a standard therapy for 

premenopausal women with HR+ breast cancer (117,119). 

Selective ER degraders (SERDs) such as fulvestrant inhibit ER dimerization, DNA binding, and 

nuclear translocation, thereby accelerating ER degradation and blocking estrogen signaling. 

Unlike SERMs, SERDs do not exert agonistic effects in other tissues (117,120). Of note, 

another SERD, elacestrant, was recently approved by the Food and Drug Administration (FDA) 

for the treatment of patients with HR+/HER2- and estrogen receptor 1 (ESR1)-mutated 

metastatic breast cancer who have progressed after at least one line of endocrine therapy. 

ESR1 mutations, typically acquired following treatment with AIs, are considered a mechanism 

of resistance to endocrine therapy. The EMERALD phase III trial demonstrated that 

elacestrant significantly improves PFS in these patients compared to standard endocrine 

therapies such as AIs or tamoxifen (5,121). 

AIs inhibit the enzyme aromatase, which is responsible for converting androgens into 

estrogen, thereby reducing overall E2 levels. Nonsteroidal AIs, such as anastrazole and 

letrozole, as well as the steroidal AI exemestane (5,122–124), are commonly used in 

postmenopausal women. Meta-analyses have shown that AIs are the preferred first-line 

treatment for postmenopausal HR+ patients, offering better efficacy than tamoxifen 

(123,124). 

For premenopausal women, ovarian function suppression should also be considered as part 

of endocrine therapy. This can be achieved using gonadotropin-releasing hormone (GnRH) 

agonists (GnRHa) such as goserelin and leuprolide. These GnRHa work by initially stimulating 

the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH), resulting in a 

temporary increase in estrogen levels. However, with continuous use, they cause 

downregulation of GnRH receptors in the pituitary gland, ultimately suppressing ovarian 

function and reducing estrogen levels, thereby enhancing the efficacy of endocrine therapy 

in premenopausal patients (5,125,126). 

For patients who progress on first-line endocrine therapy but remain endocrine-sensitive, a 

switch in endocrine therapy is typically recommended. This may involve changing from one 
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AI to another, or from an AI to tamoxifen or fulvestrant, helping to delay the need for 

intravenous (IV) chemotherapy (5). 

  2.2.2 CDK4/6 inhibitors 

  2.2.2.1 Clinical evidence 

Three CDK4/6 inhibitors (i.e., palbociclib, ribociclib, and abemaciclib) are approved by the FDA 

and the European Medicines Agency (EMA) for first-line treatment of HR+/HER2- metastatic 

breast cancer. These inhibitors are administered in combination with endocrine therapy 

agents such as AIs, fulvestrant, or tamoxifen (5,127).  

Several clinical trials have demonstrated the significant benefit of adding CDK4/6 inhibitors 

to endocrine therapy, showing improved PFS in patients with HR+/HER2- metastatic breast 

cancer compared to endocrine therapy alone (Table 2) (128). Palbociclib was evaluated in 

three key randomized clinical trials: PALOMA-1 (102), PALOMA-2 (103), and PALOMA-3 (104). 

Ribociclib was studied in the MONALEESA trial series, including MONALEESA-2 (106), 

MONALEESA-3 (107), and MONALEESA-7 (109). Similarly, abemaciclib was evaluated in the 

MONARCH trials, namely MONARCH 2 (110) and MONARCH 3 (112,113). Additionally, 

MONARCH 1 assessed abemaciclib as a monotherapy (129), leading to its approval in the 

later-line setting for HR+/HER2- metastatic breast cancer in patients who had progressed on 

prior endocrine therapy. In addition to prolonging PFS, OS improvement was reported in the 

MONALEESA-2 (115), MONALEESA-3 (114), and MONALEESA-7 (108) trials for ribociclib and 

in MONARCH 2 (111) for abemaciclib (Table 2). These findings reinforce the role of CDK4/6 

inhibitors in improving clinical outcomes for patients with HR+/HER2- metastatic breast 

cancer. 
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Table 2. Characteristics of pivotal clinical trials investigating CDK4/6 inhibitors in breast cancer. 

 

Trial Phase 
Menopausal 
status 

Combination 
Median PFS 
(months) 

Median OS 
(months) 

PALOMA-1 II Postmenopausal 
Palbociclib + letrozole 
vs letrozole 

20.2 vs 10.2 
(h.r. 0.488; 95% CI, 0.319-
0.748; p=0.0004) 

NS: 37.5 vs 33.3 
(h.r. 0.81; 95% CI 0.49-
1.35; p=0.42) 

PALOMA-2 III Postmenopausal 
Palbociclib + letrozole 
vs letrozole 

24.8 vs 14.5 
(h.r. 0.58; 95% CI, 0.46-
0.72; p<0.001) 

NS: 51.6 vs 44.6 
(h.r. 0.869; 95% CI, 
0.706-1.069) 

PALOMA-3 III 
Pre-, peri- and 
postmenopausal 

Palbociclib + 
fulvestrant vs 
fulvestrant 

9.5 vs 4.6 
(h.r. 0.46; 95% CI, 0.36-
0.59; p<0.0001) 

NS: 34.9 vs 28.0* 
(h.r. 0.81; 95% CI, 0.64-
1.03; p=0.09) 

MONALEESA-2 III Postmenopausal 
Ribociclib + letrozole 
vs letrozole 

25.3 vs 16.0 
(h.r. 0.57; 95% CI, 0.46-
0.70; p<0.0001) 

63.9 vs 51.4 
(h.r. 0.76; 95% CI, 0.63-
0.93; p=0.008) 

MONALEESA-3 III Postmenopausal 
Ribociclib + fulvestrant 
vs fulvestrant 

20.5 vs 12.8 
(h.r. 0.59; 95% CI, 0.48-
0.73; p<0.001) 

NR vs 40.0 
(h.r. 0.72; 95% CI, 0.57-
0.92; p=0.004) 

MONALEESA-7 III 
Pre- and 
perimenopausal 

Ribociclib + tamoxifen 
or AI + GnRHa vs 
tamoxifen or AI + 
GnRHa 

23.8 vs 13.0 
(h.r. 0.553; 95% CI, 0.441-
0.694; p<0001) 

NR vs 40.9 
(h.r. 0.71; 95% CI, 0.54-
0.95; p=0.01) 

MONARCH-1 II Postmenopausal Abemaciclib 
6.0 
(95% CI, 4.2-7.5) 

17.7 
(95% CI, 16.0-NR) 

MONARCH-2 III 
Pre- and 
perimenopausal 

Abemaciclib + 
fulvestrant vs 
fulvestrant 

16.4 vs 9.3 
(h.r. 0.55; 95% CI, 0.45-
0.68; p<0.001) 

46.7 vs 37.3 
(h.r. 0.76; 95% CI, 0.61-
0.95; p=0.014) 

MONARCH-3 III Postmenopausal 
Abemaciclib + non-
steroidal AI vs non-
steroidal AI 

28.18 vs 14.76 
(h.r. 0.54; 95% CI, 0.42-
0.79; p<0.0001) 

NS: 66.8 vs 53.7 
(h.r. 0.80; 95% CI, 0.64-
1.02; p=0.066) 

Data from references (102–114,129). NR: Not Reached. NS: Not Significant. CI: Confidence Interval. h.r.: Hazard Ratio. *In patients with 
HR+/HER2- advanced breast cancer who had sensitivity to previous endocrine therapy, treatment with palbociclib-fulvestrant resulted in 
longer OS than treatment with placebo-fulvestrant (39.7 vs 29.7 (h.r. 0.71; 95% CI, 0.55-0.94). 

 

 

 

2.2.2.2 Biology and mechanism of action 

Cyclins and CDKs are key regulators of cell cycle progression, controlling transitions through 

the G1, S, G2, and M phases (Figure 5). CDKs are serine/threonine kinases that require 

activation by specific cyclins and are regulated by CDK inhibitors. In human cells, 20 CDKs and 

29 cyclins have been identified (130). Among these, CDK1, CDK2, CDK4, and CDK6 directly 

regulate cell cycle transitions, while CDK7 functions as a CDK-activating kinase and also 
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participates in transcriptional regulation. CDKs 8–11 primarily regulate transcription of genes 

associated with the cell cycle (131,132). 

CDK4/6 inhibitors are designed to selectively block CDK4 and CDK6, which are crucial for the 

transition from the G1 to S phase. These kinases interact with D-type cyclins (cyclin D1-3) to 

drive cell cycle progression (Figure 5) (133,134). In HR+ breast cancer, estrogen signaling 

increases cyclin D1 expression, leading to CDK4/6 activation (135,136). This, in turn, 

phosphorylates and inactivates the tumor suppressor RB1, releasing E2F transcription factors 

that drive cell cycle progression and may lead to uncontrolled cell proliferation (134). Under 

normal physiological conditions, CDK4/6 activity is tightly regulated by INK4 family inhibitors, 

such as p16INK4A, which suppress their function (Figure 5) (137). However, in cancerous cells, 

these regulatory mechanisms are often disrupted, allowing for uncontrolled growth (137). 

 

Figure 5. Regulation of cell cycle progression by CDKs. Mitogenic signals activate CDK4 and CDK6, promoting cell cycle entry 

through phosphorylation of RB1, which enables E2F-mediated transcription of genes required for DNA replication. This 

activation also induces expression of cyclins E and A, leading to CDK2 activation and further RB1 phosphorylation. 

Antiproliferative signals can inhibit CDK4/6 directly or via induction of the CDK inhibitor p16. Additional checkpoints regulate 

CDK2 through inhibitory proteins such as p21 and p27. As DNA replication completes, CDK1-cyclin A and CDK1-cyclin B 

complexes control G2/M transition. In the absence of DNA damage, CDK1-cyclin B drives mitotic entry, with checkpoints able 

to halt progression if errors are detected. Degradation of cyclin B is essential for anaphase progression and completion of 

mitosis. During this transition from M phase back into G1 phase, RB is dephosphorylated, and the cycle is once more 

responsive to mitogenic and antiproliferative signaling. The central role of the CDK4/6-Cyclin D-RB1-E2F pathway in 

regulating G1/S transition is highlighted in this illustration. Adapted from reference (137). Illustration created using a 

template in BioRender.com 

 

 

Palbociclib, ribociclib, and abemaciclib bind to the ATP-binding pocket of CDK4 and CDK6, 

blocking their kinase activity. This prevents RB1 phosphorylation, enforces G1 phase arrest, 
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and effectively halts tumor progression (137–139). Prolonged CDK4/6 inhibition can drive 

cellular senescence, leading to irreversible growth arrest and phenotypic changes in breast 

cancer cell lines (140). 

While all three CDK4/6 inhibitors share a common mechanism of action, they differ in their 

pharmacology, selectivity, pharmacokinetics (PK), and toxicity profiles. A summary of their 

key characteristics is provided in Table 3.  

Table 3. Pharmacological characteristics of CDK4/6 inhibitors 

 Palbociclib (PD-0332991) Ribociclib (LEE011) Abemaciclib (LY-2835219) 

Chemical structure 

   

First FDA approval in 
combination with ET 

2015 2017 2017 

CDK4 (IC50) 11 nM 10 nM 2 nM 

CDK6 (IC50) 15 nM 39 nM 10 nM 

Other targets No No 
CDK1, CDK2, CDK5, CDK9, 
CDK14, CDK16-18 

Cell cycle arrest G1 phase G1 phase G1, G2 phase 

Recommended dose 
125 mg/day on a 
21-on-28-days schedule 

600 mg/day on a 
21-on-28-days schedule 

150 mg twice daily 

Administration Oral Oral Oral 

Half-life 29 (+/- 5) hours 32 hours 18.3 hours 

Adapted from references (5,138,139,141,142). Chemical structures from: https://pubchem.ncbi.nlm.nih.gov 

 

In brief, among the three, abemaciclib stands out due to its broader kinase inhibition profile. 

While palbociclib and ribociclib are highly selective for CDK4 and CDK6, abemaciclib also 

inhibits CDK1, CDK2, CDK5, CDK9, CDK14, and CDK16-18 (143). Despite its wider range of 

targets, abemaciclib is the most potent CDK4/6 inhibitor and has demonstrated the ability to 

cross the blood-brain barrier (144). Pharmacokinetically, abemaciclib has a shorter half-life 

and is administered twice daily. In contrast, palbociclib and ribociclib have longer half-lives 

and are administered once daily for 21 days, followed by a 7-day break to manage potential 

myelosuppressive effects (5,127). All three inhibitors can cause myelosuppression; however, 

abemaciclib is associated with a lower incidence of bone marrow suppression compared to 

https://pubchem.ncbi.nlm.nih.gov/
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palbociclib and ribociclib (138,141). In contrast, it has a higher incidence of gastrointestinal 

toxicities, particularly diarrhea, nausea, and fatigue (110,141). Additionally, abemaciclib has 

been linked to elevated creatinine levels (110,129), whereas palbociclib and ribociclib are 

more frequently associated with neutropenia and other hematologic toxicities (104,107,141). 

2.2.3 PI3K/AKT/mTOR inhibitors 

Increased activation of the phosphatidylinositol 3-kinases/protein kinase B/mammalian 

target of rapamycin (PI3K/AKT/mTOR) pathway is a common mechanism of resistance to 

endocrine therapy and CDK4/6 inhibitors, and several targeted treatment options address 

this pathway (5,118). 

For PIK3CA-mutated tumors, the combination of PI3K inhibitor alpelisib with fulvestrant is an 

approved treatment following progression to endocrine therapy and CDK4/6 inhibitors. The 

SOLAR-1 trial demonstrated that this combination significantly improves PFS in patients with 

HR+/HER2-/PIK3CA-mutated advanced breast cancer who have previously received 

endocrine therapy. However, this treatment is associated with adverse events such as 

hyperglycemia, gastrointestinal issues, and rash, which require careful patient selection and 

close monitoring (5,145). 

For tumors harboring AKT1 or phosphatase and tensin homolog (PTEN) mutations, AKT 

inhibitor capivasertib combined with fulvestrant provides an effective strategy to overcome 

endocrine therapy resistance by targeting the PI3K/AKT pathway. The CAPItello-291 phase III 

trial demonstrated that adding capivasertib to fulvestrant therapy provides a significant 

clinical benefit, prolonging PFS in patients with HR+/HER2- advanced breast cancer, especially 

those with PIK3CA/AKT1/PTEN mutations (5,146). 

mTOR activation is also known to contribute to endocrine therapy resistance. The BOLERO-2 

phase III clinical trial evaluated the efficacy and safety of combining mTOR inhibitor 

everolimus with exemestane in patients with HR+/HER2- advanced breast cancer who had 

developed resistance to prior nonsteroidal AI therapy. The combination treatment resulted 

in a significant increase in the median PFS, with common adverse events including stomatitis, 

anemia, hyperglycemia, dyspnea, and fatigue (5,147). 
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  2.2.4 PARP inhibitors 

PARP inhibitors, like olaparib or talazoparib, target the DNA repair mechanism and are 

promising options for patients with gBRCA1/2 mutations. The OlympiAD and the EMBRACA 

phase III trials compared the efficacy of olaparib and talazoparib to chemotherapy in 

HR+/HER2-/gBRCA1/2-mutated patients. Both PARP inhibitors significantly improved PFS and 

overall response rates (ORR), while also providing patients with a better quality of life 

compared to chemotherapy. The main side effects observed were anemia, fatigue, and 

nausea (5,40,41). 

  2.2.5 ADCs 

Over the past decade, ADCs have emerged as one of the most promising therapeutic 

strategies in the fight against cancer. ADCs are designed to deliver cytotoxic drugs directly to 

cancer cells, combining the specificity of monoclonal antibodies with the potency of 

chemotherapy agents. This targeted approach allows for the selective killing of tumor cells 

while minimizing off-target toxicity, a significant limitation of traditional chemotherapy. The 

structure of an ADC typically consists of a monoclonal antibody, which recognizes and binds 

to a cell surface tumor-specific antigen (TSA) or a tumor-associated antigen (TAA), linked to a 

potent cytotoxic agent through a linker that releases the drug once the ADC is internalized 

into the tumor cell. Depending on their design, linkers may be cleavable, responding to tumor-

specific conditions such as acidic pH or lysosomal enzymes, or non-cleavable, releasing the 

active payload only after the antibody is fully degraded within the lysosome. The cytotoxic 

agent is often a highly potent chemotherapy drug or a toxin, designed to induce cell death 

upon its release inside the cancer cell (148). 

To date, 13 ADCs have received clinical approval by the FDA (149). In the context of 

HR+/HER2- metastatic breast cancer, three have demonstrated significant clinical efficacy: 

sacituzumab govitecan (SG), datopotamab deruxtecan (Dato-DXd), and T-DXd. 

SG is a first-in-class ADC targeting trophoblast cell-surface antigen 2 (TROP2) (150). It consists 

of a humanized anti-TROP2 monoclonal antibody conjugated through a hydrolysable CL2A 

linker to SN-38, the active metabolite of irinotecan (151), with a drug-antibody ratio (DAR) of 

8. TROP2, a transmembrane calcium signal transducer, is highly expressed in solid tumors, 
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especially in HR+/HER2- and TNBC, and is associated with tumor progression and poor 

prognosis (152–154). In the TROPiCS-02 phase III study, SG demonstrated a benefit in PFS and 

OS in heavily pretreated, endocrine-resistant HR+/HER2- tumors (155). Since 2023, SG has 

been approved for the treatment of patients with metastatic HR+/HER2- breast cancer who 

have previously received at least one line of endocrine therapy, a CDK4/6 inhibitor, and two 

to four prior lines of chemotherapy (5). 

Dato-DXd is an ADC targeting TROP2, composed of a humanized anti-TROP2 monoclonal 

antibody conjugated to topoisomerase I (TOP1) inhibitor deruxtecan (DXd) through a 

cleavable tetrapeptide linker, with a DAR of 4. This novel ADC has demonstrated promising 

efficacy in clinical trials, including in patients with pretreated HR+/HER2- metastatic breast 

cancer (156). The TROPION-Breast 01 phase III trial is currently evaluating Dato-DXd in 

comparison to chemotherapy in this patient population, with preliminary results indicating 

improved PFS (157). This has led to its recent FDA approval for the treatment of patients with 

HR+/HER2- metastatic breast cancer who have previously undergone endocrine-based 

therapy and chemotherapy. 

T-DXd is an ADC targeting HER2, which consists of a humanized anti-HER2 monoclonal 

antibody conjugated to DXd through a cleavable tetrapeptide linker, with a DAR of 8 

(158,159). The efficacy of T-DXd in HER2-low tumors was first evaluated in the DESTINY-

Breast04 phase III trial, in which a significant improvement in PFS and OS compared to 

standard chemotherapy was demonstrated (160). The ongoing DESTINY-Breast06 phase III 

trial is further assessing T-DXd in both HER2-low and HER2-ultralow tumors. Primary results 

confirmed prolonged PFS in patients with HER2-low tumors and, for the first time, 

demonstrated improved PFS in the exploratory HER2-ultralow population (161). This led to 

the FDA approval of T-DXd for HER2-low and HER2-ultralow tumors, which, until recently, 

were deemed unlikely to benefit from HER2-targeted therapies (5). 

In addition to these ADCs, others are under investigation for HR+/HER2- metastatic breast 

cancer. Patritumab deruxtecan (HER3-DXd), which targets HER3, is being tested for its 

potential to treat both HR+/HER2- and HR+/HER2-low tumors (162). Sacituzumab 

tirumotecan (Sac-TMT, also known as SKB264/MK-2870), a TROP2-directed ADC, is in early-

phase trials and shows promise for HR+/HER2- patients (163,164). Several HER2-directed 
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ADCs are also being tested in HR+/HER2-low breast cancer patients, which may include 

HR+/HER2- patients with low HER2 expression. These are trastuzumab duocarmazine 

(SYD985) (165), MRG002 (166), and RC48-ADC (167). 

These studies highlight the growing role of ADCs in HR+/HER2- breast cancer, offering new 

therapeutic opportunities for patients with limited options. However, treatment resistance 

and disease progression remain inevitable for some patients, underscoring the need for new 

targets, payloads, and combination strategies. Most ADCs in this setting currently use TOP1 

inhibitor payloads due to their potent cytotoxicity and favorable therapeutic window (168). 

Yet, emerging studies show that tumor cells can acquire TOP1 mutations following treatment. 

These mutations can cause resistance not only to the given ADC but also cross-resistance to 

others using the same payload (169). This underscores the importance of developing ADCs 

with alternative payloads, such as microtubule inhibitors like monomethyl auristatin E 

(MMAE), which may remain effective despite TOP1-based resisistance and broaden 

therapeutic options for patients. 

2.3 Molecular intrinsic subtype evolution 

Breast cancer is a heterogeneous disease and its molecular classification plays a crucial role 

in guiding treatment decisions and predicting patient outcomes. However, accumulating 

evidence suggests that intrinsic subtypes are not static and may evolve as the disease 

progresses from primary to metastatic stages (65,170–173). These shifts can have significant 

clinical implications, potentially influencing treatment resistance and overall prognosis. 

In 2017, Cejalvo et al. analyzed 123 paired primary and metastatic breast tumor samples, 70% 

of which were HR+/HER2- (170). While no significant differences were observed in the 

distribution of histological subtypes (HR+, HER2+, and TNBC), notable shifts in intrinsic 

subtypes were identified. Luminal A and Normal-like subtypes were significantly more 

prevalent in primary tumors, whereas Luminal B, HER2-enriched, and the Proliferation 

signature were more frequently expressed in metastatic tumors. During disease progression, 

approximately 40% of tumors underwent intrinsic subtype changes. Specifically, 55% of 

Luminal A tumors transitioned to Luminal B (40.4%) or HER2-enriched (14.9%). When Luminal 

A and B tumors were grouped, they found that 14.3% of luminal tumors evolved into HER2-
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enriched, despite mostly being clinically HER2- (81% of the cases). Notably, the prevalence of 

the HER2-enriched subtype doubled following tumor progression (11.4% vs. 22%). 

A subsequent study analyzed the distribution of intrinsic subtypes within HR+ breast cancer 

using publicly available data from 13,264 breast cancer samples across 39 studies (65). Among 

these tumors, 81.1% were classified as HR+/HER2-, while 18.9% were HR+/HER2+. Within the 

HR+/HER2- primary tumors, the intrinsic subtype distribution was: 54.5% Luminal A, 34.9% 

Luminal B, 5.8% HER2-enriched, 2.2% Basal-like, and 2.6% Normal-like. In the metastatic 

setting, these proportions shifted to 49.7% Luminal A, 28.7% Luminal B, 11.6% HER2-

enriched, 2.0% Basal-like, and 8.1% Normal-like. Consistent with their previous study (170), 

the proportion of HER2-enriched tumors doubled after progression (5.8% to 11.6%). 

Similar results were observed in another study that analyzed intrinsic subtype conversion in 

paired samples from 152 patients enrolled in the AURORA study (171). Subtype switching was 

detected in 36% of cases. Notably, 90% of Luminal A tumors switched to more aggressive 

subtypes in metastatic samples, and the proportion of HER2-enriched metastatic tumors was 

nearly twice that of primary tumors, having converted from Luminal A, Luminal B, Basal-like, 

and Normal-like tumors. 

In a study led by Denkert et al., the proportion of HER2-enriched tumors was 17.2% before 

treatment, 13.8% after treatment, and 27.6% at metastasis. Notably, tumors that adopted 

the HER2-enriched phenotype at the metastatic stage were originally classified as luminal, 

with the majority being Luminal A (174). 

In a recent study, 10,458 primary tumor samples and 763 metastatic samples from 27 

different studies were collected and analyzed for changes in intrinsic subtype distribution 

(172). The proportions of the Luminal B and Basal-like subtypes remained relatively stable 

throughout tumor progression. However, the proportion of HER2-enriched tumors was 

significantly higher in metastatic samples compared to primary tumors (18% vs. 6%), while 

Luminal A tumors were observed at a significantly lower proportion in metastases than in 

primary tumors (34% vs. 54%) (Figure 6). 
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Figure 6. PAM50 subtype distribution in HR+/HER2- breast cancer. The distribution of the five intrinsic subtypes Luminal A, 

Luminal B, HER2-enriched, Basal-like, and Normal-like in Primary (n = 10,458) and Metastatic (n = 763) tumors are shown. 

Adapted from reference (172). 

 

The dynamic nature of intrinsic subtype evolution underscores the need to reassess tumor 

classification throughout disease progression. Given that these subtypes are associated with 

distinct clinical outcomes, understanding their role in prognosis is crucial. 

 

2.4 Prognostic value of intrinsic subtypes 

Intrinsic molecular subtypes not only define the biological characteristics of breast cancer but 

also serve as key predictors of patient prognosis. Each subtype is associated with distinct 

survival outcomes, treatment responses, and risks of recurrence or metastasis. This section 

explores the prognostic value of intrinsic subtypes in metastatic HR+/HER2- breast cancer, 

highlighting their impact on disease progression and patient outcomes. 

According to Falato et al., the distribution of intrinsic subtypes of HR+/HER2- breast cancer in 

metastatic sites is as follows: 34% of tumors are Luminal A, 36% are Luminal B, 18% are HER2-

enriched, 4% are Basal-like, and 8% are Normal-like (Figure 6) (172). Hence, 22% of all tumors 

fall into the “non-luminal” intrinsic subtype group (i.e., HER2-enriched and Basal-like). The 

predictive value of intrinsic subtypes in response to endocrine therapy with or without 

targeted therapy has been explored in several studies. 

In the EGF30008 phase III clinical trial, patients with HR+ metastatic breast cancer were 

randomized to letrozole with or without lapatinib (175). Among the 644 HR+/HER2- samples, 
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Luminal A tumors showed the longest median PFS and OS. The risk of progression was 1.46-

fold higher in Luminal B, 2.88-fold higher in HER2-enriched, and 2.26-fold higher in Basal-like 

tumors. In HR+/HER2-/HER2-enriched tumors a benefit from lapatinib therapy was observed 

(median PFS, 6.49 vs 2.60 months, hazard ratio 0.238; 95% CI, 0.066-0.863; p=0.02) (62). 

Based on these findings, the NEREA phase II trial was designed to evaluate neratinib and 

endocrine therapy in patients with HR+/HER2-/HER2-enriched metastatic breast cancer that 

had progressed to prior endocrine therapy and a maximum of one line of chemotherapy 

(176). 

The BOLERO-2 trial further elucidated the predictive value of intrinsic subtypes in response 

to targeted therapy. This phase III study enrolled postmenopausal patients with HR+/HER2- 

advanced breast cancer who had previously received endocrine therapy and randomized 

them to receive either the mTOR inhibitor everolimus or placebo, in combination with 

exemestane (147). While everolimus with exemestane significantly improved median PFS in 

all intrinsic subtypes compared to exemestane alone, a statistically significant PFS benefit 

from everolimus compared to placebo was only reported in Luminal A (8.3 vs 4.1 months, 

hazard ratio 0.39; 95% CI, 0.25-0.61; p<0.0001) and HER2-enriched tumors (5.8 vs. 4.1 

months; hazard ratio 0.49; 95% CI, 0.26-0.90; p=0.034). Of note, a higher proportion of HER2-

enriched samples were observed in metastatic tumors compared to primary tumors (32% vs. 

19%) (177). 

The ability of the molecular subtypes to predict benefit from CDK4/6 inhibitors in breast 

cancer was evaluated in samples from the PALOMA-2 (178), the NeoPalAna (179), and the 

MONALEESA-2, -3, and -7 (180) studies. A retrospective analysis of the PALOMA-2 trial, which 

randomized patients with HR+/HER2- advanced breast cancer to letrozole with or without 

palbociclib, analyzed the molecular subtype of 455 tumors. Whilst Luminal A (50%) and 

Luminal B (30%) subtypes benefited from the addition of palbociclib to letrozole, the HER2-

enriched (18.7%) and Basal-like (0.5%) subtypes were associated with worse PFS in both 

treatment arms compared to the Luminal A group (178). In the NeoPalAna study, which 

evaluated the effects of palbociclib combined with anastrozole in patients with primary breast 

cancer, the PAM50 subtype was determined in 32 tumors at baseline. Of note, two tumors 

with non-luminal subtypes were identified, and were both resistant to palbociclib (179). 

Additionally, the SOLTI-1303 PATRICIA study of palbociclib and trastuzumab in HR+/HER2+ 
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advanced breast cancer showed that the Luminal A and B subtypes benefited substantially 

from palbociclib, while the HER2-enriched group had a very small absolute benefit (181). 

In contrast, a retrospective pooled analysis of the MONALEESA-2, -3, and -7 pivotal trials with 

ribociclib and endocrine therapy evaluated the PAM50 subtype of 1,160 tumor samples. 

Except for Basal-like tumors (2.6%), all other intrinsic subtypes showed a consistent PFS and 

OS benefit from the combination of endocrine therapy and ribociclib over endocrine therapy 

alone, with the HER2-enriched subtype (12.7%) exhibiting the highest relative and absolute 

benefit (180,182). 

One could argue that despite both being CDK4/6 inhibitors, palbociclib and ribociclib differ in 

their chemical structures, mechanisms of action, and PKs (Table 3), which might lead to 

dissimilarities in efficacy. In clinical practice, palbociclib is given at a lower dose than ribociclib 

(125 mg daily vs. 600 mg daily, respectively (5,127)), which could indicate a dose-dependent 

efficacy of CDK4/6 inhibitors in the biologically aggressive subtype HER2-enriched. These 

differences may have relevant clinical implications as ribociclib, but not palbociclib, has shown 

clinical benefit in other clinical scenarios, such as high-risk early breast cancer (183–186). The 

SOLTI-2101 HARMONIA phase III trial (187), which was designed to compare ribociclib plus 

endocrine therapy versus palbociclib plus endocrine threapy in HR+/HER2-/HER2-enriched 

advanced breast cancer, has now closed to recruitment. Although the study will not be able 

to formally assess its primary endpoint, analyses of collected samples are expected to provide 

valuable biological insights. 

Finally, in a meta-analysis conducted by Schettini et al. (188), which included multiple 

prospective trials, it was observed that all non-Luminal A subtypes were significantly 

associated with worse PFS compared to Luminal A, independent of HER2 status, systemic 

treatment, and menopausal status. Notably, Luminal B tumors showed better prognostic 

outcomes than HER2-enriched and Basal-like subtypes. 

Understanding the distribution and behavior of intrinsic subtypes in advanced disease stages 

is crucial for optimizing treatment strategies. Ongoing clinical trials aim to validate the 

prognostic and predictive value of intrinsic subtyping, with the goal of eventually integrating 

these insights into routine clinical practice. In particular, aggressive subtypes, such as HER2-
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enriched (which accounts for 18% of all metastatic HR+/HER2- tumors (Figure 6)) (172), 

present unique therapeutic challenges and underscore the need for further research on 

targeted therapies to improve patient outcomes. 

For instance, the TATEN phase II trial evaluated the combination of pembrolizumab and 

paclitaxel in patients with metastatic HR+/HER2- breast cancer and non-luminal PAM50 

subtypes who had progressed on prior CDK4/6 inhibitor. The study was designed particularly 

for non-luminal subtypes (i.e., HER2-enriched and Basal-like), which are highly proliferative, 

have higher expression of immune-related genes and TILs, and may be more sensitive to 

chemotherapy in combination with immunotherapy. Indeed, the trial met its pre-specified 

primary endpoint with an ORR of 53.3% and a clinical benefit rate of 86.6% (189). These 

promising results suggest that combining pembrolizumab with paclitaxel could be a viable 

treatment strategy for patients with aggressive non-luminal subtypes. The ongoing 

correlative studies aim to identify predictive biomarkers of response, which could further 

refine personalized treatment approaches for this patient group. 
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3. Overcoming resistance to CDK4/6 inhibitors 

3.1 Mechanisms of resistance to CDK4/6 inhibitors 

The emergence of resistance to CDK4/6 inhibitors represents a significant clinical challenge, 

limiting the long-term efficacy of these therapies in HR+ breast cancer. Although many 

patients initially exhibit favorable responses to endocrine therapy combined with CDK4/6 

inhibitors, resistance inevitably develops, leading to disease progression. Understanding the 

molecular mechanisms underlying this resistance is crucial for the development of new 

therapeutic strategies. This section provides an overview of the most well-established 

resistance mechanisms to CDK4/6 inhibitors to date (Figure 7). 

 

Figure 7. Mechanisms of resistance to CDK4/6 inhibitors. Schematic representation of key resistance mechanisms to CDK4/6 

inhibitors. Cell cycle-dependent mechanisms include: (1) loss of RB1, (2) p16 amplification, (3) E2F amplification, (4) CDK4 

and CDK6 amplification, (5) CDK7 overexpression, and (6) Cyclin E-CDK2 activation. Non-cell cycle-dependent mechanisms 

include: (7) FGFR pathway activation, (8) PI3K/AKT/mTOR pathway activation, (9) MAPK pathway activation, and (10) loss of 

ER. Adapted from reference (190). Illustration created using a template in BioRender.com 

 

3.1.1 Cell cycle-dependent mechanisms 

Cell cycle-dependent resistance mechanisms involve alterations that directly impact cell cycle 

regulation. Loss of RB1 is a well-established resistance mechanism, as RB1 is essential for 
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CDK4/6 inhibitors to effectively halt cell cycle progression (Figure 7.1). Multiple studies have 

described the correlation between RB1 mutations and resistance to CDK4/6 inhibitors 

(140,191,192), and a gene expression signature indicative of RB1-loss-of-function has been 

developed to predict palbociclib resistance (193,194). The absence of RB1 can lead to 

compensatory p16 tumor suppressor amplification (Figure 7.2), which inhibits CDK4 function, 

thereby decreasing available CDK4 target proteins (195). An ex vivo breast tumor tissue model 

confirmed that tumors with high p16 levels or RB1 loss failed to respond to palbociclib (196). 

Overexpression of E2F transcription factors has been linked to resistance by allowing cells to 

bypass CDK4/6 inhibition and proliferate uncontrollably (Figure 7.3) (140). Similarly, direct 

amplification of CDK4 and CDK6 also plays a role in resistance (Figure 7.4) (197,198). In a 

model of abemaciclib-resistant MCF7 cells, elevated CDK6 mRNA and protein levels were 

detected, with some cells exhibiting CDK6 copy number gains. Overexpression of CDK6 

reduced sensitivity to abemaciclib, whereas its inhibition restored sensitivity (198). 

Additionally, CDK7 overexpression, which is involved in the G2 to M transition, can also 

promote resistance by bypassing CDK4/6 dependency and sustaining tumor growth (Figure 

7.5) (199). 

Cyclin E-CDK2 activation is another key driver of resistance (Figure 7.6). Overexpression or 

amplification of CCNE1 has been observed in acquired resistance models (194). In MCF7 cells 

with acquired resistance to palbociclib, CCNE1 amplification was identified, and silencing of 

either CCNE1 or CDK2 led to enhanced cell cycle arrest and suppressed growth (192). 

Prolonged CDK4/6 inhibition in RB1-deficient tumors results in the upregulation of E2F target 

genes, such as cyclins A and E, which promote a CDK2-driven proliferative state (140). In the 

PALOMA-3 clinical trial, high CCNE1 mRNA expression was associated with relative resistance 

to palbociclib (200,201). These findings suggest that CCNE1-CDK2 activation serves as an 

alternative mechanism to RB1 phosphorylation, promoting cell cycle progression and 

contributing to resistance to CDK4/6 inhibitors. 

3.1.2 Non-cell cycle-dependent mechanisms 

Non-cell cycle-dependent mechanisms involve signaling pathways and transcriptional 

changes that enable tumor survival and proliferation independent of CDK4/6 regulation.  
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The activation of the FGFR pathway provides an alternative proliferative signal (Figure 7.7). 

FGFR1-4 play a role in cancer progression and FGFR1 and FGFR2 have been associated with 

resistance to endocrine therapy and CDK4/6 inhibitors (202–205). In in vitro breast cancer cell 

models overexpressing FGFR1 or FGFR2, Mao et al. observed that resistance to fulvestrant 

and palbociclib was conferred and linked to increased p-Rb and CCND1 levels. The authors 

also reported clinical evidence supporting these findings. Specifically, two patients with 

mutated FGFR2 (M538I and N550K) did not respond to the combination of endocrine therapy 

and palbociclib (203). In a separate study, resistance to fulvestrant and palbociclib was also 

observed in an in vitro breast cancer cell model overexpressing FGFR1 (204). When analyzing 

NGS data from circulating tumor DNA (ctDNA) samples of 34 patients who had progressed 

after treatment with CDK4/6 inhibitors, Formisano et al. found FGFR1 or FGFR2 amplification 

or activating mutations in 41% of patients. Notably, ctDNA from patients enrolled in 

MONALEESA-2 revealed that those with FGFR1 amplification exhibited a shorter PFS 

compared to patients with wild type FGFR1 (204).  

The role of the PI3K/AKT/mTOR pathway in resistance to CDK4/6 inhibitors has also been 

extensively studied (Figure 7.8) (192,206–208). Approximately 40% of ER+ breast cancers 

harbor a PIK3CA mutations (64), and breast cancer cell lines resistant to CDK4/6 inhibitors 

exhibit an increased dependency on PI3K/AKT/mTOR signaling over ER signaling (209). 

Inhibition of CDK4/6 has been shown to activate the PI3K/AKT/mTOR pathway via AKT 

phosphorylation by PDK1 in ribociclib-resistant breast cancer cell lines. Specifically, AKT 

phosphorylation at S477/T479, a CDK2-dependent site, was observed (206). Furthermore, 

Michaloglou et al. demonstrated that mTORC1/2 inhibition suppressed the p-Rb and E2F 

activation induced by CDK2, thereby restoring sensitivity to CDK4/6 inhibitors (210). 

Additionally, PI3K inhibitors have been identified as synergistic partners of CDK4/6 inhibitors 

in both in vitro and in vivo studies (192,211). Current treatment strategies targeting this 

pathway in breast cancer are discussed in Section 2.2.3. 

The mitogen-activated protein kinase (MAPK) pathway, a central signaling cascade involved 

in cell growth and differentiation, can also contribute to resistance to CDK4/6 inhibitors in 

ER+ breast cancer (Figure 7.9). Studies suggest that activation of the RAS/RAF/MEK/ERK 

cascade reduces sensitivity to these inhibitors by promoting compensatory signaling that 

drives cell cycle progression, such as Cyclin D1 upregulation. Combinatorial therapy with 
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CDK4/6 inhibitors and MAPK inhibitors is currently under clinical investigation across multiple 

cancers (212). 

Loss of ER and PR expression is another key resistance mechanism (Figure 7.10). Treatment 

with endocrine therapy and CDK4/6 inhibitors can reduce tumors’ dependence on hormonal 

signaling, increasing reliance on alternative growth pathways. In the abemaciclib-resistant 

breast cancer cell model generated by Yang et al., where elevated CDK6 levels were detected, 

researchers found that CDK6 overexpression not only mediated resistance to CDK4/6 

inhibitors but also led to reduced ER and PR expression, decreasing responsiveness to ER 

antagonists. A similar reduction was observed in tumor biopsy specimens from patients 

treated with CDK4/6 inhibitors (198). 

Senescent cells can also contribute to treatment resistance by adopting transient, reversible 

states of dormancy, allowing them to evade the cytotoxic effects of therapies targeting 

proliferating cancer cells (21,213). These cells often exhibit a senescence-associated secretory 

phenotype (SASP). While therapy-induced senescence can initially act as a protective 

mechanism against tumor growth, the SASP secreted by these cells can drive tumor 

progression and survival by modulating the TME and immune response, increasing survival 

signals, and enhancing angiogenesis, among others (214–216). Therefore, the presence of 

senescent cells with a pro-tumorigenic SASP represents a unique mechanism by which 

cancers can develop resistance to treatment and ultimately progress. 

Other non-cell cycle-related resistance mechanisms include increased AP-1 activity, which 

regulates Cyclin D1 transcription; Smad suppression, disrupting tumor suppressor signaling; 

autophagy activation, serving as a survival mechanism; and immune-related mechanisms, 

enabling tumor evasion of therapeutic targets (190). 

Understanding the diverse mechanisms of resistance to CDK4/6 inhibitors is essential for 

optimizing subsequent treatment strategies. By identifying specific alterations in resistant 

tumors, clinicians can tailor therapies to target alternative pathways, ultimately improving 

patient outcomes. Continued research into these mechanisms may uncover novel therapeutic 

targets, paving the way for more effective treatment approaches in the future. 
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3.2 HER2-enriched tumors and FGFR4 

HR+/HER2- breast cancer is a heterogeneous disease with diverse biological behaviors and 

treatment responses. While endocrine therapy combined with CDK4/6 inhibitors has 

transformed its management, resistance remains a major challenge, particularly in aggressive 

tumors with poor prognosis, such as HER2-enriched tumors. Increasing evidence suggests 

that FGFR4, an RTK involved in cell survival and proliferation, plays a critical role in HER2-

enriched tumors and that its expression is increased in HER2-enriched and metastatic tumors. 

In 2012, Koboldt et al. studied the differences in gene expression between HER2+/HER2-

enriched and HER2+/Luminal primary tumours (70). Compared to HER2+/Luminal, 

HER2+/HER2-enriched primary tumors exhibited decreased expression of ER-related genes, 

but significantly higher FGFR4 expression, suggesting a role for FGFR4 in this aggressive 

subtype. Since in HER2-enriched tumors no major differences are observed between HER2+ 

and HER2- status beyond ERBB2 levels (217), we decided to include these findings here. 

In 2017, Cejalvo et al. identified FGFR4 as the most upregulated gene in metastatic HR+/HER2- 

breast cancer (170). Notably, tumors that switched from a Luminal A or B subtype in the 

primary tumor to HER2-enriched in metastases exhibited increased FGFR4 expression, but 

not ERBB2 amplification. This suggests that FGFR4 may drive the HER2-enriched phenotype 

in metastatic lesions independently of HER2 amplification. 

Further supporting these findings, Garcia-Recio et al. demonstrated that FGFR4 expression is 

significantly higher in HER2-enriched tumors and in tumors that acquire a HER2-enriched 

phenotype at metastasis (218). Their analysis revealed that 15% of Luminal A tumors 

transitioned to HER2-enriched at metastasis, and 60% of metastatic HER2-enriched tumors 

exhibited high FGFR4 expression. Importantly, the cancer genome atlas (TCGA) dataset 

analysis confirmed that FGFR4 mRNA levels were higher in HER2-enriched tumors compared 

to other breast cancer subtypes and normal tissue, while expression of other FGFR family 

members was not. Moreover, FGFR4 overexpression was not driven by DNA copy-number 

alterations or mutations, indicating a non-genomic mechanism of regulation. To further 

investigate FGFR4’s functional role, the authors developed a patient-derived xenograft (PDX) 

model from a tumor sample from an HR+/HER2-/HER2-enriched/FGFR4+ patient. Treatment 
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with BLU9931, a selective FGFR4 inhibitor, significantly reduced tumor volume and weight. 

Gene expression analysis showed that FGFR4 inhibition led to the upregulation of luminal-

related genes and downregulation of proliferation, survival, EMT, and HER2-enriched 

differentiation-associated genes (218). 

A recent study further elucidated the molecular characteristics and clinical implications of 

HER2-enriched tumors. Hohmann et al. conducted a comprehensive genomic analysis of 

HR+/HER2- breast cancers across two large cohorts: SCAN-B and METABRIC (219). Their 

findings revealed that HER2-enriched tumors exhibit aggressive clinical features and poorer 

outcomes compared to Luminal A and Luminal B subtypes. Notably, FGFR4 expression was 

significantly elevated in HER2-enriched tumors within these cohorts, reinforcing its 

association with this aggressive phenotype. Similar findings were reported by Ding et al. (220). 

Building on their initial findings, Hohmann et al. analyzed HR+/HER2-/HER2-enriched tumors 

from two databases (SCAN-B and TCGA) and breast cancer cell lines using Whole Genome 

Sequencing (WGS) and found no FGFR4 gene amplifications or mutations. The authors 

suggest that these increased levels of FGFR4 expression are likely controlled by an epigenetic 

mechanism, specifically a DNA hypomethylation in the promoter region of the FGFR4 gene, 

which could be driving higher levels of FGFR4 gene activity and protein production (219). 

Clinical data also support the poor prognosis of the HER2-enriched subtype in the context of 

CDK4/6 inhibition. Retrospective PAM50 analyses of the MONALEESA trials demonstrated 

that patients with HR+/HER2-/HER2-enriched breast cancer benefited from ribociclib; 

however, their PFS and OS remained worse compared to Luminal A or B tumors (180,182). In 

the PALOMA-2 trial, while Luminal A and Luminal B tumors benefited from the addition of 

palbociclib to letrozole, the HER2-enriched subtype was associated with inferior PFS (178). 

These observations highlight HER2-enriched tumors as a poor-outcome group despite 

responsiveness to CDK4/6 inhibitors. 

Overall, preclinical and clinical evidence strongly suggest that FGFR4 activation contributes to 

tumor progression, resistance, and subtype switching, making it a promising therapeutic 

target in HER2-enriched tumors. FGFR4 expression is not only a characteristic feature of the 

HER2-enriched intrinsic subtype but is also enriched in metastatic lesions that acquire this 

phenotype, further supporting its role in disease progression and resistance mechanisms. 
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These insights underscore the potential of FGFR4 as a therapeutic target in HER2-enriched 

breast cancers, particularly in the metastatic setting, and highlight the urgent need for 

alternative therapeutic strategies for patients with CDK4/6 inhibitor resistant breast cancer 

by targeting this pathway. 

3.3 FGFR4 as a therapeutic target 

3.3.1 FGFR signaling pathway 

FGFs interact with FGFRs to regulate various biological processes, from early embryonic 

development (such as mesoderm patterning and organ formation (221,222)) to essential 

functions in adulthood, including angiogenesis and wound healing (223). 

The FGF family consists of 23 glycoproteins, 18 of which act as FGFR ligands. Most FGFs 

operate through autocrine or paracrine signaling, while a subset of FGFs, namely FGF19, 

FGF21, and FGF23, function as endocrine ligands (224,225). There are four main FGFRs, which 

are highly conserved transmembrane RTKs composed of three extracellular immunoglobulin 

domains (with an acid box), a single-pass transmembrane domain, and a cytoplasmic TK 

domain (Figure 8) (224,226). The specificity of FGF-FGFR interactions varies and depends on 

factors such as the FGFRs’ binding capacities, alternative splicing, and their expression along 

with the expression of other related proteins (e.g., Klotho family) in different tissues 

(224,225,227). FGFRs are expressed in various cell types and regulate processes such as cell 

proliferation, differentiation, and survival. Consequently, aberrant FGFR signaling can be 

exploited by cancer cells (224). 

Upon secretion, FGFs are sequestered in the ECM and on the cell surface by heparan sulphate 

proteoglycans (HPSGs). When signaling is initiated, FGFs are liberated and bind to HPSGs, 

which stabilize ligand-receptor interactions and facilitate the formation of a tertiary complex 

with FGFR. Ligand binding induces FGFR dimerization, triggering a conformational change that 

activates the intracellular kinase domain through intermolecular transphosphorylation 

(224,226). The phosphorylated TK domains serve as docking sites for adaptor proteins, which 

may themselves be phosphorylated, ultimately activating multiple downstream signal 

transduction pathways (Figure 8) (224,228). 
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A key adaptor protein in this cascade is FGFR substrate 2 (FRS2), which binds to the 

juxtamembrane region of FGFRs through its phosphotyrosine-binding (PTB) domains. Upon 

phosphorylation, FRS2 recruits and activates additional adaptor proteins, including growth 

factor receptor-bound 2 (GRB2) and son of sevenless (SOS). These interactions subsequently 

activate major signaling cascades, including the PI3K/AKT and the RAS/RAF/MEK/ERK 

pathways, both of which regulate cell proliferation and survival (Figure 8) (224,228). 

 

Figure 8. FGFR downstream signaling pathway. Activation of signaling pathways following the binding of FGFs to FGFRs. 

Ligand binding induces FGFR dimerization, activating the intracellular kinase domain, which recruits adaptor proteins like 

FRS2. This activates key pathways PI3K/AKT and RAS/RAF/MEK/ERK, promoting cell proliferation and survival. Other 

pathways such as the JAK/STAT and PLC are also activated. Negative feedback mechanisms (proteins in red) help control 

FGFR signaling and maintain cellular homeostasis. Adapted from reference (224). Created in BioRender.com 

 

Beyond FRS2-dependent signaling, phospholipase C (PLC) can be directly recruited and 

activated by phosphotyrosine residues in the carboxyl terminus of FGFRs. PLC hydrolyzes 

phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate (PIP3) 

and diacylglycerol (DAG), activating protein kinase C (PKC), which in turn reinforces the 

RAS/RAF/MEK/ERK pathway (Figure 8) (228). Additional FRS2-independent mechanisms also 
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contribute to FGFR-mediated cellular responses, including activation of the signal transducer 

and activator of transcription (STAT) pathway, ribosomal S6 kinase 2 (RSK2), p38 mitogen-

activated protein kinase (p38 MAPK), and c-Jun N-terminal kinase (JNK) (224). 

To maintain cellular homeostasis and prevent aberrant signaling, FGFR activation is tightly 

regulated by multiple negative feedback mechanisms. These include receptor internalization 

and the induction of negative regulators that either modulate ligand binding (FGFRL1 and SEF) 

or interfere with intracellular signaling (SEF, CBL, Sprouty (SPRY), SEFB, MAPK phosphatase 1 

(MKP1) and 3 (MKP3)) (Figure 8) (229–232). 

3.3.2 FGFR4 as a distinct target 

FGFR4 is distinct from other FGFRs due to its lower overall homology (233), possessing only 

one isoform of loop III (loop IIIc) and a unique cysteine residue in its kinase domain, cysteine 

552 (Cys552), which allows for the design of specific inhibitors (224,234). FGFR4 is involved in 

tissue differentiation and organogenesis during the embryonic stage (235). After birth, FGFR4 

plays a role in bile acid regulation, where binding with FGF19 activates the mammalian sterile 

20-like kinase 1/2 (MST1/2) pathway, downregulating bile acid synthesis, a function not 

shared by other FGFRs (236). In mice, FGFR4 has also been implicated in metabolic regulation 

(237), muscle differentiation, and tissue repair (238). 

These structural and functional differences make FGFR4 an attractive therapeutic target in 

cancer treatment. Although it has been less extensively studied than other FGFRs, likely due 

to its lower frequency of somatic mutations (239), specific alternations, particularly hotspot 

mutations such as the N535, are significantly enriched in metastatic invasive lobular 

carcinoma (3.5%) compared to invasive ductal carcinoma (0.5%), where they enhance FGFR4 

activity and contribute to therapeutic resistance (240). Additionally, FGFR4 single nucleotide 

polymorphism (SNP) rs351855 has been associated with increased protein expression, lymph 

node metastasis, and poor survival in breast cancer (241). While FGFR4 somatic DNA 

alterations are relatively rare, its overexpression is frequently observed in breast cancer, 

especially in HR+ metastatic tumors (170,218,219,240). Recent functional studies have 

expanded the mutational landscape of FGFR4 in solid tumors by identifying novel activating 

non-kinase domain variants, including K503R, Y367C, G388R, and T179A, that promote 



 66 

oncogenic behaviour through altered growth factor dependency and increased colony 

formation in vitro and broaden the spectrum of clinically relevant FGFR4 alterations (242). 

Garcia-Recio et al. showed that FGFR4 mRNA expression is lower in normal breast tissues 

compared to breast cancer tissues, highlighting not only its potential role in tumor 

progression but also its viability as a therapeutic target (218). This differential expression 

makes FGFR4 an attractive candidate for targeted therapy, as inhibiting FGFR4 signaling in 

cancers where it is upregulated could provide an effective and well-tolerated treatment 

strategy with high specificity and minimal off-target effects. 

3.3.3 Drugs targeting FGFR4 

Several highly selective FGFR4-directed agents have been developed to specifically target 

FGFR4 signaling through distinct mechanisms: TKIs, monoclonal antibodies, and ADCs. 

Unlike pan-FGFR inhibitors, which affect multiple FGFR family members and may cause off-

target toxicity, FGFR4-targeted inhibitors offer greater precision with potentially fewer side 

effects. BLU9931 is an irreversible inhibitor that covalently binds to Cys552 near the ATP-

binding site of FGFR4 and has demonstrated strong anticancer activity in hepatocellular 

carcinoma (HCC) xenograft tumors with elevated FGF19-FGFR4 signaling (243). BLU554, 

developed as a successor with improved pharmacokinetic properties, is currently being 

evaluated in a Phase I clinical trial for advanced HCC (244). 

INCB062079 is another selective and potent FGFR4 inhibitor designed to block aberrant 

FGF19-FGFR4 signaling, a pathway frequently upregulated in HCC. Preclinical studies showed 

that INCB062079 effectively suppressed tumor growth in FGF19-driven HCC models 

(245,246). A Phase I clinical trial assessed its safety, tolerability, and preliminary efficacy in 

patients with advanced solid tumors harboring FGF19-FGFR4 pathway alterations. While the 

treatment showed manageable toxicity and some clinical activity, the study was terminated 

before a maximum tolerated dose could be established, primarily due to slow patient accrual 

(247). Other FGFR4 inhibitors such as H3B-6527 (248,249) and FGF401 (250,251) have also 

shown promising preclinical efficacy and have been or are currently under clinical 

investigation for HCC treatment. 
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High FGFR4 expression and mutations have also been identified as drivers of metastasis in 

rhabdomyosarcomas, making FGFR4 a potential target for chimeric antigen receptor T-cell 

(CAR-T) therapy (252,253). Additionally, an ADC against FGFR4 is also under development for 

rhabdomyosarcoma and HCC (254). 

In breast tumors, an in silico analysis identified FGFR4 as one of 36 potential subtype-specific 

cell surface targets suitable for CAR-T cell therapy and ADCs (255). Furthermore, FGFR4 has 

been recognized as a potential therapeutic target in HR+/HER2-/HER2-enriched tumors 

(170,218–220), which could represent a significant advancement in personalizing treatment 

strategies for this aggressive subtype after progression to endocrine therapy and CDK4/6 

inhibitors. 

 

 

 

 

 

 

 

 

 

 



 68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 69 

HYPOTHESES 

In this thesis, we hypothesize that: 

1. Ribociclib but not palbociclib induces a luminal state in HER2-enriched tumors, 

increasing sensitivity to endocrine therapy. 

2. FGFR4 is a driver of resistance to CDK4/6 inhibition and a potential therapeutic target. 

 

OBJECTIVES 

Our ultimate goal is to enhance the clinical management of patients with hard-to-treat 

HR+/HER2- metastatic breast cancer by developing novel therapeutic strategies that boost 

treatment response and extend survival. 

Objective 1: To compare the biological activity of palbociclib and ribociclib in HR+ breast 

cancer. 

Objective 2: To study the association of FGFR4 expression with the HER2-enriched subtype 

and with clinical outcomes in patients with metastatic HR+/HER2- breast cancer treated with 

CDK4/6 inhibitors. 

Objective 3: To evaluate the effects of pharmacologically targeting FGFR4 in breast cancer 

preclinical models of resistance to CDK4/6 inhibitors. 

 

Objective 1 corresponds to the published article. 

In this thesis, Objective 1 corresponds to “Chapter 1”, Objective 2 corresponds to “Chapter 

2”, and Objective 3 corresponds to “Chapter 3”. 
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MATERIAL AND METHODS 

1. Methods for comparative analysis of palbociclib and ribociclib activity 

in HR+ breast cancer cell lines 

1.1 Cell lines and drugs 

MCF7, T47D, BT474, and MDA-MB-468 were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s Modified Eagle Medium 

(DMEM)/nutrient mixture F-12 supplemented with 10% v/v heat-inactivated fetal bovine 

serum (FBS) (Gibco; Thermo Fisher Scientific Inc., Waltham, MA, USA), 1% GlutaMAX (Gibco; 

Thermo Fisher Scientific Inc.), and 1% Penicillin/Streptomycin (Sigma-Aldrich, Saint Louis, MO, 

USA) in a 37 ºC, 5% CO2 humidified incubator. Cells were detached from flasks by incubation 

with 0.25% Trypsin-EDTA (1X) (Gibco; Thermo Fisher Scientific Inc.), washed with Dulbecco’s 

Phosphate Buffered Saline (D-PBS) (Gibco; Thermo Fisher Scientific Inc.), and routinely tested 

for mycoplasma using Mycoplasma Gel Detection Kit (Biotools B&M Labs S.A., Madrid, Spain). 

Palbociclib, ribociclib, and fulvestrant were purchased from Selleckchem (Houston, TX, USA). 

1.2 Clinical samples 

The SOLTI-1402 CORALLEEN phase II study (NCT03248427) randomized 106 postmenopausal 

women with stage I–IIIA HR+/HER2- breast cancer and Luminal B by PAM50 with histologically 

confirmed, operable primary tumour size of at least 2 cm in diameter as measured by 

magnetic resonance imaging (MRI). Patients were randomly assigned (1:1) to receive either 

six 28-days cycles of ribociclib (oral 600 mg once daily for 3 weeks on, 1 week off) plus daily 

letrozole (oral 2.5 mg/day) or four cycles of doxorubicin (60 mg/m², IV) and 

cyclophosphamide (600 mg/m², IV) every 21 days followed by weekly paclitaxel (80 mg/m², 

IV) for 12 weeks (256). Here, we analyzed formalin-fixed, paraffin-embedded (FFPE) tumor 

samples of the ribociclib plus letrozole arm, including 49 paired baseline versus cycle 1 day 15 

(C1D15) samples and 49 paired baseline versus surgery samples. 

Additionally, gene expression data of the NeoPalAna phase II trial (NCT01723774), which 

treated 50 patients with HR+/HER2- early breast cancer with anastrazole (1 mg daily) for 4 
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weeks, followed by four 28-day cycles of palbociclib (125 mg daily) plus anastrazole (1 mg 

daily) (179), was downloaded from the Gene Expression Omnibus (GSE93204). We analyzed 

23 paired baseline versus C1D15 samples and 16 paired baseline versus surgery samples. 

1.3 Ethics approval and consent to participate 

This study was approved by the Ethics Committee at Hospital Clinic of Barcelona 

(HCB/2022/0086) and all methods were carried out in accordance with relevant guidelines 

and regulations. This study involves the use of tissue samples of patients that have received 

treatment with CDK4/6 inhibitors within the context of the CORALLEEN trial. These samples 

are stored in the biorepository of the Translational genomics and targeted therapies in solid 

tumors group at IDIBAPS as long as patients sign the specific informed consent of the 

collection. 

1.4 RNA extraction 

RNA of the internal cohort of patients treated with CDK4/6 inhibitors and of the CORALLEEN 

study was extracted using the High Pure FFPET RNA isolation kit (Roche, Indianapolis, IN, USA) 

following manufacturer’s protocol. At least 1-5 10 μm FFPE slides were used for each tumor 

specimen and macrodissection was performed to avoid contamination with normal breast 

tissue if needed. For in vitro studies, cells were seeded in a 6-well plate at a density of 150,000 

cells per well and after overnight incubation medium was replaced with two different dose 

levels of palbociclib or ribociclib (i.e., 100 nM and 500 nM) +/- fulvestrant (1 nM) for 72 hours 

(h). mRNA was extracted using QIAGEN’s RNeasy extraction kit (QIAGEN, Hilden, Germany) 

following manufacturer’s instructions. NanoDrop One (Thermo Fisher Scientific Inc.) was used 

to quantify extracted mRNA samples. 

1.5 Gene expression analysis 

The nCounter platform (NanoString Technologies, Seattle, WA, USA) analyzed RNA samples 

from tumor samples and cell lines. A minimum of 100 ng of total RNA was used to measure 

the expression of 50 genes of the PAM50 intrinsic subtype predictor assay and 5 

housekeeping genes (ACTB, MRPL19, PSADC-1, RPLP0 and SF3A1). Expression counts were 

then normalized and the PAM50 signature scores (Basal-like, HER2-enriched, Luminal A and 
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B, Normal-like) and the proliferation signature score were calculated using customized R 

scripts (58). PAM50 molecular subtypes were calculated in the publicly available gene 

expression data from the NeoPalAna including 23 baseline samples, 23 week-2 samples, and 

16 surgery samples. 

1.6 In vitro cell growth assay 

Cells were seeded in triplicate at a density of 5,000 cells per well in 96-well plates. Following 

overnight incubation, cells were treated with increasing doses of palbociclib or ribociclib. Cell 

viability was assessed after 72 h with Hoechst 33342 staining solution (Invitrogen, Thermo 

Fisher Scientific Inc.) and quantified using SynergyHT microplate reader and Windows based 

Gen5 software. 

1.7 Protein extraction and Western blotting 

Cells were seeded in 6-well plates at a density of 150,000 cells per well and after overnight 

incubation medium was replaced with palbociclib or ribociclib (100 or 500 nM). After 24, 72, 

or 144 h cell lysates were obtained using radioimmunoprecipitation (RIPA) lysis and extraction 

buffer (Thermo Fisher Scientific Inc.) supplemented with protease inhibitors: 5 mM sodium 

fluoride, 1 mg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium 

orthovanadate, 1 mM benzamidine, 1 mM leupeptin, and 1 mM dithiothreitol. Total protein 

extracts were quantified using the DC Protein Assay (BioRad Laboratories, Hercules, CA, USA) 

and 50 μg of proteins were separated in reducing conditions (2.5% β-mercaptoethanol 

[Sigma-Aldrich]) by SDS-PAGE and transferred to nitrocellulose membranes (BioRad 

Laboratories) for further processing, following standard western blotting procedures. 

The primary antibodies used in this study were phospho-RB1 (Ser807/811) (D20B12) and 

Lamin-B1 (D9V6H) from Cell Signaling Technology (Danvers, MA, USA), and anti-actin (A2066) 

from Sigma-Aldrich. The secondary fluorescent antibody used was the IRDye 800CW Donkey 

anti-Rabbit IgG (LI-COR Biosciences, Lincoln, NE, USA). Fluorescent signal was acquired by the 

Odyssey Imaging System (LI-COR Biosciences).  
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1.8 Senescence-associated β-galactosidase activity 

Cells were seeded in 24-well plates at a density of 35,000 cells per well and after overnight 

incubation medium was replaced with palbociclib or ribociclib (100 or 500 nM). Following 24, 

72, or 144 h treatments, senescence dye from the Senescence Assay Kit (Abcam, Cambridge, 

UK) was added to wells. Cells were incubated for 1-2 h in a 37 ºC, 5% CO2 humidified incubator 

and the mean fluorescence was analysed by flow cytometry for the detection of β-

galactosidase activity. Propidium iodide (PI; Invitrogen, Thermo Fisher Scientific Inc.) was used 

as a viability marker. Untreated controls were added, as well as unstained controls for the 

evaluation of potential auto-fluorescence. 

1.9 Statistical analysis 

Changes in gene expression and PAM50 signatures upon CDK4/6 inhibition were determined 

by paired t-tests and paired and multiclass significant analysis of microarray (SAM) with a false 

discovery rate (FDR) < 5%. These analyses were performed using R software. All statistical 

tests were two sided and the statistical significance level was set to p < 0.05. For in vitro cell 

growth, determination of half maximal inhibitory concentrations (IC50s), and senescence 

assays, GraphPad Prism was used for statistics. 

 

2. Methods for evaluating FGFR4 as a driver of resistance to CDK4/6 

inhibitors in clinical samples 

2.1 Clinical samples  

The CDK clinical cohort included 312 tumor samples from 275 patients over the age of 18 

years with a histologic diagnosis of HR+/HER2-negative metastatic breast cancer treated with 

CDK4/6 inhibitors, including palbociclib, ribociclib and abemaciclib at Hospital Clínic of 

Barcelona between years 2014 and 2021. For the validation of FGFR4 as a driver of resistance 

we used all 253 baseline samples (130 primary and 123 metastasis) and 59 progressive 

disease (PD) samples were available for molecular characterization. This included 37 paired 

baseline-PD samples. 
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2.2 Ethics approval and consent to participate 

This study involves the use of tissue samples of patients who have received treatment with 

CDK4/6 inhibitors. These samples are part of the collection “Biospecimens of patients with 

solid tumors at Hospital Clinic of Barcelona” (Reference C.0004038), overseen by Prof. Aleix 

Prat. These samples are stored in the collection as long as patients have signed the specific 

informed consent. This project has been approved by the Ethics Committee of Hospital Clínic 

de Barcelona (HCB/2022/0086). 

2.3 Immunohistochemistry 

FGFR4 IHC staining was performed in accordance with the methodology described by Tian et 

al. (257). Assessment of FGFR4 was performed on tumor cells by pathologists at Hospital Clínic 

de Barcelona using the H-Score method, which combines staining intensity with the 

percentage of stained cells to provide a semi-quantitative measure of protein expression 

(258). Intensity was categorized as follows: 0 = no staining, 1 = weak staining, 2 = moderate 

staining, and 3 = strong staining. The H-Score was calculated using the formula: H-Score = (0 

* % no-staining) + (1 * % weak staining) + (2 * % moderate staining) + (3 * % strong staining). 

2.4 Statistical analysis 

PFS was defined as the period between start of the treatment with endocrine therapy and 

CDK4/6 inhibitor and the time of progression. OS was defined as the period between start of 

the treatment with endocrine therapy and CDK4/6 inhibitor treatment and death or last 

follow-up. Estimates of survival were derived from the Kaplan-Meier curves, and differences 

were assessed using the log-rank test. Univariate and multivariable Cox models were used to 

test the prognostic significance of each variable. Gene expression differences across groups 

were assessed using one-way ANOVA. Paired and multiclass SAM analyses with an FDR > 5 

were used to identify differential gene expressions. All statistical analyses were performed 

using R software. A p-value < 0.05 was considered statisticaly significant. 
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3. Methods for preclinical targeting of FGFR4 in HR+/HER2- breast cancer 

3.1 Cell lines  

T47D, MCF7, ZR751, BT474, SKBR3, MDA-MB-231, and MDA-MB-453 cell lines were obtained 

from the ATCC. BT474 cells with acquired resistance to anti-HER2 dual therapy (lapatinib or 

tucatinib plus trastuzumab; BT474 LTR and BT474 TTR) were generated in our lab as described 

in Brasó-Maristany et al., 2020 (259). T47D and MCF7 cells with acquired resistance to 500 

nM palbociclib (T47D PR and MCF7 PR) were generated in our lab by sustained treatment 

with increasing doses of palbociclib over 6 months. T47D PR cells with acquired resistance to 

ADC-2 (0.007 g/ml) were also generated in our lab following the same methodology. 

DNA from plasmid pLOCTurbo-RFP (#OHS5833) (named empty vector or control) was 

purchased from Dharmacon (Horizon Discovery, Cambridge, UK). A plasmid containing the 

constitutively active FGFR4 (Y367C) mutation was provided by Dr. Gomis’ group at Institut de 

Recerca Biomèdica (Barcelona, Spain). This plasmid was produced by site-directed 

mutagenesis using the Precision LentiORF Human FGFR4 plasmid (#OHS5897-202616292; 

Horizon Discovery) and the QuikChange Lightning Multi Site-Directed Mutagenesis Kit 

(#210515-5 (Agilent, Santa Clara, CA, USA). Lentiviral particles were produced in HEK293T 

cells and T47D cells were infected. MDA-MB-231-RFP+ cells were obtained by transducing 

parental MDA-MB-231 cells with a pLL-CMV-RFP-T2A-Blast Lenti-Labeler Plasmid (System 

Biosciences, Palo Alto, CA, USA). MDA-MB-231-RFP+ cells were sorted with BD FACSAria II Cell 

Sorter (BD Biosciences, San Jose, CA, USA). 

All cell lines were cultured and manipulated as described in Methods section 1.1 (Cell lines 

and drugs). Additionally, T47D PR and MCF7 PR cells were cultured in complete medium with 

500 nM palbociclib and the FGFR4-mutated cell line, as well as the MDA-MB-231-RFP+ cell 

line, were cultured in complete medium with Blasticidine S hydrochloride (10 g/ml, Sigma-

Aldrich) for continuous antibiotic selection of genetically modified cells. 

3.2 Antibodies and antibody-drug conjugate  

Unless otherwise stated, all experimental procedures described in this section were 

conducted by a team at ONA Therapeutics (Barcelona, Spain). 
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3.2.1 Selection and production of FGFR4-targeting monoclonal antibodies 

Two humanized monoclonal antibodies and one human monoclonal antibody targeting 

FGFR4 were selected: Eixiris clone 3B6 (WO 2019/034427 A1 (260), Given name: Ab-1), 

Genentech clone hLD1.v22 (WO 2012/138975 A1 (261), Given name: Ab-2), and Daichi clone 

U4-3 (WO 2016/023894 A1 (262), Given name: Ab-3), respectively. The sequences of the 

selected antibodies were obtained from the corresponding patents, and antibody 

recombinant production was performed by transient transfection in CHO-K1 mammalian cells 

(Biointron Biological, Shanghai, China) in two formats: with a human IgG1 backbone and as 

antibodies that featured Fc-silencing STR mutations (mAbsolve Limited, Oxford, UK) (263). No 

functional differences were observed between Fc variants in vitro and the Fc-silent format 

was used for all in vivo applications. 

3.2.2 Binding and stability of naked antibodies 

Binding affinities were evaluated using ELISA against recombinant His-tagged FGFR4 

ectodomain (Sino Biological, #10538-H08H). Half-maximal effective concentrations (EC50) 

were as follows: Ab-1: 0.26 nM, Ab-2: 0.32 nM, Ab-3: 0.30 nM. Stability was assessed by 

incubating antibodies in mouse plasma at 37 ºC for 7 days or in PBS at 4 ºC. Comparable 

binding activity was observed across all samples, as determined by ELISA. 

3.2.3 Computational and biophysical characterization 

In silico assessments of complementarity-determining region (CDR) liabilities, hydrophobicity, 

and overall molecular properties were performed following the methods described by 

Raybould et al., 2019 (264). Biophysical characterization, as part of the Chemistry, 

Manufacturing, and Controls (CMC) evaluation, included thermal stability and aggregation 

propensity assessment (Tm and Tagg). Among the selected antibodies, Ab-3 exhibited slightly 

higher hydrophobicity and was more aggregation-prone. 

3.2.4 ADC design and production 

Ab-2 was selected for ADC generation. The Fc-silent IgG1 format was used for conjugation 

with the cytotoxic payload MMAE, linked via VC-PAB-MMAE (patent US7829531B2). Two 

average DARs were evaluated: DAR4 and DAR8. ADC conjugation strategies included random 
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lysine conjugation (ADC-2) and cysteine conjugation (ADC-1 and ADC-3) (Table 4). The 

production of ADCs was outsourced to Intellective Bio (Suzhou, China). 

Table 4. Characteristics of the ADCs used in this study. 

ID 
Amount 

(mg) 

Conc 
(mg/
ml) 

MW 
(kDa) 

Reaction 
scale 
(mg) 

DAR0 DAR2 DAR4 DAR6 DAR8 
Average 

DAR 
Monomer 

% (SEC) 
Tm 
(ºC) 

ADC-1a 9.59 0.88 153.83 40 3.9% 23.6% 40.8% 22.1% 9.7% 4.20 96.8% 72 

ADC-2b 10.11 1.52 153.54 40.8 NA NA NA NA NA 4.30 98.4% 76 

ADC-3c 20.30 1.40 158.47 38 0.0% 0.0% 2.0% 9.3% 88.7% 7.73 97.4% 67 

Isotype-ADC-1d 12.26 1.19 154.84 35 7.9% 25.5% 35.2% 22.9% 8.6% 3.98 97.5% nd 

aADC-1 (maleimide-Cys DAR 4), bADC-2 (OSu-Lys DAR4), cADC-3 (maleimide-Cys DAR8), danti-fluorescein isotype control (maleimide-Cys DAR4) 

 

3.2.5 ADC binding and stability assessment 

The binding properties of the ADCs were evaluated by ELISA, demonstrating retention of 

FGFR4 affinity: Ab-2 (EC50: 0.74 nM), FC-silent Ab-2 (EC50: 0.93 nM), ADC-1 (EC50: 0.63 nM), 

ADC-2 (EC50: 0.88 nM), ADC-3 (EC50: 1.88 nM). Mouse plasma stability of naked antibodies 

and ADCs was assessed by ELISA after incubation at 37 ºC for 7 days, confirming stability 

across all constructs. To evaluate potential non-specific interactions, constructs were 

incubated at 500 nM with sticky polymers (DNA, heparin, insulin). Cysteine-conjugated ADCs 

exhibited higher non-specific binding, which correlated with DAR. 

3.2.6 Pharmacokinetic studies 

The PK profile of all constructs was assessed in BALB/c mice (10 mg/kg, IV). Serum samples 

were collected at selected time points and analyzed by ELISA. Among the tested molecules, 

ADC-2 maintained detectable levels 2 weeks post-injection. 

3.3 RNA extraction 

Cells were seeded in 6-well plates at a density of 150,000 cells per well. After overnight 

incubation, the medium was replaced with one of the following treatments: FGFR4 inhibitor 

INCB062079 (100 nM; provided by Incyte Corporation, Wilmington, DE, USA), naked anti-

FGFR4 Ab-2 (10 g/ml), anti-FGFR4 ADC-2 (0.1 g/ml), or free MMAE payload (0.01 g/ml). 

After 72 h of treatment, mRNA was extracted and quantified as described in Methods section 

1.4 (RNA extraction). 
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3.4 Gene expression analysis 

The nCounter platform (NanoString Technologies) analyzed RNA samples from tumor samples 

and cell lines. The expression of 50 genes of the PAM50 intrinsic subtype predictor assay and 

5 housekeeping genes (ACTB, MRPL19, PSADC-1, RPLP0 and SF3A1) was analyzed using a 

customized nCounter panel, as described in Methods section 1.5 (Gene expression analysis). 

3.5 Histological preparation and staining of cellular pellets 

Cell pellets for paraffin embedding were prepared as follows. Cells were pelleted by 

centrifugation at 1,200 rpm for 4 min and washed with 1X PBS. To preserve cellular structure, 

samples were fixed in Cytolyt (Hologic, Marlborough, MA, USA) for 5-10 min at room 

temperature (RT). Concurrently, a tube of HistoGel (Epredia, Thermo Fisher Scientific Inc.) 

was pre-warmed in an incubator at 65 ºC until liquified. The fixed samples were then 

centrifuged at 2800 rpm for 5 min, and the supernatant was discarded. Depending on pellet 

size, 4-10 drops of Histogel were added, and the pellet was gently mixed with a pipette to 

ensure homogeneity. The mixture was allowed to solidify by refrigeration for 5-10 min or at 

RT until fully set. Once solidified, the pellet block was carefully detached using a pipette, 

transferred to a cassette, and placed in formalin for further processing. All steps were carried 

out under a biosafety cabinet to maintain sterile conditions. IHC staining for FGFR4 on these 

cell pellet-derived FFPE blocks, as well as determination of FGFR4 H-Scores, followed the 

same protocol described for tissue sections in Methods section 2.3 (Immunohistochemistry). 

3.6 In vitro cell growth assay 

Cells were seeded in triplicate at a density of 2,500 cells per well in 96-well plates. Following 

overnight incubation, cells were treated with increasing doses of INCB062079. Cell viability 

was assessed after 144 h with Hoechst 33342 staining solution and quantified using 

SynergyHT microplate reader and Windows based Gen5 software. 

Cells were seeded in triplicate at a density of 2,500 or 5,000 cells per well in 96-well plates. 

Following overnight incubation, cells were treated with increasing doses of anti-FGFR4 

antibodies (Ab-1, Ab-2, Ab-3). Cell viability was assessed after 72 h or 144 h with Hoechst 

33342 staining solution. Cells were also treated with increasing doses of anti-FGFR4 ADCs 
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(ADC-1, ADC-2, ADC-3, and Ab-2-DXd-ADC), MMAE, and DXd. Cell viability was assessed after 

72 h or 144 h with Cell Titer 96® AQueous One Solution Cell Proliferation Assay (Promega, 

Madison, WI, USA) and quantified using SynergyHT microplate reader and Windows based 

Gen5 software. 

For experiments with Moradec’s secondary antibody-drug constructs (Moradec, San Diego, 

CA, USA), T47D PR and MDA-MB-453 cells were seeded in triplicate at a density of 2,500 cells 

per well (100 l per well) in 96-well plates. Following overnight incubation, anti-FGFR4 

primary antibodies (Ab-1, Ab-2, Ab-3) or an unspecific isotype antibody (Isotype Ab-1) were 

added to corresponding wells at increasing doses (50 l per well) and cells were incubated at 

RT for 10 min. Next, Fab Anti-Human IgG Fc-MMAE Antibody with Cleavable Linker (Fab-HFc-

CL-MMAE; Average DAR of 1.3 per Fab), Fab Anti-Human IgG Fc-Duocarmycin Antibody with 

Cleavable Linker (Fab-HFc-CL-DMDM; Average DAR of 1.3-1.5 per Fab), or Fab Anti-Human 

IgG Fc-Monomethyl auristatin F (MMAF) Antibody with Non-Cleavable Linker (Fab-HFc-NC-

MMAF; Average DAR of 1.3-1.5 per Fab) were added to wells at increasing doses (50 l per 

well) following a 1:6 primary-secondary antibody ratio. Cell viability was assessed after 144 h 

with Cell Titer 96® AQueous One Solution Cell Proliferation Assay and quantified using 

SynergyHT microplate reader and Windows based Gen5 software. 

3.7 Colony formation assay 

Cells were seeded in triplicate at a density of 2,000 cells per well in 6-well plates. After 

overnight incubation, cells were treated with increasing doses of ADC-2. Medium and ADC-2 

were replenished every 3 days until untreated cells reached confluency. Next, cells were fixed 

with cold methanol (VWR, Avantor, Radnor, PA, USA) and incubated at -20 ºC for 15 min. Cells 

were then stained with 20% methanol/80% water/0.5% crystal violet (Sigma-Aldrich) for 20 

min, washed with water and left to air-dry. Finally, crystal violet was solubilized with 20% 

acetic acid (Merck Group, Darmstadt, Germany) and quantified by spectrophotometric 

detection at 490 nm using SynergyHT microplate reader and Windows based Gen5 software. 
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3.8 Protein extraction and Western blotting 

Cells were seeded in 6-well plates at a density of 150,000 cells per well and after overnight 

incubation medium was replaced with ADC-2 (0.1 g/ml), MMAE (0.001 g/ml), or medium. 

After 72 h, cell lysates were obtained, quantified, and processed as described in Methods 

section 1.7 (Protein extraction and Western blotting). 

The primary antibodies used in this study were FGF Receptor 4 (D3B12) XP® Rabbit mAb and 

phospho-Rb (Ser807/811) (D20B12) mAb from Cell Signaling Technology and anti-actin 

(A2066) from Sigma-Aldrich. The secondary fluorescent antibody used was the IRDye 800CW 

Donkey anti-Rabbit. Fluorescent signal was acquired by the Odyssey Imaging System. 

3.9 Antibody-receptor binding 

Cells were seeded in triplicate at a density of 50,000 cells per well in cold FACS buffer (1X PBS, 

0.1% FBS, 0.5 mM EDTA) in V-bottom 96-well plates (Thermo Fisher Scientific Inc.). Cells were 

treated with increasing doses of anti-FGFR4 antibody (Ab-1, Ab-2, Ab-3) and incubated on ice 

for 45 min. Plates were centrifuged at 400 x g for 6 min at 4 ºC and supernatant was removed 

by inverting the plate. Next, cells were washed with cold FACS buffer and cell pellets were 

resuspended with Allophycocyanin (APC) AffiniPureTM F(ab’)2 Goat Anti-Human IgG Fc 

fragment specific secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, 

PA, USA) diluted in FACS buffer (1/150) and incubated for 12 min at RT and in the dark. 

Following incubation, plates were centrifuged at 400 x g for 6 min at 4 ºC, supernatant was 

removed by inverting the plate, and cells were resuspended in cold FACS buffer containing 

viability marker PI (1 g/ml) right before being loaded into the cytometer. BD LSRFortessa 4L 

Cell Analyzer + HTS (BD Biosciences) was used to establish the mean APC intensity in the PI+ 

population for every condition. The geometric MFI was used to build the curves. 

3.10 Antibody cellular internalization 

Cells were added to tubes at a density of 1,000,000 cells per tube in cold FACS buffer (1X PBS, 

2% FBS, 2 mM EDTA). Cells were centrifuged at 500 x g for 5 min and cell pellets were 

resuspended with 1 ml of FACS buffer containing 10 g/ml anti-FGFR4 antibody (Ab-1, Ab-2, 

Ab-3). Control tubes were resuspended in FACS buffer only. Following a 1-h incubation on ice, 
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cells were washed twice with cold FACS buffer. Cell pellets were resuspended in 600 l of cold 

FACS buffer, distributed in 3 tubes and incubated overnight on ice. Next, cells were incubated 

at 37 ºC for 0, 2, or 4 h to allow cellular internalization. Following incubations, cells were 

washed with FACS buffer, resuspended with APC AffiniPureTM F(ab’)2 Goat Anti-Human IgG 

Fc fragment specific secondary antibody diluted in FACS buffer (1/200), and incubated for 1 

h on ice. Next, cells were washed in cold 1X PBS, resuspended with Zombie Violet dye 

(Biolegend, San Diego, CA, USA) diluted in 1X PBS (1/1000), and incubated for 20 min at RT 

and in the dark. Cells were then centrifuged at 500 x g for 5 min at 4 ºC, supernatant was 

removed, cell pellets were washed with FACS buffer, and fixed at RT with 4% PFA for 15 min. 

Once fixed, cells were washed, resuspended in FACS buffer, and moved to FACS tubes. BD 

LSRFortessa 4L Cell Analyzer + HTS was used to establish the median APC intensity in the 

Zombie Violet+ population for every condition. A viability threshold of 80% was established. 

Experiments in which cell viability fell below this threshold were discarded. 

3.11 Bystander effect 

MDA-MB-231-RFP+ and MDA-MB-453 cells were seeded in 12-well plates both as mono- and 

co-cultures (1:5 or 1:20). Following overnight incubation, cells were treated with ADC-2 (0.3 

g/ml), Isotype-ADC-2 (0.3 g/ml), or MMAE (0.0036 g/ml) for 96 or 120 h. Next, cells were 

collected, washed with FACS buffer (1X PBS, 0.4% FBS, 0.01% EDTA), and stained with DAPI 

diluted in FACS buffer (1/20,000). Following a 20-min incubation in the dark, cells were 

washed and transferred to FACS tubs. The Cytek Aurora (Cytek Biosciences, Fremont, CA, USA) 

cytometer was used to establish the number of RFP events in the alive DAPI- population for 

every condition in a fixed volume of 200 l. 

3.12 Animal studies 

All animal experiments were approved by The Ethical Committee of Animal Experimentation 

of the Government of Catalonia (protocol 9096_P1) and conducted in collaboration with the 

Growth Control and Cancer Metastasis Research Group, led by Roger Gomis at the Institut de 

Recerca Biomèdica (IRB) in Barcelona. 

Twelve-week-old female BALB/c nude mice were used. Mice that died of were euthanized for 

ethical reasons before experimental endpoints were excluded from analysis. To support the 
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growth of ER+ tumors, 60-day release estrogen pellets (beta-estradiol 0.18 mg per pellet; 320 

ng/l) were implanted subcutaneously. Mice were anesthetized with ketamine (100 mg/kg 

body weight) and xylazine (10 mg/kg body weight). A total of 1 x 106 ZR751 or T47D cells were 

resuspended in 100 l of a 1:1 mixture of PBS and Matrigel Basement Membrane Matrix 

(#354234, Corning Life Sciences, Corning, NY, USA), and injected subcutaneously into the 

dorsal flanks of the mice. When tumors reached the designated size, mice were randomized 

into treatment groups: IV vehicle, Isotype-ADC-1 (2 or 5 mg/kg), or ADC-2 (2 or 5 mg/kg), 

administered weekly. Tumor growth was monitored every 3-5 days using calipers, and tumor 

volume was calculated using the formula: V = (π/6) x Length x Width2. Treatment continued 

until humane endpoints were reached. The duration of each experiment following the start 

of treatment was 29 days for the ZR751 CDX model and 26 days for the T47D CDX model. 

3.13 Statistical analysis 

For in vitro and in vivo experiments, statistical analyses included two-way ANOVA and Mann-

Whitney U tests (two-tailed, non-paremetric, unpaired), performed using GraphPad Prism. 

Changes in gene expression and PAM50 signatures upon treatment were determined by 

multiclass SAM with an FDR < 5% using R software. All statistical tests were two sided, and 

the significance level was set to p < 0.050. 
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RESULTS 

1. Comparative biological activity of palbociclib and ribociclib in 

hormone receptor-positive breast cancer 

Although CDK4/6 inhibitors have become a cornerstone in the treatment of HR+/HER2- breast 

cancer, their efficacy across intrinsic molecular subtypes remains variable. Several studies, 

including the PALOMA-2 (178), NeoPalAna (179), and MONALEESA (180) trials, have 

highlighted different responses to CDK4/6 inhibitors among PAM50 subtypes, highlighting 

limited benefit with palbociclib in HER2-enriched and Basal-like tumors, while ribociclib 

appears to retain clinical activity in a broader range of subtypes, including HER2-enriched. 

These observations suggest that both subtype-specific and drug-specific properties may 

influence therapeutic outcomes. To better understand the biological basis of these clinical 

differences, we conducted a series of in vitro and transcriptomic analyses to investigate how 

two different CDK4/6 inhibitors (i.e., palbociclib and ribociclib) affect proliferation and 

molecular subtype dynamics in breast cancer cell lines, as well as in tumor samples from 

patients enrolled in the NeoPalAna and the CORALLEEN studies. 

1.1. Phenotypic changes in breast cancer cell lines during CDK4/6 inhibition 

The biological changes that occur during CDK4/6 inhibition were assessed in T47D (HR+/HER2-

/HER2-enriched), MCF7 (HR+/HER2-/Luminal B), and BT474 (HR+/HER2+/HER2-enriched) 

breast cancer cell lines. Despite being HER2+, the inclusion of the BT474 cell line to our study 

is relevant since it belongs to the HER2-enriched subtype by PAM50, and palbociclib has been 

shown to be less efficient in HR+/HER2+/HER2-enriched breast cancer (181). Moreover, it has 

been shown that, except for the amplification and RNA/protein overexpression of 

ERBB2/HER2 in HER2+ tumors, very minor biological differences exist at DNA, RNA, and 

protein levels between HER2+/HER2-enriched and HER2-/HER2-enriched tumors (217). 

First, we analyzed the proliferation inhibitory effect of palbociclib and ribociclib +/− 

fulvestrant against all three cell lines and found that both CDK4/6 inhibitors had very similar 

effects at 72 h from treatment (Figure 9). 



 86 

 

Figure 9. Proliferation inhibitory effect of palbociclib and ribociclib +/- fulvestrant in breast cancer cell lines. T47D, MCF7, 

BT474 cells were treated with increasing doses of palbociclib or ribociclib +/- fulvestrant (1 nM) for 72 h. Shown are 

representative graphs of cell viability readouts determined by Hoechst 33342. Data was normalized to untreated cells and 

three independent experiments were performed. Mean values ± SEM are shown.  

In T47D and MCF7 cells, the combination of CDK4/6 inhibitors and fulvestrant was superior 

than palbociclib or ribociclib alone (p < 0.001), while in BT474 no significant differences were 

observed between the combination of CDK4/6 inhibitors with fulvestrant and palbociclib or 

ribociclib alone (Figure 10). 

 

Figure 10. Comparing the proliferation inhibitory effect of CDK4/6 inhibitors with or without fulvestrant in breast cancer 

cell lines. MCF7, T47D, and BT474 cells were treated with increasing doses of palbociclib or ribociclib +/- fulvestrant (1 nM) 

for 72 h. Shown are representative graphs of cell viability readouts determined by Hoechst 33342. Data was normalized to 

untreated cells and three independent experiments were performed. Mean values ± SEM are shown. Statistical analyses 

were performed using the Mann-Whitney U test. * p < 0.05, ** p < 0.01. 
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RB1-competent T47D, MCF7, and BT474 cell lines were treated with two different doses of 

palbociclib or ribociclib (i.e., 100 or 500 nM) for different periods of time (i.e., 24, 72, or 144 

h) in order to assess changes in the phosphorylation of RB1 (p-Rb). To ensure that no off-

target effects were given with the chosen doses (i.e., 100 or 500 nM) the cytotoxic effect of 

palbociclib and ribociclib was also assessed in the RB1-mutated MDA-MB-468 cell line, where 

no effect was observed with after treatment with either CDK4/6 inhibitor (Figure 11). 

 

Figure 11. Proliferation inhibitory effect of palbociclib and ribociclib in RB1-mutated breast cancer cell line. MDA-MB-468 

cells were treated with increasing doses of palbociclib or ribociclib for 72 h. Shown are representative graphs of cell viability 

readouts determined by Hoechst 33342. Data was normalized to untreated cells and three independent experiments were 

performed. Mean values ± SEM are shown. 

 

In T47D and MCF7 cells, treatment with 100 nM CDK4/6 inhibitors partially reduced p-Rb with 

a further decrease observed in cells treated with 500 nM palbociclib or ribociclib regardless 

of treatment duration (Figure 12A). 

Next, the effect on cellular senescence was assessed upon treatment with CDK4/6 inhibitors 

by determining protein expression levels of Lamin-B1, a structural component of the nucleus 

whose loss has been associated with senescence (265,266). In T47D and MCF7 cells, CDK4/6 

inhibitors decreased the expression of Lamin-B1 in a time and dose-dependent manner, with 

the lowest expression levels corresponding to those treated with 500 nM palbociclib or 

ribociclib for 144 h (Figure 12A). 

Additionally, we assessed the senescence-associated β galactosidase (SA-β-gal) activity (267) 

of cells treated with the same conditions. Both palbociclib and ribociclib (100 or 500 nM) 

increased β-galactosidase staining in T47D and MCF7 cell lines after 72 or 144 h treatments 

compared to non-treated controls indicating induction of senescence (Figure 12B). Although 
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no significant differences were observed between treatment conditions, a dose- and time-

related tendency was also noticeable, with the highest β-galactosidase staining levels 

corresponding to cells treated with 500 nM CDK4/6 inhibitors for 144 h. Of note, similar 

changes were observed in cells treated with palbociclib or ribociclib for all treatment 

conditions. 

As for the BT474 cell line, a reduction of p-Rb was also observed upon 24 or 72 h treatments 

with CDK4/6 inhibitors (100 or 500 nM), although p-Rb levels were reestablished at 144 h 

from treatment. Lower expression of Lamin-B1 was detected, with little to no changes in 

expression after treatment (Figure 12A). Lower levels of SA-β-gal activity were also detected 

generally and the highest activity was detected after 72 h treatments with either CDK4/6 

inhibitor, followed by a decrease in cellular senescence 144 h from treatments (Figure 12B). 

These results suggest that the BT474 cell line may possess an intrinsic resistance to CDK4/6 

inhibition, with or without fulvestrant, which becomes most apparent at 144 h post-

treatment, while earlier time points still show measurable responses. 
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Figure 12. Biological changes during CDK4/6 inhibition in vitro in breast cancer cell lines. (A) T47D, MCF7, and BT474 cells 

were treated with palbociclib or ribociclib (100 or 500 nM) for 24, 72 or 144 h and expression of p-Rb and Lamin-B1 was 

assessed by western blot. Actin was used as a loading control. (B) T47D, MCF7, and BT474 cells were treated with palbociclib 

or ribociclib (100 or 500 nM) for 24, 72 or 144 h and SA-β-gal activity was determined by flow cytometry. Data was normalized 

to untreated cells and three independent experiments were performed. Mean values ± SEM are shown. 

 

1.2. Effects of CDK4/6 inhibition on gene expression in breast cancer cell lines 

Gene expression profiling was performed both in untreated cells and upon treatment in order 

to identify changes in the PAM50 biology induced by CDK4/6 inhibitors in T47D, MCF7, and 

BT474 cell lines treated with different doses of palbociclib and ribociclib (100 or 500 nM) +/− 

fulvestrant (1 nM). The expression of the 50 genes of the PAM50 intrinsic subtype predictor 

and 6 signatures (Basal-like, HER2-enriched, Luminal A, Luminal B, Normal-like, and the 11 

gene Proliferation Score) were explored at both treatment conditions. Paired t-tests and 
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multiclass SAM analysis showed that both CDK4/6 inhibitors (100 or 500 nM) +/− fulvestrant 

(1 nM) significantly increased (FDR < 5%) the Luminal A and Normal-like signatures and 

significantly decreased (FDR < 5%) the Luminal B, Basal-like and Proliferation signatures 

(Figures 13A and 14). Interestingly, the HER2-enriched signature was only significantly 

reduced when the CDK4/6 inhibitors were given at 500 nM either alone (palbociclib p = 0.045, 

ribociclib p = 0.041) or in combination with fulvestrant (palbociclib p = 0.002, ribociclib p = 

0.012), while no significant changes were observed with 100 nM CDK4/6 inhibitor 

monotherapy (palbociclib p = 0.275, ribociclib p = 0.596) or in combination with fulvestrant 

(palbociclib p = 0.466, ribociclib p = 0.613). Treatment with fulvestrant alone significantly 

increased the HER2-enriched signature (p < 0.001) (Figures 13A and 13B). 

Next, we assessed individual gene expression across treatments using multiclass SAM. Forty-

three (64.2%) genes were differentially expressed across treatment groups (FDR < 5%) (Figure 

13A). Notably, both inhibitors, especially at 500 nM, led to a lower expression of proliferative 

genes, including CDC20, UBE2C, KNTC2, MKI67, BIRC5, CDCA1, PTTG1, CEP55, TYMS, and 

RRM2. Interestingly, at the lower dose of 100 nM CDK4/6 inhibitors, the combination of 

fulvestrant and palbociclib had a stronger inhibitory effect on cell proliferation than the 

combination of fulvestrant and ribociclib. Additionally, cells treated with 500 nM palbociclib 

exhibited higher expression of the HER2-enriched genes FGFR4 and TMEM45B compared to 

those treated with 500 nM ribociclib. 

We also performed a paired SAM analysis to compare the differences between 500 nM 

palbociclib and 500 nM ribociclib, both with and without fulvestrant. A proportion of 19.4% 

and 25.3% of genes were differentially expressed after treatment with 500 nM palbociclib vs 

500 nM ribociclib, with or without fulvestrant, respectively (Table 5). Notably, almost 80% of 

the differentially expressed genes were common between the palbociclib vs ribociclib and 

palbociclib + fulvestrant vs ribociclib + fulvestrant comparisons (Table 5), suggesting a largely 

consistent transcriptional response to these CDK4/6 inhibitors regardless of fulvestrant co-

treatment. Genes that were not common between groups included MYBL2, MELK, EXO1, 

CDC20, and KRT14, which were uniquely differentially expressed after ribociclib treatment; 

TMEM45B, which was only expressed after palbociclib alone; GRB7, which was only expressed 

after treatment with ribociclib + fulvestrant; and CD8A, SLC39A6, ORC6L, BCL2, and CCND1, 

which were specifically expressed after palbociclib + fulvestrant treatment (Table 5). 
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Figure 13. Changes in the HER2-enriched signature upon treatment with CDK4/6 inhibitors +/- fulvestrant in breast cancer 

cell lines. (A) Heatmap of a multiclass SAM representing the PAM50 molecular subtypes, Proliferation Score and genes that 

are differentially expressed (FDR < 5%) in T47D, MCF7, and BT474 cells treated with CDK4/6 inhibitors (100 or 500 nM) +/- 

fulvestrant (1 nM). Three independent mRNA extractions per cell line were performed. (B) Paired samples t-test analyses 

showing changes in the HER2-enriched signature following treatment of T47D, MCF7, and BT474 cells with CDK4/6 inhibitors 

(100 or 500 nM) +/- fulvestrant (1 nM). Three independent mRNA extractions and gene expression analyses were performed 

for each cell line. 
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Figure 14. Changes in the PAM50 signatures upon treatment with CDK4/6 inhibitors +/- fulvestrant in breast cancer cell 

lines. Paired samples t-test analyses showing changes in the Basal-Like, Luminal A, Luminal B and Normal-like signatures as 

well as the Proliferation Score following treatment with CDK4/6 inhibitors (100 or 500 nM) +/- fulvestrant (1 nM). Three 

independent mRNA extractions and gene expression analyses were performed for each cell line. 
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Table 5. Differentially expressed genes after treatments. Paired SAM analysis between samples treated with palbociclib 500 

nM (negative Score (d)) vs ribociclib 500 nM (positive Score (d)) and palbociclib 500 nM + fulvestrant 1 nM (negative Score 

(d)) vs ribociclib 500 nM + fulvestrant 1 nM (positive Score (d)) to show differentially expressed genes after treatment (FDR 

< 5%) 

 

 
Palbociclib 500 nM 

vs Ribociclib 500 nM 
 

 
Fulvestrant + Palbociclib 500 nM 

vs Fulvestrant + Ribociclib 500 nM 

Gene ID Score (d) FDR (%) 
PAM50 
subtype 

 Gene ID Score (d) FDR (%) 
PAM50 
subtype 

KIF2C 4.3014 0 Basal-like  CEP55 3.8310 0 Basal-like 

CEP55 4.1995 0 Basal-like  FOXA1 3.6475 0 Luminal 

MKI67 4.0133 0 
Proliferation 

Score 
 KIF2C 3.4859 0 Basal-like 

FOXA1 3.6911 0 Luminal  MDM2 3.3436 0 Normal-like 

MYBL2 3.6539 0 Basal-like  CXXC5 3.2832 0 Luminal 

KNTC2 3.5728 0 
Proliferation 

Score 
 ERBB3 3.0693 0 NA 

MDM2 3.5258 0 Normal-like  ESR1 2.6292 0 Luminal 

CXXC5 3.5096 0 Luminal  GRB7 2.2987 0 
HER2-

enriched 

ESR1 3.2821 0 Luminal  MKI67 2.2081 0 
Proliferation 

Score 

ERBB3 2.8874 0 NA  KNTC2 2.1457 0 
Proliferation 

Score 

MELK 2.4888 0 Basal-like  ERBB2 2.0022 0 
HER2-

enriched 

EXO1 2.3875 0 Basal-like  GPR160 1.6941 3.7789 
HER2-

enriched 

GPR160 1.5991 4.6677 
HER2-

enriched 
 ERBB4 -4.4375 0 NA 

CDC20 1.5942 4.6677 
Proliferation 

Score 
 CXCL8 -4.2148 0 NA 

ERBB2 1.4374 4.6677 
HER2-

enriched 
 KRT5 -4.1695 0 Normal-like 

KRT14 1.3944 4.6677 Normal-like  MIA -3.9053 0 Normal-like 

CXCL8 -4.9209 0 NA  PGR -3.7338 0 Luminal 

KRT5 -3.7660 0 Normal-like  FOXC1 -3.7221 0 Basal-like 

MMP11 -3.6778 0 Luminal  MMP11 -3.5001 0 Luminal 

KRT17 -3.6773 0 Normal-like  FGFR4 -3.4890 0 
HER2-

enriched 

FGFR4 -3.6420 0 
HER2-

enriched 
 KRT17 -3.0806 0 Normal-like 

MIA -3.6215 0 Normal-like  CD8A -2.8615 0 NA 

ERBB4 -3.5005 0 NA  MAPT -2.8144 0 Luminal 

FOXC1 -3.4982 0 Basal-like  EGFR -2.6807 0 Basal-like 

EGFR -3.0385 0 Basal-like  MLPH -2.2781 0 Luminal 

MLPH -2.8741 0 Luminal  SLC39A6 -2.0990 0 Luminal 

MAPT -2.5946 0 Luminal  ORC6L -1.6925 2.0294 Basal-like 

PGR -2.3712 0 Luminal  BCL2 -1.6640 2.0294 Normal-like 

TMEM45B -2.0383 0 
HER2-

enriched 
 CCND1 -1.6226 2.0294 NA 
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1.3. Early biological changes during CDK4/6 inhibition in tumor samples from 

CORALLEEN and NeoPalAna phase II studies 

To identify molecular changes induced by CDK4/6 inhibitors, we performed gene expression 

analyses in baseline, day 15, and surgery tumor samples of patients treated with ribociclib 

plus letrozole in the CORALLEEN trial (Figure 15A), as well as in baseline, day 15, and surgery 

samples of patients treated with palbociclib plus anastrazole in the NeoPalAna trial (Figure 

15B). First, we assessed early changes in 49 paired baseline and day 15 tumor samples from 

the CORALLEEN trial (Figure 15C) and 23 paired baseline and day 15 tumor samples from the 

NeoPalAna trial (Figure 15D). Treatment with ribociclib and endocrine therapy led to a 

significant increase in Luminal A (p < 0.001) and Normal-like (p < 0.001) signatures and a 

significant decrease in Basal-like (p < 0.001), HER2-enriched (p < 0.001), Luminal B (p < 0.001), 

and Proliferation (p < 0.001) signatures (Figure 15C). Similarly, treatment with palbociclib plus 

endocrine therapy led to a significant increase in Luminal A (p < 0.001) and Normal-like (p < 

0.001) signatures and a significant decrease in HER2-enriched (p < 0.001), Luminal B (p < 

0.001), and Proliferation (p < 0.001) signatures (Figure 15D). 

1.4. Biological changes after CDK4/6 inhibition in tumor samples from 

CORALLEEN and NeoPalAna phase II studies 

Next, we assessed changes in 49 paired baseline and surgery tumor samples from the 

CORALLEEN (Figure 15E) and 16 paired baseline and surgery tumor samples from the 

NeoPalAna (Figure 15F). 

Treatment with ribociclib and endocrine therapy led to a significant increase in Luminal A (p 

< 0.001) and Normal-like (p < 0.001) signatures and a significant decrease in HER2-enriched 

(p < 0.001), Luminal B (p < 0.001), and Proliferation (p < 0.001) signatures (Figure 15E). 

Treatment with palbociclib and endocrine therapy led to a significant increase in the Normal-

like (p = 0.012) signature and a significant decrease in the Luminal B (p = 0.021) and 

Proliferation signature (p = 0.018) (Figure 15F). Importantly, the HER2-enriched signature did 

not significantly decrease in surgical samples of patients treated with palbociclib (p = 0.194), 

although a difference in sample size could explain this result (Figure 15F). 

In CORALLEEN, the median number of days between the last dose of ribociclib and surgery 

was 13.1 days (range: 1–78) (256), whereas in NeoPalAna the median number of days 
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between the last dose of palbociclib and surgery was 29 days (range: 8–49), except for 8 

patients who received additional 10–12 days of palbociclib immediately before surgery (179). 

In patients from CORALLEEN, the HER2-enriched signature was significantly decreased in 

those who underwent surgery at 8 days from the last dose of ribociclib or before (p < 0.001), 

as well as in those who underwent surgery after more than 8 days from the last dose of 

ribociclib (p < 0.001) (Figure 15G). In 4 patients from NeoPalAna who underwent surgery at 8 

days from the last dose of palbociclib or before, a tendency of reduction in the HER2-enriched 

signature was also observed. However, in patients who underwent surgery after more than 8 

days from the last dose of palbociclib, the HER2-enriched signature increased in 50% of the 

cases (Figure 15H). 
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Figure 15. Changes in the PAM50 signatures in the CORALLEEN and NeoPalAna studies. Schematic summaries of the 
samples analyzed from (A) the CORALLEEN and (B) the NeoPalAna trial design. (C) Paired samples t-test analyses showing 
changes in the PAM50 signatures at cycle 1 day 15 (C1D15) in samples from CORALLEEN and (D) NeoPalAna phase II 
studies. (E) Changes in the PAM50 signatures at surgery in samples from CORALLEEN and (F) NeoPalAna. (G) Changes in the 
HER2-enriched signature in samples from CORALLEEN and (H) NeoPalAna from patients who underwent surgery ≤ 8 or > 8 
days from the last dose of CDK4/6i and endocrine therapy. 
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In this first part of the thesis, we have demonstrated that while palbociclib and ribociclib 

effectively modulate key biological pathways in HR+/HER2- breast cancer, nuances in their 

impact, particularly on the HER2-enriched signature, are dose-dependent, influenced by the 

addition of fulvestrant, and warrant further investigation. The results from this chapter of the 

thesis were published in Scientific Reports in 2024 (268). 

 

2. FGFR4 as a driver of resistance to CDK4/6 inhibitors in HR+/HER2- 

breast cancer 

The development of resistance to CDK4/6 inhibitors in HR+/HER2- breast cancer represents a 

major clinical challenge, limiting the long-term efficacy of current standard of care 

treatments. In this chapter, we build upon existing evidence linking the HER2-enriched 

intrinsic subtype and aberrant FGFR4 signaling to poor clinical outcomes and therapeutic 

resistance in HR+ breast cancer (70,170,218,219), by analyzing real-world data from a clinical 

cohort of patients treated with endocrine therapy and CDK4/6 inhibitors. Furthermore, we 

explore the role of FGFR4 as a potential driver of resistance.  

2.1. PAM50 determination in baseline and progressive disease samples of 

patients treated with CDK4/6 inhibitors 

To study the PAM50 distribution before and after treatment with CDK4/6 inhibitors and 

endocrine therapy, we analyzed samples of the CDK clinical cohort. This is a real-world dataset 

of 375 patients with a histologic diagnosis of HR+/HER2-negative metastatic breast cancer 

treated with CDK4/6 inhibitors, including palbociclib, ribociclib and abemaciclib at Hospital 

Clínic of Barcelona between years 2014 and 2024, and it includes 253 baseline tumor samples 

(130 primary tumors and 123 metastasis) and 59 progressive disease (PD) samples collected 

after treatment with endocrine therapy and CDK4/6 inhibitors. This cohort also included 37 

paired baseline-PD samples (Figure 16A). 

At baseline, the median age of patients was 62.7 years, 99.2% were female, 76.1% 

postmenopausal, 33.3% had de novo metastasis, 22.1% bone only disease, 58.1% visceral 

disease, 1.6% brain metastasis, 64.4% less than 3 metastatic sites, and most patients had 
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ECOG 0 or 1 (41.8% and 49.8%, respectively). Regarding treatment, 36.8% received 

palbociclib, 58.3% ribociclib, and 5.1% abemaciclib. CDK4/6 inhibitors were administered as 

first-line therapy in 66.0% patients, second-line in 19.8%, and successive lines in 14.2% (Table 

6). 

Table 6. Clinical characteristics of patients in the CDK cohort 

 n % 

Median age (range) (years) 62.7 (24.6-88.4) 

Sex 

Female 251 99.2 

Male 2 0.8 

Menopausal status 

Premenopausal 60 23.9 

Postmenopausal 191 76.1 

Type of metastasis 

Recurrent 168 66.7 

De novo 84 33.3 

Bone only 56 22.1 

Visceral disease 147 58.1 

Brain disease 4 1.6 

Number of metastatic sites 

<3 163 64.4 

> or = 3 90 35.6 

Performance status 

ECOG 0 106 41.8 

ECOG 1 126 49.8 

ECOG 2 18 7.1 

ECOG 3 3 1.2 

CDK4/6 inhibitor 

Palbociclib 93 36.8 

Ribociclib 147 58.1 

Abemaciclib 13 5.1 

Setting in advanced disease 

1st line 167 66 

2nd line 50 19.8 

3rd line 36 14.2 

 

At baseline, PAM50 distribution was 39.5% Luminal A, 32.4% Luminal B, 14.6% HER2-

enriched, 6.7% Basal-like, 6.7% Normal-like. PAM50 subtypes at PD were 45.8% HER2-

enriched, 25.4% Luminal B, 16.9% Luminal A, 10.2% Basal-like, and 1.7% Normal-like, 

significantly differing from the baseline distribution (p < 0.001) (Figure 16B). 
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Figure 16. Baseline and PD samples from the CDK patient cohort (A) Schematic overview of the samples analyzed from the 

CDK patient cohort. (B) PAM50 subtype distribution in 253 baseline and 59 PD samples of the CDK patient cohort. 

 

Notably, a subtype shift was observed in 64.9% of the 37 paired baseline-PD, most frequently 

toward the HER2-enriched subtype. Nine out of 12 HER2-enriched tumors remained 

unchanged at PD (Figure 17A). Consistently, all PAM50 scores significantly changed from 

baseline to PD: HER2-enriched, Luminal B and Proliferation scores increased, while the 

Luminal A and Normal-like scores decreased (Figure 17B). 

 

 

Figure 17. PAM50 subtype dynamics and score changes from baseline to progression in the CDK cohort. (A) Subtype shifts 

between 37 paired baseline and progression samples from the CDK cohort. (B) Changes in the PAM50 signature scores and 

the Proliferation Score in 37 paired baseline and progression samples from the CDK cohort. Statistical significance was 

assessed with paired t-tests. 
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2.2. Association of the HER2-enriched subtype with survival outcomes 

Next, we studied the association of baseline PAM50 subtypes with survival outcomes using 

Cox regression models in the CDK cohort. In the CDK cohort, the HER2-enriched subtype was 

significantly associated with poor PFS (hazard ratio=3.7 [95% CI=2.3-5.9], p < 0.001) and OS 

(hazard ratio=4.3 [95% CI=2.3-7.7], p < 0.001) after adjusting for clinical variables (Figure 18). 

 

Figure 18. Association of PAM50 with PFS and OS. Kaplan-Meier of the association of PAM50 subtype with PFS and OS in 

253 baseline tumor samples of the CDK patient cohort.  

 

 

2.3. Association of FGFR4 with the HER2-enriched subtype and survival 

outcomes 

To date, our group and others have pointed to high FGFR4 expression as a driver of the HER2-

enriched subtype within HR+/HER2- BC (218,219). Here, we analyzed the association of FGFR4 

across PAM50 groups using the samples of the CDK cohort and confirmed that FGFR4 was 

significantly associated with HER2-enriched (Figure 19). 
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Figure 19. Association between FGFR4 mRNA expression and PAM50 subtypes. FGFR4 expression was assessed in 253 

baseline samples from the CDK cohort. Statistical analyses were performed using one-way ANOVA to compare FGFR4 

expression across groups. 

 

Next, we analyzed the association of FGFR4 with survival outcomes. High FGFR4 in baseline 

samples was significantly associated with worse PFS (hazard ratio 1.14, 95% CI=1.06-1.22, p < 

0.001) and OS (hazard ratio 1.18, 95% CI=1.08-1.28, p < 0.001) in univariate analysis (Figure 

20, Table 7). When adjusting for PAM50 subtype, CDK4/6 inhibitor type, and line of therapy 

in a multivariable analysis, FGFR4 remained significantly associated with PFS (hazard ratio 

1.18, 95% CI=1.10-1.28, p < 0.001) and OS (hazard ratio 1.23, 95% CI=1.11-1.37, p < 0.001) 

(Table 7). 

 

Figure 20. Association of FGFR4 mRNA expression with PFS and OS. Kaplan-Meier curves showing the association of FGFR4 

mRNA expression (divided into tertiles: Low, Medium, High) with PFS and OS in 253 baseline tumor samples from patients 

in the CDK cohort. Hazard ratio and p-values comparing FGFR4 High vs Low expression groups are indicated on each graph. 
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Table 7. Cox regression models of the association of PAM50 and FGFR4 expression with PFS 

Variable 

PFS OS 

Univariable Multivariable Univariable Multivariable 

HR 95% CI p HR 95% CI p HR 95% CI p HR 95% CI p 

                FGFR4 1.14 1.06-1.22 <0.001 1.18 1.10-1.28 <0.001 1.18 1.08-1.28 <0.001 1.23 1.11-1.37 <0.001 

PAM50 subtype 

Luminal A Ref.   Ref.   Ref.   Ref.   

Luminal B 1.51 1.05-2.16 0.025 1.70 1.15-2.71 0.007 1.73 1.08-2.75 0.021 1.89 1.15-3.11 0.012 

Basal-like 1.34 0.72-2.49 0.363 1.90 0.99-3.61 0.052 1.08 0.48-2.46 0.851 1.18 0.50-2.77 0.709 

Her2-enriched 3.04 1.95-4.75 <0.001 2.97 1.83-4.83 <0.001 3.09 1.76-5.43 <0.001 2.54 1.33-4.89 0.005 

Normal-like 1.95 1.09-3.50 0.025 1.66 0.91-3.02 0.097 2.71 1.36-5.39 0.005 2.49 1.22-5.09 0.013 

                   Age 0.99 0.98-0.99 0.029 0.99 0.98-1.00 0.071 1.01 0.99-1.02 0.240 - - - 

Menopausal status 
Premenopausal Ref.   - - - Ref.   - - - 

Postmenopausal 0.94 0.66-1.34 0.723 - - - 1.24 0.77-1.98 0.376 - - - 

CDK4/6i 

Palbociclib Ref.   Ref.   Ref.   - - - 

Ribociclib 0.69 0.51-0.93 0.015 0.67 0.48-0.95 0.022 0.79 0.54-1.16 0.229 - - - 

Abemaciclib 1.10 0.50-2.39 0.818 1.31 0.58-2.96 0.511 1.45 0.58-3.27 0.433 - - - 

Line of treatment 

First Ref.   Ref.   Ref.   Ref.   

Second 1.16 0.79-1.71 0.443 1.09 0.72-1.66 0.680 1.20 0.74-1.95 0.455 1.23 0.73-2.07 0.443 

Successive 2.18 1.48-3.21 <0.001 1.75 1.13-2.71 0.012 2.31 1.45-3.67 <0.001 2.40 1.42-4.06 0.001 

Type of metastasis 
Relapsed Ref.   Ref.   Ref.   Ref.   

De novo 0.65 0.47-0.90 0.010 0.60 0.43-0.85 0.004 0.52 0.33-0.81 0.004 0.53 1.87-0.33 0.011 

Bone only disease 
No Ref.   - - - Ref.   Ref.   

Yes 0.74 0.52-1.07 0.107 - - - 0.50 0.29-0.85 0.010 0.55 0.28-1.08 0.083 

Visceral disease 
No Ref.   - - - Ref.   Ref.   

Yes 1.19 0.88-1.62 0.255 - - - 1.59 1.06-2.37 0.024 0.87 0.48-1.56 0.636 

Number of metastatic 
sites 

<3 Ref.   - - - Ref.   Ref.   

≥3 1.12 0.83-1.52 0.456 - - - 1.57 1.08-2.28 0.019 1.02 0.62-1.67 0.941 

Performance status 

ECOG 0 Ref.   Ref.   Ref.   Ref.   

ECOG 1 1.21 0.88-1.67 0.236 1.29 0.93-1.80 0.127 1.60 1.04-2.44 0.031 1.70 1.08-2.67 0.023 

ECOG 2 3.01 1.75-5.15 <0.001 6.87 3.76-12.55 <0.001 3.99 2.00-7.94 <0.001 7.38 3.52-15.47 <0.001 

ECOG 3 0.53 0.07-3.80 0.524 1.11 0.15-8.56 0.918 3.52 0.84-14.76 0.085 12.35 2.55-59.90 0.002 
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Additionally, FGFR4 expression was assessed in both baseline and PD samples from the CDK 

clinical cohort. As anticipated, FGFR4 levels were significantly elevated in PD samples 

compared to baseline samples (p < 0.001), further reinforcing its role in treatment resistance 

(Figure 21). 

 

Figure 21. Expression of FGFR4 in baseline and PD samples. FGFR4 mRNA expression was assessed in 253 baseline and 59 

PD samples from patients of the CDK cohort. Statistical analyses were performed using one-way ANOVA to compare FGFR4 

expression across groups. 

 

2.4. Characterization of FGFR4 protein expression levels in tumor samples 

from patients with breast cancer 

Building on the observed association between FGFR4 gene expression and poor clinical 

outcomes, we next sought to characterize FGFR4 at the protein level in tumor samples to 

better understand its role in resistance mechanisms and to evaluate its potential as a 

therapeutic target. 

To this end, we analyzed FGFR4 protein expression using IHC in 47 baseline and 36 progressive 

disease samples from the CDK cohort and observed that FGFR4 H-Scores were higher in PD 

samples compared to baseline samples (average H-Score 120 vs 60) (Figure 22A). Importantly, 

the FGFR4 H-Score significantly correlated with its mRNA expression (Pearson correlation = 

0.66, p < 0.001) (Figure 22B) and PD samples had a higher proportion of tumors with an FGFR4 

H-Score above 50 compared to baseline samples (Figure 22C). 
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Figure 22. FGFR4 expression in breast cancer tumor samples by IHC. (A) Example of FGFR4 IHC staining in a baseline and a 

PD sample from patients of the CDK cohort. (B) Pearson correlation between FGFR4 mRNA expression and FGFR4 protein 

expression in 37 baseline and 31 PD samples of the CDK cohort. (C) Distribution of FGFR4 protein expression above and 

below an H-Score of 50 in 37 baseline and 31 PD samples of the CDK cohort. 

 

 

In parallel, we evaluated FGFR4 protein expression by IHC in 39 healthy tissue samples (Figure 

23). FGFR4 expression was undetectable in healthy tissue, suggesting that targeting FGFR4 

may result in low toxicity. 
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Figure 23. FGFR4 expression across healthy tissues. FGFR4 IHC staining in 39 healthy tissues. Original magnification, x0.7. 
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3. Targeting FGFR4 in HR+/HER2- breast cancer 

3.1. Characterization of FGFR4 in cell line models 

FGFR4 is an RTK implicated in tumor progression and therapeutic resistance, making it an 

attractive target for treatment with TKIs or monoclonal antibodies. To evaluate the 

therapeutic potential of targeting FGFR4, we assembled a panel of 6 breast cancer cell lines 

with varying levels of FGFR4 expression: MDA-MB-231, T47D, ZR751, T47D palbociclib-

resistant (PR), T47D Y367C, and MDA-MB-453. 

The T47D PR cell line was generated in our laboratory through prolonged exposure to 

increasing doses of palbociclib over 6 months. This process led to the acquisition of resistance 

to 500 nM palbociclib and a phenotypic shift toward a HER2-enriched subtype. Similarly, the 

T47D Y367C cell line was generated by introducing a constitutively activating FGFR4 Y367C 

mutation, which is intrinsically found in the MDA-MB-453 cell line (269), into parental T47D 

cells. Like the PR variant, this engineered line also exhibited a HER2-enriched phenotype 

based on PAM50 subtyping. 

The expression of ER, PR, HER2, and molecular intrinsic subtypes were validated using IHC 

and PAM50 gene expression profiling, respectively. ZR751, T47D PR, T47D Y367C, and MDA-

MB-453 cell lines were classified as HER2-enriched, while T47D showed a borderline Luminal 

B/HER2-enriched profile, and MDA-MB-231 was categorized as Basal-like (Figure 24A). 

Although our primary focus was on HR+/HER2- breast cancer, we included the TNBC MDA-

MB-231 and MDA-MB-453 cell lines since they represent relevant models for FGFR4 

expression and mutational status. Notably, MDA-MB-453 cells harbor the FGFR4 Y367C 

mutation, which made them a valuable model for studying FGFR4-targeted therapies. In 

contrast, MDA-MB-231 cells lack FGFR4 expression and served as a negative control for the 

assessment of target specificity. 

FGFR4 expression was evaluated across the cell line panel using multiple techniques, allowing 

classification into three categories: FGFR4-negative, FGFR4-low, and FGFR4-high. 

Quantification of total FGFR4 mRNA (Figure 24B) and protein levels (Figure 24C) identified 

four cell lines (i.e., ZR751, T47D PR, T47D Y367C, and MDA-MB-453) with high FGFR4 
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expression. Notably, all four were also classified as HER2-enriched by PAM50 (Figure 24A). 

T47D displayed low FGFR4 expression, while MDA-MB-231 lacked detectable FGFR4, 

supporting its role as a negative control. IHC staining of FFPE cell pellets confirmed both 

membranous and cytoplasmic FGFR4 localization in the high-expressing lines, with membrane 

H-scores ranging from 165 to 230. In contrast, MDA-MB-231 cells showed no membrane 

staining (H-Score = 0) (Figure 24D). 

Together, these findings validated the selected cell line panel as a robust platform for 

evaluating FGFR4-targeted drugs. 

 

Figure 24. Selection of a panel of six breast cancer cell lines for ADC optimization. Cell lines with different levels of 

expression of FGFR4 were selected for the optimization of an anti-FGFR4 ADC. (A) Molecular subtype of each cell line by 

PAM50 and ER, PR, and HER2 status determined by IHC. (B) FGFR4 mRNA expression. At least three independent mRNA 

extractions per cell line were performed. Mean values ± SEM are shown. (C) FGFR4 protein expression. Actin was used as a 

loading control. (D) FGFR4 IHC staining from cellular pellets. Shown are the H-Scores for membrane, cytoplasm, and total 

stainings. 
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3.2. Targeting FGFR4 with a selective FGFR4 tyrosine kinase inhibitor in breast 

cancer cell line models 

Given the association of FGFR4 expression with poor clinical outcomes and resistance to 

therapy, we investigated the therapeutic potential of INCB062079, a potent, selective, and 

irreversible FGFR4 inhibitor. INCB062079 covalently binds to Cys552, a unique cysteine 

residue within the ATP-binding pocket of FGFR4 that is not conserved in FGF1-3, and 

effectively blocks FGFR4 autophosphorylation and downstream signaling (246). This 

structural specificity provides a significant advantage over pan-FGFR inhibitors by minimizing 

off-target activity and reducing the risk of systemic toxicity, thereby enabling more precise 

targeting of FGFR4-driven oncogenic pathways. The compound has demonstrated promising 

preclinical activity in cancers with aberrant FGFR4 signaling, such as HCC, where it suppressed 

tumor growth and proliferation both in vitro and in vivo (245,246). A phase I clinical trial 

(NCT03144661) was initiated; however, the study was terminated early due to slow patient 

accrual (247). 

To evaluate the potential of INCB062079 in breast cancer, we assessed its efficacy across our 

panel of breast cancer cell lines exhibiting varying levels of FGFR4 expression. Cells were 

treated with increasing concentrations of the inhibitor (0, 0.001, 0.01, 0.1, 1, 2.5, 5, and 10 

μM) for 72 h. A cytotoxic effect was observed exclusively in the FGFR4-mutant MDA-MB-453 

cell line. However, no cytotoxicity was detected in other cell lines with similarly high FGFR4 

levels, such as ZR751 and the T47D PR cells, except at the highest drug concentrations. 

Notably, the T47D Y367C mutant cell line, which harbors the same activating mutation as 

MDA-MB-453 (269), also failed to respond to treatment (Figure 25). 

 

Figure 25. Cytotoxic effect of INCB062079 in FGFR4-expressing breast cancer cell lines. MDA-MB-231, T47D, ZR751, T47D 

PR, T47D Y367C, and MDA-MB-453 cells were treated with increasing doses of INCB062079 for 72h. Shown are 

representative graphs of cell viability readouts determined by Hoechst 33342 staining. Data were normalized to untreated 

controls, and three independent experiments were performed. Mean values ± SEM are shown. 
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To further assess this selective sensitivity, we expanded the analysis to include additional 

breast cancer cell lines with a range of FGFR4 expression levels (Figure 26A). In this second 

panel, INCB062079 treatment did not reduce cell viability across any of the tested cell lines, 

regardless of FGFR4 levels (Figure 26B). These results indicate that the cytotoxic activity of 

INCB062079 is restricted to the MDA-MB-453 cell line, with no broader efficacy observed in 

vitro within the tested breast cancer models. 

 

Figure 26. FGFR4 expression and cytotoxic effect of INCB062079 in an extended panel of breast cancer cell lines. (A) FGFR4 

mRNA expression. At least three independent mRNA extractions per cell line were performed. Mean values ± SEM are shown. 

(B) SKBR3, MCF7, MCF7 PR, BT474, BT474 LTR, and BT474 TTR cells were treated with increasing doses of INCB062079 for 

72h. Shown are representative graphs of cell viability readouts determined by Hoechst 33342 staining. Data were normalized 

to untreated controls, and three independent experiments were performed. Mean values ± SEM are shown. 

 

Gene expression profiling was conducted 72 h after treatment with 100 nM INCB062079 in 

all cell lines. In MDA-MB-453 cells, treatment resulted in a marked reduction in genes 

associated to the Basal-like signature and the Proliferation Score, along with an increase in 

genes related to the Luminal A and Normal-like signatures (Figure 27). In contrast, minimal or 

no transcriptional changes were observed in the remaining eleven cell lines, consistent with 

their lack of sensitivity to the inhibitor. 

Taken together these findings highlight the limited activity of INCB062079 in breast cancer 

cell lines, with efficacy restricted to the MDA-MB-453 cell line. Consequently, we concluded 

that INCB062079 is not a viable broadly applicable therapeutic agent for breast cancer and 

we shifted our focus toward exploring alternative strategies to target FGFR4. 

A B

S
K
BR

3

M
C
F7

M
C
F7 

P
R

B
T47

4

B
T47

4 
LT

R

B
T47

4 
TTR

-12

-10

-8

-6

-4

-2

0

2

4

F
G

F
R

4
 m

R
N

A
(l
o
g
2
 v

a
lu

e
s
)

0.001 0.01 0.1 1 10 1000
0

20

40

60

80

100

120

140

[INCB062079] µM

C
e
ll 

v
ia

b
ili

ty
 (

%
)

MCF7

MCF7 PR

BT474-TTR

SKBR3

BT474

BT474-LTR



110 

 

 

Figure 27. Transcriptomic changes after treatment with INCB062070 in breast cancer cell lines. Gene expression of 12 cell 

lines before and after treatment with 100 nM INCB062079 for 72 h. Three independent mRNA extractions per condition 

were performed. 

 

3.3 Selection and validation of FGFR4-directed monoclonal antibodies in 

breast cancer cell lines 

The emergence of ADCs has transformed breast cancer therapy, offering a targeted approach 

to deliver cytotoxic agents to tumor cells while minimizing off-target toxicity (148). In this 

thesis, we sought to explore the potential of targeting FGFR4 with ADCs. The identification of 

monoclonal antibodies with high specificity and affinity for FGFR4 is a critical step in the 
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development of such therapeutics. Here, we selected three previously reported humanized 

monoclonal antibodies (named here as Ab-1 (260), Ab-2 (261), Ab-3 (262)) for evaluation in 

our panel of breast cancer cell lines. All three antibodies target the extracellular domain of 

FGFR4, binding either to the acid box region or domain 2 (Figure 28). Detailed descriptions of 

the chosen antibodies, including their origin and characteristics, are provided in the Methods 

section 3.2 (Antibodies and antibody-drug conjugates). 

 

Figure 28. Binding sites of monoclonal antibodies Ab-1, Ab-2, and Ab-3 on the extracellular domain of FGFR4. Schematic 

representation created in BioRender.com 

 

We first evaluated the antigen-binding capacity of the antibodies using flow cytometry. Breast 

cancer cell lines were incubated with the primary antibodies Ab-1, Ab-2, and Ab-3, followed 

by an APC-conjugated anti-human secondary antibody. No detectable binding was observed 

in FGFR4-negative and FGFR4-low cell lines, consistent with their low receptor expression. In 

contrast, all FGFR4-high cell lines exhibited robust, dose-dependent binding to each of the 

three antibodies (Figure 29), confirming their specificity for cell surface FGFR4. 
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Figure 29. Assessment of the antigen-binding capacity of Ab-1, Ab-2, and Ab-3. Binding capacity of cell lines to increasing 

doses of the three antibodies against FGFR4. Assessed by cytometry using an APC-conjugated anti-human secondary 

antibody. Three independent experiments were performed. Mean values of the geometric MFI ± SEM are shown. 

 

To assess antibody internalization, cells were incubated with the antibodies Ab-1, Ab-2, or 

Ab-3 at 37 ºC for 0, 2, or 4 h. Internalization was monitored by measuring the reduction in cell 

surface-associated APC fluorescence, reflecting the loss of membrane-bound antibody-

antigen complexes over time. At the 0-hour timepoint, all three FGFR4-specific antibodies 

showed consistent and comparable binding profiles across FGFR4-high cell lines, confirming 

similar affinities for cell surface FGFR4. In contrast, little to no signal was observed in the 

FGFR4-low and FGFR4-negative cell lines. A non-specific primary antibody was included as a 

negative control, which showed no detectable binding with any of the cell lines, regardless of 

FGFR4 expression (Figure 30). 

 
Figure 30. APC signal across cell lines at 0-h timepoint. Cells were treated with an isotype control, Ab-1, Ab-2, or Ab-3 

antibodies and an APC-conjugated anti-human secondary antibody. Three independent experiments were performed. Mean 

values of the median fluorescence signal ± SEM are shown. 
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In FGFR4-high cell lines, a significant reduction of up to a 60% in surface APC signal was 

observed after 4 h, indicating efficient and FGFR4-specific internalization of the antibody-

antigen complex (Figure 31). In contrast, FGFR4-negative and FGFR4-low cell lines showed 

minimal APC signal (Figure 30) and no statistically significant internalization (Figure 31), 

consistent with limited or absent antibody binding at the tested dose (Figure 29). 

 

Figure 31. Assessment of the internalization capacity of Ab-1, Ab-2, and Ab-3. Internalization of the antibody-antigen 

complexes in cell lines. Assessed by cytometry using an APC-conjugated anti-human secondary antibody. Data was 

normalized to 0 h control and three independent experiments were performed. Mean values of the median fluorescence 

signal ± SEM are shown. Statistical analyses were performed using two-way ANOVA. ns > 0.05, * p < 0.05, ** p < 0.01. 

 

Given that monoclonal antibodies can exert therapeutic effects without the need for 

conjugation, we first sought to determine whether these anti-FGFR4 antibodies possess 

intrinsic in vitro anti-tumor activity prior to their development as ADCs. To this end, we 

evaluated cell viability following treatment with increasing antibody concentrations, up to 3 

μg/ml. No cytotoxic effect was observed at either 72 h (Figure 32A) or 144 h (Figure 32B), 

regardless of FGFR4 expression levels. Given that these antibodies lack inherent cytotoxic 

activity, the absence of a response may be attributed to the lack of immune effector cells in 

the in vitro culture system. 
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Figure 32. Assessment of the cytotoxic properties of Ab-1, Ab-2, and Ab-3. Cells were treated with increasing doses of Ab-

1, Ab-2 or Ab-3 for (A) 72 h or (B) 144 h. Shown are representative graphs of cell viability readouts determined by Hoechst 

33342. Data was normalized to untreated cells and three independent experiments were performed. Mean values ± SEM are 

shown. 
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3.4 Exploring payload conjugates for FGFR4-targeted therapy 

Based on the observation that the three antibodies bind to and are internalized by FGFR4-

high cell lines but do not exert a cytotoxic effect on their own, we next explored their potential 

as delivery vehicles for cytotoxic payloads. To this end, we evaluated antibody-payload 

conjugates using anti-human secondary antibodies linked to cytotoxic agents. From this point 

forward, FC tail-silenced versions of the primary antibodies were employed to prevent Fc 

receptor-mediated immune activation in future in vivo applications and potential clinical 

translation. 

Cytotoxicity was observed in T47D PR cells treated with each of the three primary antibodies 

(Ab-1, Ab-2, Ab-3) in combination with a secondary Fab-cleavable linker-MMAE antibody, 

with corresponding IC50 values of 0.874, 0.686, and 0.278 μg/ml, respectively. No cytotoxic 

effect was detected in cells treated with a non-specific isotype control antibody (Isotype Ab-

1) in combination with secondary Fab-cleavable linker-MMAE antibody, confirming the 

specificity of the antibody-antigen interaction, successful conjugation, and absence of 

premature payload release (Figure 33). 

 

Figure 33. Cytotoxicity of Ab-1, Ab-2, and Ab-3 antibodies in combination with MMAE-conjugated secondary antibody. 

Cells were treated for 144 h with increasing doses of primary and secondary antibodies (1:6). Cell viability was assessed using 

Cell Titer Aqueous and normalized to untreated controls. T47D PR cells treated with FGFR4-specific antibodies Ab-1, Ab-2, 

Ab-3 in combination with secondary Fab-cleavable linker-MMAE. Three independent experiments were performed. Mean 

values ± SEM are shown. 

 

We next investigated the cytotoxic potential of different payloads by treating MDA-MB-453 

and T47D PR cells with Ab-2 in combination with secondary antibodies conjugated to Fab-

cleavable linker-MMAE, Fab-cleavable linker-Duocarmycin, or Fab-non-cleavable linker-

MMAF. In MDA-MB-453 cells, the IC50 values for these combinations were 0.227, 0.148, and 
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0.137 μg/ml, respectively, while in T47D PR cells, they were 0.686, 0.029, and 0.667 μg/ml, 

respectively. The non-specific primary Isotype Ab-1 was again used as a negative control. 

While no cytotoxic effect was observed when pairing Isotype Ab-1 with MMAE and MMAF-

based secondary antibodies, the combination with the Fab-cleavable linker-Duocarmycin 

secondary antibody resulted in cytotoxicity at higher concentrations, particularly in T47D PR 

cells (IC50: 0.866 μg/ml), suggesting some degree of off-target toxicity or premature release 

associated with the Ab-2-Duocarmycin combination (Figure 34). 

 

Figure 34. Cytotoxicity of different Ab-2-payload combinations in T47D PR and MDA-MB-453 cells. Cells were treated for 

144 h with increasing doses of primary and secondary antibodies (1:6). Cell viability was assessed using Cell Titer Aqueous 

and normalized to untreated controls. MDA-MB-453 and T47D PR cells treated with Ab-2 primary antibody in combination 

with CL-MMAE, CL-Duocarmycin, or NC-MMAF conjugates. Three independent experiments were performed. Mean values 

± SEM are shown. 

 

These findings highlighted the potential of all three FGFR4-targeting antibodies in the 

development of an ADC. Each demonstrated specific binding to FGFR4-expressing breast 

cancer cells and induced cytotoxicity when paired with a cytotoxic payload, supporting their 

suitability for FGFR4-targeted ADC applications (Figures 33 and 34). Ab-2 showed consistent 

and potent cytotoxic activity across both cell lines and with multiple payload types, 

underscoring its versatility. Notably, the MMAE payload emerged as the most promising 
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candidate, as it is delivered via a cleavable linker and showed no cytotoxic effect when co-

administered with the isotype control antibody, reinforcing its specificity and therapeutic 

potential (Figure 34). Moreover, most approved ADCs for HR+/HER2- breast cancer rely on 

TOP1 inhibitors as payloads (168), which can be limited by resistance mechanisms, 

highlighting the need for novel ADCs with alternative targets and diverse cytotoxic payloads. 

 

3.5 Targeting FGFR4 with an ADC in breast cancer cell line models 

Building on the promising cytotoxic results observed with the secondary antibody-payload 

conjugates, we next sought to develop fully assembled anti-FGFR4 ADCs. Based on its 

consistent target binding and potent activity across multiple payload types, Ab-2 was selected 

for ADC production and optimization. MMAE, a potent microtubule inhibitor, was chosen as 

the cytotoxic payload. MMAE is typically conjugated to antibodies via a cleavable valine-

citrulline-p-aminobenzyloxycarbonyl (VC-PAB) linker, which ensures targeted intracellular 

drug release while minimizing off-target effects (270). Notably, MMAE’s membrane 

permeability allows it to exert a bystander effect, killing adjacent tumor cells independent of 

target expression (271–273). 

To assess the impact of conjugation chemistry and DAR, we generated three ADC constructs 

using either cysteine or lysine conjugation sites and DARs of 4 or 8 (Figure 35). 

 
Figure 35. Schematic representation of the three anti-FGFR4 ADC candidates: ADC-1, ADC-3, and ADC-2. Each ADC consists 

of the Fc-silent anti-FGFR4 antibody conjugated to the cytotoxic payload (MMAE) via a cleavable VC-PAB linker at a DAR of 

4 or 8. ADC conjugation strategies include cysteine and lysine conjugation sites. ADC-1: cysteine conjugation site and DAR 4. 

ADC-2: lysine conjugation site and DAR 4. ADC-3: cysteine conjugation site and DAR 8. Illustration created in BioRender.com 



118 

 

The design and production of these ADCs were carried out in collaboration with ONA 

Therapeutics. Additional details on the generation and characterization of the ADCs are 

provided in the Methods section 3.2 (Antibodies and antibody-drug conjugates). 

The cytotoxic effects of the 3 anti-FGFR4 ADCs were evaluated in vitro in our panel of breast 

cancer cell lines with varying levels of FGFR4 expression. All 3 ADCs induced significant cell 

death in FGFR4-high but had no impact on FGFR4-negative or FGFR4-low cells following both 

72 h (Figure 36A) and 144 h treatments (Figure 36B).  

The cytotoxic response in FGFR4-high cell lines was more pronounced after 144 h, reaching 

70%-100% cell mortality (Figure 36B), highlighting the time-dependent efficacy of the ADCs. 

While all constructs were effective, ADC-3 showed lower potency than ADC-1 and ADC-2 at 

the longer time point (Figure 36B). 
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Figure 36. Assessment of the cytotoxic properties of ADC-1, ADC-2 and ADC-3. Cells were treated with increasing doses of 

ADC-1, ADC-2 or ADC-3 for (A) 72 h or (B) 144 h. Shown are representative graphs of cell viability readouts determined by 

Cell Titer AQueous. Data was normalized to untreated cells and three independent experiments were performed. Mean 

values ± SEM are shown. 

 

Importantly, no cytotoxicity was observed when cells were treated with a non-specific Isotype 

ADC at either time point (Figures 37A and 37B), confirming that the observed effects were 

FGFR4-dependent. These results also support the stability of the ADCs in the extracellular 
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environment and indicate that MMAE is triggered specifically upon internalization into 

FGFR4-expressing cells, thereby limiting off-target toxicity. Treatment with MMAE resulted in 

cytotoxicity across all cell types at both time points (Figures 37A and 37B), further validating 

the antigen-specific mechanism of action of the ADCs. As with the ADCs, MMAE-induced 

cytotoxicity was more pronounced after prolonged exposure, with mortality rates of almost 

100% in MDA-MB-231 and MDA-MB-453 cells (Figures 37B). 

 

Figure 37. Assessment of the cytotoxic properties of non-specific control ADCs and MMAE. Cells were treated with 

increasing doses of Isotype ADC or MMAE for (A) 72 h or (B) 144 h. Shown are representative graphs of cell viability readouts 

determined by Cell Titer AQueous. Data was normalized to untreated cells and three independent experiments were 

performed. Mean values ± SEM are shown. 

 

To further confirm the long-term specificity and potency of the ADC-2 construct, a clonogenic 

assay was performed. FGFR4-high cells treated with ADC-2 over an extended period (~17 

days) displayed a marked reduction in colony formation (Figure 38A and 38B). To assess 

target specificity, the cell viability at the highest dose (1 μg/ml) was compared between 

FGFR4-negative/low and FGFR4-high cell lines (Figure 38C). FGFR4-high cells exhibited a 

significantly lower survival fraction relative to FGFR4-negative/low cells (p = 0.004), 

highlighting the selective toxicity of ADC-2 toward FGFR4-expressing populations. 
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Figure 38. Assessment of the clonogenic ability of breast cancer cell lines after prolonged ADC-2 treatment. Cells were 

treated with increasing doses of ADC-2 every 3 days until untreated cells reached confluency. (A) Crystal violet staining of 

cells after ADC-2 treatment. (B) Representative graph of cell viability readouts after crystal violet staining of cells. Data was 

normalized to untreated cells. Three experimental and two biological replicates were performed for each condition. Mean 

values ± SEM are shown. (C) Bar plot showing cell viability of FGFR4-negative/low vs FGFR4-high cells after treatment with 1 

μg/ml ADC-2. FGFR4-high cells exhibited significantly reduced survival (p = 0.004). Three experimental and two biological 

replicates were performed for each condition. Mean values ± SEM are shown. 

 

Based on its favorable cytotoxic profile, target specificity, and PK properties (detailed in the 

Methods section 3.2 (Antibodies and antibody-drug conjugates)), ADC-2 was selected as the 

lead ADC candidate for further development. 
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3.6 Bystander killing effect of ADC-2 

The bystander effect of an ADC refers to the phenomenon by which cytotoxic agents, released 

from targeted cancer cells, diffuse through cellular membranes into the surrounding 

microenvironment inducing cell death in neighboring cells regardless of their antigen 

expression (Figure 39) (273). 

 

Figure 39. Schematic representation of the bystander killing effect mediated by an FGFR4-directed MMAE-based ADC from 

FGFR4 (+) to FGFR4 (-) cells. (1) The FGFR4-directed MMAE-based ADC binds specifically to FGFR4 (+) cells and (2) is 

internalized via endocytosis. (3) Upon trafficking to the lysosomal compartment, the linker is cleaved, releasing the cytotoxic 

payload. (4a) The payload induces microtubule disruption, leading to cell death in FGFR4 (+) cells. (4b) In parallel, the released 

payload can diffuse into neighboring FGFR4 (-) cells, exerting cytotoxic effects. This phenomenon is referred to as the 

bystander effect. Illustration created in BioRender.com 

 

This effect is particularly relevant in tumors exhibiting intratumoral heterogeneity, as not all 

cells may express the target antigen and could therefore evade direct targeting (273). To 

investigate this possibility, we assessed FGFR4 expression by IHC in breast tumor samples 

from the CDK clinical cohort. Among all tumors analyzed, notable variation in staining across 

different regions, indicative of intratumoral heterogeneity, was observed in 1.8% of cases (4 

out of 228; Figure 40). Although such heterogeneity was relatively rare, its presence may have 

important implications for targeted therapies, particularly those involving ADCs with 

cleavable linkers and membrane-permeable payloads. 
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Figure 40. Representative image of a tumor sample with intratumoral heterogeneity of FGFR4 expression. FGFR4 IHC 

analysis in a tumor from the CDK clinical cohort. Overall FGFR4 H-Score: 150. 

 

To assess the bystander killing effect of ADC-2, we treated FGFR4-negative MDA-MB-231 cells 

expressing RFP (MDA-MB-231-RFP+) co-cultured with FGFR4-high MDA-MB-453 cells. First, 

the cytotoxic effect of ADC-2, Isotype-ADC-2, and MMAE was evaluated in monocultures 

following 96- or 120-h treatments (Figure 41). A concentration of 0.3 μg/ml of ADC-2 and 

Isotype-ADC-2 was chosen for the co-culture assay, as it resulted in approximately 80% cell 

death in MDA-MB-453 cells while having no impact on MDA-MB-231-RFP+ cells. 

 

Figure 41. Cytotoxicity of ADC-2, isotype control ADC, and MMAE in MDA-MB-231-RFP+ and MDA-MB-453 monocultures. 

Cells were treated with increasing doses of ADC-2, isotype control ADC, or MMAE for 144h. Shown are representative graphs 

of cell viability readouts determined by Cell Titer AQueous. Data was normalized to untreated cells and three independent 

experiments were performed. Mean values ± SEM are shown. 
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MDA-MB-231-RFP+ and MDA-MB-453 cells were co-cultured at ratios of 1:20 or 1:5 and 

treated with ADC-2, Isotype-ADC-2, or MMAE for 96 or 120h, respectively. As expected, ADC-

2 significantly reduced the survival of MDA-MB-453 cells in both monoculture and co-culture 

conditions and in both experimental settings. Notably, ADC-2 had no effect on MDA-MB-231-

RFP+ cells when cultured alone but significantly decreased their survival when co-cultured 

with MDA-MB-453 cells at both ratios, indicating a bystander effect. This effect was more 

pronounced in the 1:20 ratio co-cultures, where four times more FGFR4-high cells per FGFR4-

negative cell were seeded compared to the 1:5 ratio. Nonetheless, the bystander effect 

exerted in the co-cultured cells was statistically significant in both experimental settings (p < 

0.0001). In contrast, the Isotype-ADC-2 control showed no cytotoxic activity in either 

monoculture or co-culture, while MMAE induced cell death in both conditions (p < 0.0001), 

independent of FGFR4 expression and experimental setting (Figure 42). 

 

Figure 42. Bystander killing effect of ADC-2 in a co-culture model of breast cancer cell lines. MDA-MB-231-RFP+ and MDA-

MB-453 cells were co-cultured (1:20 or 1:5 ratios) and treated with ADC-2, Isotype-ADC-2, or MMAE for 96 or 120 h. The 

number of RFP+ events was established by cytometry. Data were normalized to the corresponding untreated cells, which 

were set to 100% and are represented by a dashed line in the graphs to facilitate visual comparison. Three independent 

experiments were performed and mean values ± SEM are shown. Statistical analyses were performed using two-way ANOVA, 

comparing each treatment condition to the corresponding untreated control. * p < 0.05 and **** p < 0.0001. 
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3.7 Effects of Ab-2, ADC-2 and MMAE on gene expression in breast cancer cells 

Changes in gene expression were analyzed following treatment with the naked Ab-2, the 

FGFR4-directed ADC-2, and the payload MMAE. As shown in Figure 43, treatment with Ab-2 

did not result in any detectable changes in gene expression, consistent with its lack of 

cytotoxic activity in our panel of cell lines (Figure 32). In contrast, treatment with ADC-2 or 

MMAE induced distinct transcriptional responses depending on FGFR4 status. Across all cell 

lines, MMAE consistently led to a significant reduction in proliferation-related genes and/or 

the Proliferation Score. ADC-2 elicited similar effects, but only in FGFR4-high cell lines, 

highlighting both the specificity of the ADC and the contribution of the MMAE payload to its 

activity (Figure 43). 

In FGFR4-high T47D PR and T47D Y367C cells, both ADC-2 and MMAE significantly 

downregulated Luminal B and Basal-like PAM50 signatures, as well as the Proliferation Score, 

while upregulating HER2-enriched, Luminal A, and Normal-like signatures (FDR < 5%). An 

increase in FGFR4 expression was observed following treatment with either ADC-2 or MMAE 

at both the mRNA and protein levels (Figures 43 and 44). However, this upregulation was 

transient, as shown in Figure 46, and likely reflects an acute cellular response to cytotoxic 

stress and/or early compensatory signaling mechanisms. 



126 

 

 
Figure 43. Changes in gene expression after treatment with ADC-2 and MMAE in breast cancer cell lines. Heatmap of a 
multiclass SAM representing the PAM50 molecular subtypes, Proliferation Score and genes that are differentially expressed 

(FDR < 5%) in cells treated with 10 g/ml Ab-2, 0.1 g/ml ADC-2, or 0.01 g/ml MMAE for 72 h. Three independent mRNA 
extractions per condition were performed. 
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Besides increased FGFR4 expression in T47D PR and T47D Y367C cells, western blotting also 

showed that both ADC-2 and MMAE induce cell cycle arrest in these FGFR4-high cells, 

evidenced by a pronounced reduction in p-Rb. In contrast, this effect was only observed in 

FGFR4-negative and FGFR4-low cells following MMAE treatment (Figure 44), further 

supporting the specificity of ADC-2 and its role in regulating the cell cycle. 

 

Figure 44. Changes in protein expression after treatment with ADC-2 and MMAE in breast cancer cell lines. FGFR4 and p-

Rb expression after treatment with 0.1 g/ml ADC-2 or 0.01 g/ml MMAE for 72h. Actin was used as a loading control. 

 

 

 

 

3.8 Generation and characterization of an ADC-2-resistant cell line 

Next, we developed a new T47D PR ADC-2-resistant (ADC-2-R) cell line by culturing T47D PR 

cells with increasing doses of ADC-2 in combination with 500 nM palbociclib over eight 

months (Figure 45A). Compared to T47D PR cells, T47D PR ADC-2-R cells exhibited reduced 

FGFR4 expression at both the mRNA (Figure 45B) and protein (Figure 45C) levels. IHC analysis 

of cell pellets confirmed decreased FGFR4 in both the membrane and cytoplasm, with H-

Scores of 155 (membrane), 120 (cytoplasm), and 145 (total) in the resistant line (Figure 45D). 

While the reduction in FGFR4 was substantial and consistent across measurement methods, 

FGFR4 levels in T47D PR ADC-2-R did not fully revert to the low levels characteristic of the 

parental T47D line (Figures 45B-D), indicating only a partial shift toward the FGFR4-low 

phenotype. 
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Figure 45. Generation and characterization of the T47D PR ADC-2-R cell line. (A) Schematic illustrating the process of 

generating T47D PR ADC-2-R cells. Created in BioRender.com (B) FGFR4 mRNA expression across cell lines. At least three 

independent mRNA extractions per cell line were performed. Mean values ± SEM are shown. (C) FGFR4 protein expression. 

Actin was used as a loading control. (D) FGFR4 IHC staining from cellular pellets. Shown are the H-Scores for membrane, 

cytoplasm, and total FGFR4 stainings. 

 
To further explore the durability of the transcriptional responses observed after ADC-2 

treatment (Figure 43) and their potential role in acquired resistance, we examined gene 

expression changes in ADC-2-resistant cells. 

T47D, T47D PR, and T47D PR ADC-2-R cells were treated with ADC-2 or MMAE for 72 h, and 

changes in PAM50 intrinsic subtypes and FGFR4 expression were evaluated. Notably, 

untreated T47D PR ADC-2-R cells exhibited a shift toward a more Basal-like and Luminal B 

phenotype, characterized by increased proliferation and reduced expression of the Luminal 

A and Normal-like signatures (Figure 46). Treatment with ADC-2 or MMAE led to small 

changes in the PAM50 subtypes, with a more pronounced shift observed following MMAE 

treatment. 
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Figure 46. PAM50 subtypes and FGFR4 expression changes in T47D, T47D PR, and T47D PR ADC-2-R cells following drug 

treatment. Heatmap of a multiclass SAM representing the PAM50 molecular subtypes, Proliferation Score and genes that 

are differentially expressed (FDR < 5%) in cells treated with 0.1 g/ml ADC-2 or 0.01 g/ml MMAE for 72 h. Three 

independent mRNA extractions per condition were performed. 
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Compared to T47D PR cells, T47D PR ADC-2-R cells showed a decrease in the HER2-enriched 

subtype and reduced FGFR4 expression. Upon treatment with ADC-2 or MMAE, both the 

HER2-enriched signature and FGFR4 expression increased, particularly in response to MMAE 

(Figure 46). These changes resembled the early transcriptional responses observed in FGFR4-

high T47D PR and T47D Y367C cells after 72 h of treatment (Figures 43 and 46). While the 

transcriptional changes observed after 72 h of ADC-2 or MMAE treatment in FGFR4-high cells 

appear to be transient and likely reflect short-term adaptative responses, the alterations seen 

in T47D PR ADC-2-R cells persisted for over 6 months, indicating a more stable and potentially 

acquired phenotype. 

The cytotoxic effect of ADC-2 and MMAE was assessed in T47D PR ADC-2-R cells. After 144 h 

of treatment with ADC-2, T47D PR ADC-2-R cells showed a 4.2-fold increase in their IC50 

compared to T47D PR cells (0.092 vs 0.022 μg/ml). Such differences were not observed when 

treating cells with MMAE, as all cell lines, including FGFR4-low T47D, showed a similar 

cytotoxic response (Figure 47A). These results were further confirmed by treating the cells 

with Ab-2-DXd-ADC, another FGFR4-directed ADC consisting of the Ab-2 linked to DXd with a 

DAR of 8, as well as with DXd alone (Figure 47B). T47D PR ADC-2-R treated with Ab-2-DXd-

ADC showed no effect, even when treated with the highest doses. 

 
Figure 47. Assessment of the cytotoxic properties of ADC-2, MMAE, Ab-2-DXd-ADC, and DXd in T47D PR ADC-2-R cells. 

T47D, T47D PR, and T47D PR ADC-2-R cells were treated with increasing doses of (A) ADC-2, MMAE, (B) Ab-2-DXd-ADC, and 

DXd for 144 h. Shown are representative graphs of cell viability readouts determined by Cell Titer AQueous. Data was 

normalized to untreated cells and three independent experiments were performed. Mean values ± SEM are shown. 
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Overall, these findings demonstrate that, in our in vitro model, resistance to ADC-2 is 

associated with reduced FGFR4 expression and a shift toward a more aggressive intrinsic 

subtype profile. Importantly, the retained sensitivity to MMAE suggests that alternative 

targeting strategies could remain effective in overcoming ADC-2 resistance within this system. 

While these results provide valuable mechanistic insights, we emphasize that they reflect a 

behavior in a controlled in vitro context. As such, they should not be directly extrapolated to 

predict clinical resistance mechanisms or ADC efficacy in patients. 

 

3.9 Validation of anti-FGFR4 therapies in vivo using breast cancer CDX models 

To validate our in vitro findings, two breast cancer CDX mouse models were used. All in vivo 

experiments were conducted in collaboration with the Growth Control and Cancer Metastasis 

Research Group, led by Roger Gomis at the Institut de Recerca Biomèdica (IRB) in Barcelona. 

Cells were injected to mice, and tumors were allowed to grow in the presence of 

supplemented estrogens. Upon reaching a measurable size (~75 mm³), mice were 

randomized and treated with vehicle, an Isotypic-ADC and FGFR4-directed ADC-2 (2 or 5 

mg/kg) once a week 4 times and subsequently followed (Figure 48). 

 

Figure 48. Schematic representation of the generation of the two CDX models and the experimental approach. ZR751 and 

T47D cells were subcutaneously injected into BALB/c nude mice to establish CDX models. When tumors reached 

approximately 75 mm³, mice were treated weekly for four weeks with vehicle (grey), isotypic-ADC 2 mg/kg (blue), isotypic-

ADC 5 mg/kg (green), FGFR4-directed ADC-2 2 mg/kg (red), or FGFR4-directed ADC-2 5 mg/kg (pink). 

 

No differences in terms of mouse weight were observed across treatment groups, indicating 

good tolerability (Figure 49). An average weight loss of approximately 10% was recorded in 

all studies, which remains within the acceptable threnshold (<20%) for preclinical models. 
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Figure 49. Average body weight change in mice following treatment across in vivo studies.  

 
In FGFR4-high ZR751 xenograft models, subtle or no effect was observed when mice were 

treated with vehicle or isotype ADC and tumors developed regardless of treatment. In 

contrast, systemic treatment with ADC-2 significantly reduced tumor volume at both doses 

compared to the vehicle (p < 0.0001), with the 5 mg/kg dose showing a more pronounced 

effect than 2 mg/kg (p = 0.0003), leading to complete tumor regression by day 29 (Figure 

50A). 

After harvesting tumors, we analyzed PAM50 gene expression of ZR751 xenograft models 

using the nCounter platform and confirmed a change from HER2-enriched subtype to Luminal 

subtypes only after treatment with the FGFR4-ADC. This change in PAM50 subtype was 

associated with significant expression of 59 genes, including reduced expression of FGFR4 and 

proliferation genes and an increase in the expression of luminal-related genes in tumors 

treated with the FGFR4-ADC (Figure 50B). 

A second in vivo experiment was conducted using FGFR4-low T47D xenograft models. ADC-2 

at 5 mg/kg elicited a modest yet statistically significant reduction in tumor growth (p = 0.009), 

while the 2 mg/kg dose was ineffective (p = 0.267) (Figure 50C). The isotype control ADC had 

no effect on tumor growth at either dose (p = 0.123 and p = 0.134 at 2 or 5 mg/kg, 

respectively). In this model, only 2 genes were differentially expressed across treatment 

conditions (Figure 50D). 

These findings collectively demonstrate that ADC-2’s anti-tumor efficacy is highly dependent 

on FGFR4 expression and is dose-responsive in vivo. While ADC-2 retains some activity in 

FGFR4-low tumors at higher doses, its therapeutic potential is markedly enhanced in FGFR4-
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high models (Figures 50A and 50C). Notably, in tumors expressing high FGFR4, ADC-2 

treatment induces a shift towards less aggressive tumor phenotypes, characterized by 

reductions in proliferative and aggressive subtypes and increased representation of Luminal 

A and Normal-like signatures (Figures 50B). 

 

Figure 50. Therapeutic efficacy and transcriptional effects of ADC-2 in vivo. (A) Tumor growth curves of ZR751 xenografts 
after treatment. Statistical analyses were performed using the Mann-Whitney U test. (B) Heatmap of a multiclass SAM 
representing the PAM50 molecular subtypes, Proliferation Score and genes that are differentially expressed (FDR < 5%) upon 
treatment in ZR751 xenografts. (C) Tumor growth curves of T47D xenografts after treatment. Statistical analyses were 
performed using the Mann-Whitney U test. (D) Heatmap of a multiclass SAM representing the PAM50 molecular subtypes, 
Proliferation Score and genes that are differentially expressed (FDR < 5%) upon treatment in T47D xenografts. 

 

Overall, in the second part of this thesis, we have confirmed that FGFR4 is a driver of 

resistance to CDK4/6 inhibitors and is associated with poorer prognosis in HR+/HER2-/HER2-

enriched breast cancer. Importantly, we have demonstrated that direct targeting of FGFR4 

using an ADC represents a strong therapeutic strategy in breast cancer in vitro and a potential 

therapeutic strategy for patients with breast cancer who have progressed following standard 

of care treatments. 
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DISCUSSION 

In recent years, three CDK4/6 inhibitors (i.e., palbociclib, ribociclib, abemaciclib) have been 

approved for the treatment of patients with metastatic HR+/HER2- breast cancer in 

combination with endocrine therapy (103–113). Although these inhibitors are generally 

considered to provide a similar class effect, they differ in their chemical structure, 

pharmacological properties, and dosing regimens (138,142). Currently, no specific biomarkers 

are available to guide the selection of the first-line CDK4/6 inhibitor (274). Furthermore, 

resistance to CDK4/6 inhibitors represents a major clinical challenge, limiting the long-term 

efficacy of these therapies in HR+ breast cancer. While many patients initially benefit from 

these agents in combination with endocrine therapy, most eventually experience disease 

progression. A deeper understanding of the mechanisms underlying resistance is critical to 

guide next-line treatment strategies and improve patient outcomes. Efforts are already 

underway to characterize the genomic landscape associated with CDK4/6 inhibitor resistance 

(275), but further research is needed to identify reliable predictive biomarkers and develop 

strategies to overcome or prevent resistance. 

In this thesis, we investigated mechanisms of response and resistance to CDK4/6 inhibition 

and evaluated a novel therapeutic strategy targeting resistant disease in HR+/HER2- breast 

cancer. First, we compared the molecular effects of palbociclib and ribociclib using in vitro 

models and clinical samples from two neoadjuvant phase II trials. Second, we studied the 

association of FGFR4 expression with the HER2-enriched PAM50 subtype and its impact on 

clinical outcomes in metastatic tumors. Third, we explored different means of targeting 

FGFR4 in preclinical models. Notably, findings from Chapters 2 and 3 have supported the 

advancement of an ADC into a phase I first-in-human clinical trial in Spain, with expansion 

planned in Europe during the phase II. 

In the following discussion, we reflect on the rationale, limitations, and implications of our 

findings within the broader context of CDK4/6-targeted therapy and resistance. 
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1. Palbociclib and ribociclib induce comparable molecular changes, 

modulated by dose, combination with fulvestrant, and timing 

While the first-line trials with ribociclib and palbociclib demonstrated identical primary 

endpoint PFS results, recent data have revealed differences in OS, with palbociclib failing to 

show a significant OS benefit (276). The reasons for this discrepancy, whether due to 

differences in the inhibitor type, trial design, patient population, or other factors, remain 

unclear. Importantly, the PAM50 molecular subtypes have been shown to be prognostic in 

patients treated with CDK4/6 inhibitors (178,180,181). Accumulated evidence suggests that 

ribociclib, when combined with endocrine therapy, may be more effective than palbociclib in 

patients with advanced HR+/HER2-/HER2-enriched breast cancer. Retrospective analyses of 

the MONALEESA-2,-3, and -7 trials (180) revealed that patients with HER2-enriched tumors 

who received ribociclib alongside endocrine therapy exhibited improved PFS and OS, while 

those treated with palbociclib in the PALOMA-2 trial (178) did not show such benefits. 

However, this retrospective analysis of PALOMA-2 was not powered to assess the effect 

across PAM50 subtypes. The recent results of the phase III PATINA trial have shown that 

adding palbociclib to anti-HER2 therapy and endocrine threapy provides a significant PFS 

benefit in patients with HR+/HER2+ metastatic breast cancer, supporting the use of CDK4/6 

inhibitors in this setting (277). However, the PATRICIA trial, which specifically investigated the 

role of palbociclib in combination with anti-HER2 therapy, suggested that the observed 

benefit is restricted to tumors of the luminal subtype, with HER2-enriched tumors showing 

limited or no benefit (181). These findings underscore the importance of molecular subtyping 

for optimal patient stratification to identify the patients most likely to benefit from CDK4/6 

inhibiton. 

The hypothesis that ribociclib might be more effective in HER2-enriched breast cancer is yet 

to be formally tested in a head-to-head trial. The SOLTI-2101 HARMONIA prospective phase 

III trial (NCT05207709) (187) was designed to evaluate whether ribociclib combined with 

endocrine therapy is superior to palbociclib combined with endocrine therapy in prolonging 

PFS in this patient subset. However, given the consistent OS advantage observed with 

ribociclib over palbociclib, recruitment did not progress as anticipated and has now been 

closed. Samples from enrolled patients will still be analyzed, although the trial will not be able 

to formally test its primary hypothesis. In this thesis, we conducted in vitro and transcriptomic 
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analyses to compare the effects of palbociclib and ribociclib on breast cancer cell lines and 

patient tumor samples. 

In order to better understand the molecular effects of palbociclib and ribociclib, we analyzed 

both cell lines and clinical samples treated with CDK4/6 inhibitors. Our main observations in 

breast cancer cell lines were that palbociclib and ribociclib had identical dose-dependent 

proliferation inhibition and that in CDK4/6 inhibitor-sensitive cell lines, both inhibitors 

reduced the levels of p-Rb (marker of cell cycle inhibition (137)) and Lamin-B1 (marker of 

senescence (278–280)) in a similar manner, where treatment duration played a part but 

changes mostly relied on the administered doses. 

Importantly, gene expression analyses revealed that palbociclib and ribociclib significantly 

increased the Luminal A and Normal-like signatures and decreased the Luminal B, Basal-like, 

and Proliferation signatures with both doses. However, the HER2-enriched signature was only 

significantly reduced in cells treated with 500 nM of CDK4/6 inhibitors +/− fulvestrant. 

Interestingly, treatment with fulvestrant alone significantly increased the HER2-enriched 

signature, but the addition of 500 nM palbociclib or ribociclib was still capable of significantly 

decreasing its levels. Assessment of individual gene expression suggested that in lower doses 

palbociclib might be more potent CDK4/6 inhibitor than ribociclib, and that co-treatment with 

fulvestrant further enhances these changes in gene expression. 

In patient tumor samples from the CORALLEEN and NeoPalAna phase II studies, a similar 

change in PAM50 biology was observed with both drugs, namely an increase in Luminal A and 

Normal-like signatures and a decrease in Luminal B and Proliferation signatures after 2 weeks 

of treatment and at surgery. At 2 weeks of treatment, the HER2-enriched signature was 

significantly decreased in both studies. However, the decrease in the HER2-enriched signature 

was only observed in surgical samples of patients treated with ribociclib, but not palbociclib. 

Interestingly, in patients from NeoPalAna who underwent surgery at 8 days from the last dose 

of palbociclib or before, a reduction of the HER2-enriched signature was observed, although 

it was not of statistical significance possibly due to sample size. This result is consistent with 

the results of the NeoPalAna trial, where a Ki-67 rebound at surgery following palbociclib was 

observed in patients where palbociclib treatment was finalized more than 8 days before 

surgery, while this washout was suppressed if patients received a cycle 5 of palbociclib (179). 
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If palbociclib was given until surgery, the effect could be as good as the effect of ribociclib. 

However, sample size in NeoPalAna was much smaller compared to CORALLEEN and this 

represents a limitation on the interpretation of the results. 

Our study acknowledges several other limitations. Firstly, our analysis was limited to early-

stage breast cancer tumor samples, as obtaining paired biopsies in a metastatic setting is 

challenging. This may restrict the applicability of our findings to more advanced disease 

stages. Secondly, while most of these samples were not HER2-enriched, we attempted to 

mitigate this by analyzing each PAM50 intrinsic subtype score as a continuous variable, since 

these scores are strictly related to the biological information provided by the PAM50 genes 

characterizing each breast cancer intrinsic subtype (58). Nonetheless, we acknowledge this 

may not fully capture the complexities of HER2-enriched biology. Thirdly, there is an 

acknowledged gap in our understanding of the actual concentration of palbociclib and 

ribociclib that reaches the tumor in patients, which may differ from the prescribed doses and 

preclinical models, adding a layer of uncertainty to the direct translatability of our results to 

clinical practice. Fourthly, the specificity of the CORALLEEN trial to patients with PAM50 

Luminal B disease narrows the breadth of our findings, potentially limiting their 

generalizability to other breast cancer subtypes. Lastly, our study did not include abemaciclib, 

which has been proposed to target additional CDKs in addition to CDK4/6 (281,282). These 

limitations highlight the need for further research in order to fully understand the 

implications of CDK4/6 inhibitors in varying contexts of breast cancer treatment. 

In conclusion, our results show that biological responses to palbociclib and ribociclib are 

primarily dose-dependent and influenced by the addition of fulvestrant. Our findings suggest 

that while both CDK4/6 inhibitors effectively modulate key biological pathways in HR+/HER2- 

breast cancer, nuances in their impact, particularly on the HER2-enriched signature, warrant 

further investigation. Analyses of available patient samples from the SOLTI-2101 HARMONIA 

trial (187) may still provide valuable insights into the distinct biological effects of these agents 

in HER2-enriched breast cancer. 
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2. FGFR4 drives resistance to CDK4/6 inhibition in HR+/HER2- 

breast cancer 

The development of resistance to CDK4/6 inhibitors in HR+/HER2- metastatic breast cancer 

remains a major clinical challenge, limiting the long-term efficacy of current standard of care 

treatments. The PAM50 HER2-enriched intrinsic subtype has been associated with poor 

clinical outcomes (179,180,182,219,283), and our group and others have identified FGFR4 as 

a driver of the HER2-enriched subtype in HER2-negative tumors (170,218,219). Additionally, 

aberrant FGFR4 signaling has been linked to poor clinical outcomes and therapeutic resistance 

in HR+ breast cancer (218–220). 

Here, we analyzed real-world data from a clinical cohort of 275 patients with HR+/HER2- 

metastatic breast cancer treated with endocrine therapy and CDK4/6 inhibitors. The dataset 

includes 253 baseline tumor samples and 59 post-progression samples, 37 of which are paired 

baseline-PD samples from the same patients. Consistent with previously reported findings 

(65,170–173), our data demonstrate that tumors can evolve after progressing to CDK4/6 

inhibitors in combination with endocrine therapy, often resulting in changes to their intrinsic 

subtype. Subtype switching was frequent: 64.9% of paired samples showed a shift in PAM50 

subtype, most commonly toward HER2-enriched. Accordingly, the proportion of HER2-

enriched tumors increased from 14.6% at baseline to 45.8% at progression. Importantly, 

patients with HER2-enriched tumors at baseline had significantly shorter PFS and OS, 

underscoring the poor prognosis associated with this phenotype. 

We found that a substantial proportion of tumors progressing on CDK4/6 inhibitors exhibited 

elevated FGFR4 expression at both mRNA and protein levels. Notably, the proportion of 

samples with FGFR4 H-Scores above 50 doubled at progression compared to baseline. 

Additionally, we observed that FGFR4 H-Scores determined by IHC showed a moderately 

strong correlation with mRNA levels derived from transcriptomic analyses (Pearson r = 0.66, 

p < 0.001), highlighting the consistency between protein and gene expression data. 

Furthermore, high FGFR4 mRNA expression at baseline was significantly associated with 

shorter PFS and OS, underscoring its potential as a prognostic biomarker. 
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Although our study did not directly assess downstream signaling, prior preclinical studies have 

shown that FGFR4 can activate mitogenic pathways such as RAS/MAPK, PI3K/AKT, and STAT3, 

which may contribute to treatment resistance by sustaining cell proliferation and survival 

(218,250). Our findings support the idea that FGFR4 overexpression might contribute to 

treatment resistance to CDK4/6 inhibitors in a subset of HR+/HER2- tumors. 

Similarly, while we did not investigate the underlying causes of FGFR4 overexpression, recent 

findings have suggested that elevated FGFR4 expression in HER2-enriched tumors is 

associated with an epigenetic mechanism involving hypomethylation of CpG shores in the 

FGFR4 promoter (219). Our observation of increased FGFR4 expression at progression is 

compatible with this model, although further epigenetic profiling would be required to 

confirm this in our cohort. Hohmann et al. also reported that these CpG regions are typically 

hypermethylated in normal breast tissue. Here, we performed IHC staining on a panel of 

healthy tissues and found that FGFR4 expression was undetectable, suggesting that FGFR4-

targeted therapies could be both effective and well tolerated. 

Overall, our findings support and extend prior evidence indicating that FGFR4 is a key driver 

of the HER2-enriched phenotype in HR+/HER2- tumors (170,218,219) and that HER2-enriched 

tumors derive significantly less benefit from CDK4/6 inhibitors combined with endocrine 

therapy compared to the Luminal A and B PAM50 subtypes, exhibiting the lowest PFS and OS 

probability (179,180,182,219,283). 

From a translational perspective, our results identify FGFR4 as a clinically relevant driver of 

resistance to CDK4/6 inhibitors and endocrine therapy in HR+/HER2- metastatic breast 

cancer, associated with intrinsic subtype switching and poor clinical outcomes. While 

additional mechanistic studies are warranted, our findings strengthen the rationale for 

therapeutic strategies targeting FGFR4 in this context.  
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3. FGFR4 as a therapeutic target in HR+/HER2- breast cancer 

FGFR4 is an RTK that plays a key role in regulating cell proliferation, differentiation, and 

survival. Imbalances in FGFR signaling have been shown to play oncogenic roles in many 

cancers (224). In breast cancer, FGFR4 overexpression and hotspot mutations have been 

reported in endocrine therapy-resistant metastatic ER+ lobular carcinoma (240), and recent 

findings suggest that FGFR4 expression may be epigenetically upregulated in HR+/HER2-

/HER2-enriched tumors (219). 

FGFR4 is structurally and functionally distinct from other members of the FGFR family, with a 

unique kinase domain that may confer a unique role when compared to other FGFRs (225). 

Selective FGFR4 inhibitors are currently under development, with promising activity 

demonstrated in preclinical models of HCC (243) and early clinical responses observed in 

patients with advanced HCC (244). High expression and mutations of FGFR4 have also been 

identified as a driver of metastasis in rhabdomyosarcomas (252), where FGFR4 is being 

explored as a target for CAR-T cell therapy (253). Additionally, an ADC against FGFR4 is also 

under development for rhabdomyosarcoma and HCC (254), further supporting the 

therapeutic relevance of FGFR4. In breast cancer, an in silico analysis that identified FGFR4 as 

a potential cell surface target for CAR-T cell therapy and ADC development was performed in 

our group (255). 

 

3.1 Limited efficacy of FGFR4 kinase inhibition in breast cancer 

To evaluate the pharmacological potential of FGFR4 inhibition in breast cancer, we tested the 

selective FGFR4 inhibitor INCB062079 in twelve breast cancer cell lines with varying levels of 

FGFR4 mRNA expression. Surprisingly, only one cell line, MDA-MB-453, which harbors the 

intrinsic FGFR4 Y367C mutation, showed sensitivity to INCB062079, with a measurable 

cytotoxic response. Significant changes in gene expression following treatment were also 

restricted to this cell line. 

Interestingly, the T47D Y367C line, which was engineered to express the same activating 

mutation, did not respond to the inhibitor. This suggests that having the FGFR4 Y367C 
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mutation alone is not enough to make cells sensitive to FGFR4 kinase inhibition. Other factors, 

such as how much the cells depend on FGFR4 signaling or whether compensatory pathways 

are activated, may affect their sensitivity to the inhibitor. 

Overall, these findings indicate limited efficacy of FGFR4 kinase inhibition in this context. 

Therefore, further evaluation of INCB062079 was not pursued in this study. 

 

3.2 Development and preclinical evaluation of FGFR4-directed ADCs 

Over the past decade, ADCs have emerged as powerful anti-cancer therapies. In HR+/HER2- 

metastatic breast cancer, three ADCs have demonstrated significant clinical efficacy: SG (155), 

Dato-DXd (157), and T-DXd (160,161). Nevertheless, disease progression remains inevitable, 

underscoring the need for new targets, payloads, and combination strategies to improve 

patient outcomes. 

Recent data highlight key limitations of current ADCs, particularly those carrying TOP1-based 

paylaods. Evidence suggests the emergence of cross-resistance within this class. In a study by 

Abelman et al., recurrent TOP1 mutations were identified in approximately 13% of patients 

with metastatic breast cancer who progressed on TOP1-based ADC therapy, compared to <1% 

in non-ADC-treated patients or in public datasets such as TCGA. These mutations were 

associated with markedly reduced benefit from sequential ADC treatment, with median 

treatment durations of 52 days on a second ADC compared with 455 days on the first (169). 

Real-world outcomes further support these observations. Tarantino et al. reported 

consistently poor outcomes in patients treated after progression on T-DXd, with median PFS 

of 4.6 months in HER2-positive, 3.4 months in HR+/HER2-negative, and 2.8 months in TNBC 

(284) Patients receiving SG after T-DXd experienced particularly poor outcomes, suggesting 

potential cross-resistance between agents. Based on these findings, the authors propose that 

patients with HR+/HER2-negative metastatic breast cancer may benefit more from 

conventional chemotherapies than from another TOP1-based ADC, although SG was still the 

most frequently administered therapy following T-DXd in their cohort. Tarantino et al. further 
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note that smaller retrospective studies have supported a median PFS of only 2-3 months after 

sequential treatment with a second TOP1-based ADC, supporting their observations. 

These findings have important implications for the design of next-generation ADCs for 

HR+/HER2- metastatic breast tumors. The limited sequential efficacy of TOP1 inhibitor-based 

ADCs indicates that alternative strategies are required, including the development of ADCs 

with novel payload classes. 

FGFR4 is a tumor surface antigen with increased expression in tumors progressing on CDK4/6 

inhibitors and has not been previously exploited in breast cancer. Linking an anti-FGFR4 

antibody to a non-TOP1 payload may avoid cross-resistance and provide a new opportunity 

for effective sequential therapy. 

In breast cancer, several monoclonal antibodies have been approved, such as the anti-HER2 

antibodies trastuzumab and pertuzumab, both of which have shown significant 

improvements in PFS and OS in patients with HER2+ breast cancer (285–287). However, to 

date, no FGFR4-directed antibodies have been clinically tested or approved. In other cancer 

types, several FGFR4-directed monoclonal antibodies have demonstrated promising 

preclinical activity. LD1 is an FGFR4 neutralizing antibody that inhibits downstream signaling, 

colony formation, and cell proliferation in malignant cells, while also significantly suppressing 

tumor growth in in vivo models of liver cancer (288). Similarly, U3-1784, a fully humanized, 

high-affinity antibody that competes with FGFs for FGFR4 binding, has demonstrated 

antitumor activity in FGF19-overxpressing liver tumors (289). In rhabdomyosarcoma, 

monoclonal antibody 3A11, developed from hybridoma lines generated in mice immunized 

with the human FGFR4 extracellular domain, has shown strong FGFR4 specificity and is 

currently being explored for therapeutic use (257). 

These results highlight the potential of FGFR4 as a therapeutic target, supported by recent 

data on existing ADCs that underscore the limitations of current strategies. 

3.2.1 Characterization of anti-FGFR4 antibodies for targeted delivery 

Building on the existing evidence, we evaluated the binding, internalization, and cytotoxic 

properties of three anti-FGFR4 monoclonal antibodies (i.e., Ab-1 (260), Ab-2 (261), Ab-3 (262)) 
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across six breast cancer cell lines with varying FGFR4 expression (categorized as FGFR4-high, 

FGFR4-low, FGFR4-negative). All three antibodies demonstrated FGFR4-specific binding and 

internalization, confirming their selectivity and supporting their potential for further 

therapeutic development. 

In our study, none of the selected anti-FGFR4 antibodies induced direct cytotoxicity in any 

breast cancer cell line, regardless of FGFR4 expression. This lack of intrinsic cytotoxic activity 

suggests that the antibodies alone do not have therapeutic efficacy in this context. However, 

when combined with anti-human secondary antibodies conjugated to cytotoxic payloads, a 

strong cytotoxic response was observed in FGFR4-high cells. This finding indicates that while 

the antibodies themselves are biologically inert in terms of direct cytotoxicity in vitro, they 

can serve as highly specific delivery vehicles for cytotoxic agents, highlighting their potential 

as components of an ADC. Their selective internalization into FGFR4-high cells further 

supports their use in targeted therapies for tumors with FGFR4 overexpression, particularly 

in the context of CDK4/6 inhibitor-resistant HR+/HER2- breast cancer. 

3.2.2 Design and optimization of FGFR4-targeted ADCs  

Based on these observations, we proceeded to design and develop three FGFR4-directed 

ADCs using the Fc-silent variant of the Ab-2 antibody as the carrier due to its high specificity 

as well as its efficient internalization, its optimal PK properties, and off-patent status. It was 

conjugated to MMAE, a highly potent tubulin inhibitor that blocks microtubule 

polymerization, leading to cell cycle arrest and apoptosis. It is effective at low doses and has 

membrane permeability and can therefore exert a bystander effect (271–273). Although 

MMAE has demonstrated strong efficacy in other solid tumors, and MMAE-based ADCs are 

currently being evaluated in clincal trials for breast cancer (NCT05904964), it has not yet been 

widely approved or established in breast cancer treatment (290,291). 

In breast cancer treatment, most approved ADCs use TOP1 inhibitors as their cytotoxic 

payloads (168). Resistance to payloads often arises from structural alterations in their 

molecular targets, such as mutations in TOP1 (292–294), modifications in the 

microtubule/tubulin complex, or dysregulated cyclins (293,294). Additionally, factors such as 

impaired ADC internalization or lysosomal function, increased expression of drug-efflux 
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pumps, overactivation of survival signaling pathways, and alterations in apoptotic regulation 

can further reduce tumor sensitivity to ADC therapies (293,294). Given these resistance 

mechanisms, diversifying both the target antigen and payload presents a promising strategy 

to enhance ADC effectiveness and overcome therapeutic resistance (168). 

MMAE is typically conjugated to antibodies via cleavable linker, allowing for precise drug 

release inside cancer cells as well as the possibility of exerting a bystander effect (271,272). 

Here, the microtubule inhibitor was conjugated through a VC-PAB linker (patent 

US7829531B2, expired). Two average DARs were evaluated: DAR4, which is the standard 

marketed MMAE-ADCs (149), and DAR8. ADC conjugation strategies included random lysine 

conjugation (for ADC-2) and cysteine conjugation (for ADC-1 and ADC-3). 

 

3.3 Functional validation, resistance mechanisms and translational potential 

of ADC-2 

3.3.1 In vitro and in vivo evaluation of ADC-2 

After ensuring that the cytotoxicity of the three ADCs was FGFR4-specific and studying their 

PK and specificity properties, ADC-2 was chosen as the lead ADC for further development. 

While it’s true that all three constructs exhibited FGFR4 binding and acceptable plasma 

stability, cysteine conjugates showed increased non-specific binding and rapid in vivo 

clearance, while the lysine-conjugated ADC had superior in vivo PK properties. 

The bystander effect of ADC-2 was confirmed in vitro. As research on ADCs has progressed, 

the ability of certain payloads to induce a bystander effect has been recognized for its 

potential to enhance the therapeutic impact, particularly in the context of variable target 

expression (273). MMAE, due to its membrane permeability, can diffuse from targeted cells 

into neighboring cells following intracellular release, potentially expanding the therapeutic 

impact of the ADC beyond FGFR4-expressing cells. While not all tumors exhibit FGFR4 

heterogeneity, variable expression can occur. In such scenarios, a bystander-capable payload 

may help eliminate low-antigen-expressing cells that would otherwise evade treatment. 
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The in vivo validation of ADC-2 using breast cancer CDX models provided strong evidence 

supporting the efficacy and specificity of the ADC. By using two breast cancer cell lines with 

varying FGFR4 expression levels (i.e., ZR751 (FGFR4-high) and T47D (FGFR4-low)), we were 

able to interrogate how FGFR4 expression modulates ADC-2 responsiveness in vivo. The 

results from the ZR751 CDX model highlight a clear therapeutic benefit, with ADC-2 eliciting 

robust tumor suppression in a dose-dependent manner. Notably, ADC-2 at both 2 mg/kg and 

5 mg/kg doses significantly reduced tumor volume, with the higher dose resulting in complete 

tumor regression. In contrast, the isotype control ADC had no significant impact on tumor 

growth, reinforcing the specificity of ADC-2’s action through FGFR4 targeting. The observed 

tumor regression with the 5 mg/kg dose emphasizes the importance of optimizing dosing 

regimens for achieving maximal therapeutic outcomes. Interestingly, no major differences in 

efficacy were observed between the 2 mg/kg and 5 mg/kg doses in terms of molecular 

subtype shifts. 

The results in the T47D CDX model further underscore the importance of target expression as 

a determinant of ADC efficacy. The smaller therapeutic impact in FGFR4-low tumors confirm 

that ADC-2’s antitumor activity is tightly coupled to FGFR4-mediated internalization and 

payload delivery. However, given the intratumoral heterogeneity that can exist in tumors, we 

wonder if ADC-2 might still exert effects through a bystander mechanism. This possibility 

remains to be addressed, but could expand the therapeutic scope of ADC-2 beyond strictly 

FGFR4-high tumors. 

3.3.2 Molecular response to ADC-2 and PAM50 signature shifts 

Our findings also provide key insights into the molecular response of breast cancer cells to 

Ab-2, MMAE, and ADC-2 treatment. Gene expression analyses revealed that in FGFR4-high 

cells, both ADC-2 and MMAE induced significant changes, shifting PAM50 subtype signatures 

and reducing proliferation scores. In contrast, FGFR4-low and FGFR4-negative cells only 

responded to MMAE, underscoring the specificity of this ADC towards FGFR4-expressing cells. 

Treatment with the naked antibody Ab-2 alone also failed to induce changes in gene 

expression. These results further validate ADC-2's targeted mechanism of action and its 

capacity to modulate breast cancer cell phenotypes in an FGFR4-dependent manner. 
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A particularly interesting finding was the increase in FGFR4 expression following treatment 

with ADC-2 or MMAE in two FGFR4-high cell lines, T47D PR and T47D Y367C, suggesting a 

potential adaptive response to treatment. However, we hypothesize that this increase 

reflects the selection of more resistant cells that persist in the wells at the time of mRNA 

extraction. Consequently, this observation probably does not accurately reflect the overall 

cell population response or have significant biological implications. Similarly, the observed 

shifts in molecular subtypes, including increased HER2-enriched, Luminal A, and Normal-like 

signatures, and decrease Luminal B and Basal-like signatures, were assessed at 72 h post-

treatment and are likely transient, without necessarily indicating long-term therapeutic 

effects. 

3.3.3 Mechanisms of acquired resistance to ADC-2  

To better distinguish between transient adaptative responses and durable resistance 

mechanisms, we developed and characterized ADC-2-resistant (ADC-2-R) cells. These cells 

offer a more accurate representation of the long-term cellular response to treatment in vitro. 

Compared to parental T47D PR cells, T47D PR ADC-2-R cells exhibited a significant reduction 

in FGFR4 expression at both the mRNA and protein levels, along with decreased membrane 

FGFR4 density. This loss of FGFR4 expression was associated with a shift towards a more 

Basal-like and Luminal B phenotype, accompanied by increased proliferation, suggesting an 

adaptive mechanism through which cancer cells evade ADC-2-mediated cytotoxicity.  

Interestingly, T47D PR ADC-2-R cells retained sensitivity to MMAE, with IC50 values 

comparable to those observed in both T47D PR and parental T47D cells. This finding further 

confirms that resistance to ADC-2 is primarily driven by the loss of FGFR4 expression rather 

than by resistance to the cytotoxic payload itself. The preserved activity of MMAE in FGFR4-

low cells highlights the potential of future alternative therapeutic strategies using this 

payload. 

This was further supported by our evaluation of Ab-2-DXd-ADC, an FGFR4-directed ADC 

conjugated to a TOP1 inhibitor. As expected, Ab-2-DXd-ADC exhibited cytotoxic activity only 

in FGFR4-high T47D PR cells, whereas treatment with unconjugated DXd resulted in strong 

cytotoxicity in all three cell lines. Despite demonstrating potent antitumor effects in vivo, 
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TOP1-based ADCs often show limited in vitro activity due to their reliance on high receptor 

expression threshold, which explains the absence of cytotoxic activity in T47D PR ADC-2-R 

cells. As a result, IC50 values obtained from in vitro experiments cannot be directly compared 

across the two assessed ADCs. Differences in mechanisms of action, receptor dependency, 

and exposure times must be considered when interpreting such results. Within this context, 

the Ab-2-DXd-ADC experiment serves primarily as a validation of the receptor-expression-

dependent nature of ADC efficacy, rather than a direct quantitative comparison between the 

two ADCs. 

 

3.4 Clinical implications and future directions 

These findings support a biomarker-driven approach to patient selection. Stratifying patients 

based on FGFR4 expression will likely be crucial in order to maximize response to ADC-2. The 

observed shifts toward less aggressive tumor subtypes following ADC-2 treatment provide 

promising evidence of its potential to not only inhibit tumor growth but also alter the tumor’s 

nature to a more favorable, less proliferative state. Future studies should explore the 

mechanisms underlying these phenotype shifts and evaluate the long-term outcomes of ADC-

2 treatment. 

Although our study provides strong evidence supporting the role of FGFR4 in mediating 

resistance and its potential as a therapeutic target, several questions remain unanswered. For 

instance, while we show that FGFR4 expression is elevated in resistant tumors, the upstream 

regulatory mechanisms controlling FGFR4 expression have not been elucidated. Future 

studies should further investigate whether genetic, epigenetic, or microenvironmental 

factors contribute to FGFR4 overexpression. Moreover, work is needed to dissect the 

downstream signaling pathways of FGFR4, which could identify additional therapeutic targets 

and refine combination strategies. In addition, evaluating the intrapatient heterogeneity of 

FGFR4 expression across different metastatic sites and testing the ADC in immune-competent 

preclinical models will be critical to further assess the clinical utility of targeting FGFR4. 

In conclusion, our study identifies FGFR4 overexpression and the HER2-enriched phenotype 

as key contributors to resistance against CDK4/6 inhibitors combined with endocrine therapy 
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in HR+/HER2- metastatic breast cancer. We demonstrate that targeting FGFR4 with a novel 

MMAE-based ADC, known as ADC-2, offers a promising therapeutic strategy for patients who 

develop such resistance. By leveraging an alternative payload and a highly specific target, our 

strategy could address the limitations of current therapies and improve outcomes for patients 

with resistant breast cancer. Importantly, these findings have supported the development of 

a novel FGFR4-targeted ADC, named ONA-255, which will be evaluated in a Phase I first-in-

human clinical trial starting in Q4 2025. 
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CONCLUSIONS 

1. Palbociclib and ribociclib induce largely comparable, dose-dependent molecular 

changes in HR+/HER2- breast cancer in vitro, influenced by co-treatment with 

fulvestrant and treatment timing. 

2. Both CDK4/6 inhibitors elicit similar shifts in intrinsic subtypes in vitro and in early-

stage patient tumor samples. 

3. In surgical clinical samples, ribociclib sustains these molecular changes more 

consistently, particularly in the HER2-enriched subtype. 

4. The SOLTI-2101 HARMONIA trial will explore which CDK4/6 inhibitor is more active in 

patients with HR+/HER2-/HER2-enriched advanced breast cancer. 

5. Tumors progressing on CDK4/6 inhibitors and endocrine therapy show intrinsic 

subtype shifts, with an increased proportion of HER2-enriched tumors at progression. 

6. FGFR4 expression is significantly elevated in tumors after progression, strongly 

correlating with the HER2-enriched subtype and poorer survival outcomes. 

7. FGFR4 is a driver of resistance to CDK4/6 inhibitors in HR+/HER2- metastatic breast 

cancer. 

8. FGFR4 is absent in normal tissues, making it a promising and potentially well-tolerated 

therapeutic target. 

9. Selective FGFR4 kinase inhibition shows limited efficacy in breast cancer models, 

indicating the need for alternative therapeutic approaches. 

10. The novel FGFR4-directed ADC-2 exhibits potent and selective antitumor activity in 

FGFR4-high breast cancer models both in vitro and in vivo. 

11. ADC-2 treatment shifts molecular subtypes toward less aggressive phenotypes and 

reduces tumor proliferation both in vitro and in vivo. 
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Comparative biological activity 
of palbociclib and ribociclib 
in hormone receptor‑positive 
breast cancer
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This study examines the biological effects of palbociclib and ribociclib in hormone receptor-
positive breast cancer, pivotal to the HARMONIA prospective phase III clinical trial. We explore the 
downstream impacts of these CDK4/6 inhibitors, focusing on cell lines and patient-derived tumor 
samples. We treated HR+ breast cancer cell lines (T47D, MCF7, and BT474) with palbociclib or ribociclib 
(100 nM or 500 nM), alone or combined with fulvestrant (1 nM), over periods of 24, 72, or 144 h. Our 
assessments included PAM50 gene expression, RB1 phosphorylation, Lamin-B1 protein levels, and 
senescence-associated β-galactosidase activity. We further analyzed PAM50 gene signatures from the 
CORALLEEN and NeoPalAna phase II trials. Both CDK4/6 inhibitors similarly inhibited proliferation 
across the cell lines. At 100 nM, both drugs partially reduced p-RB1, with further decreases at 500 nM 
over 144 h. Treatment led to reduced Lamin-B1 expression and increased senescence-associated 
β-galactosidase activity. Both drugs enhanced Luminal A and reduced Luminal B and proliferation 
signatures at both doses. However, the HER2-enriched signature significantly diminished only at the 
higher dose of 500 nM. Corresponding changes were observed in tumor samples from the CORALLEEN 
and NeoPalAna studies. At 2 weeks of treatment, both drugs significantly reduced the HER2-enriched 
signature, but at surgery, this reduction was consistent only with ribociclib. Our findings suggest 
that while both CDK4/6 inhibitors effectively modulate key biological pathways in HR+/HER2- breast 
cancer, nuances in their impact, particularly on the HER2-enriched signature, are dose-dependent, 
influenced by the addition of fulvestrant and warrant further investigation.

The addition of cyclin-dependent kinase 4/6 (CDK4/6) inhibitors to endocrine therapy in the treatment of 
patients with advanced hormone receptor-positive and HER2-negative (HR+/HER2-) breast cancer has signifi-
cantly improved survival outcomes becoming the first-line standard of care therapy in this group of patients1–11. 
However, not all patients benefit to the same extent and efforts to identify biomarkers of sensitivity and resist-
ance are ongoing.
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HR+/HER2- breast cancer can be classified into four main molecular subtypes using gene expression profil-
ing (PAM50) (i.e., Luminal A, Luminal B, HER2-enriched, and Basal-like)12. Of note, 5%–20% of HR+/HER2- 
tumors do not fall into the Luminal A or B subtypes but rather fall into the HER2-enriched phenotype13,14. 
Moreover, a higher proportion of the HER2-enriched subtype is detected in metastases compared to primary 
HR+/HER2- tumors, while the proportion of the Luminal A subtype is lower in metastases and the proportion 
of Luminal B and Basal-like subtypes is similar in metastases and primary tumors15.

The ability of the molecular subtypes to predict benefit from CDK4/6 inhibitors in breast cancer has been 
evaluated in samples from the PALOMA-216, the NeoPalAna17, and the MONALEESA-2,-3, and -718 studies. A 
retrospective analysis of the PALOMA-2 trial, which randomized patients with HR+/HER2‒ advanced breast 
cancer to letrozole +/− palbociclib, analyzed the molecular subtype of 455 tumors. Whilst Luminal A (50%) and 
Luminal B (30%) subtypes benefited from the addition of palbociclib to letrozole, the HER2-enriched (18.7%) 
and Basal-like (0.5%) subtypes were associated with worse progression-free survival (PFS) in both treatment arms 
compared to the Luminal A group16. In the NeoPalAna study, which evaluated the effects of palbociclib plus anas-
trazole in patients with primary breast cancer, PAM50 subtype was determined in 32 tumors at baseline. Of note, 
two tumors with non-luminal subtypes were identified, both of which were resistant to palbociclib17. Addition-
ally, the SOLTI-1303 PATRICIA study of palbociclib and trastuzumab in HR+/HER2 + advanced breast cancer 
showed that the Luminal A and B subtypes benefited substantially from palbociclib, while the HER2-enriched 
group had very small absolute benefit19. In contrast, a retrospective pooled analysis of the MONALEESA-2, -3, 
and -7 pivotal trials with ribociclib and endocrine therapy evaluated the PAM50 subtype of 1,160 tumor samples. 
Except for Basal-like tumors (2.6%), all other intrinsic subtypes showed a consistent PFS and overall survival 
(OS) benefit from the combination of endocrine therapy and ribociclib over endocrine therapy alone, with the 
HER2-enriched subtype (12.7%) exhibiting the highest relative and absolute benefit18,20.

In retinoblastoma (RB1)-competent cells, CDK4/6 inhibitors trigger cell cycle arrest by reducing the phos-
phorylation of downstream RB1 tumor suppressor protein and can also induce cellular senescence. Palbociclib 
and ribociclib are CDK4/6 inhibitors of similar structure that selectively bind to the ATP-binding pocket of 
CDK4 (palbociclib IC50 = 9–11 nM, ribociclib IC50 = 10 nM) and CDK6 (palbociclib IC50 = 15 nM, ribociclib 
IC50 = 39 nM)21,22. One could argue that despite both being CDK4/6 inhibitors their slightly different chemical 
structures23,24, mechanisms of action25 and pharmacokinetics24–26 might lead to dissimilarities in efficacy. On 
the other hand, in clinical practice palbociclib is given at a lower dose than ribociclib (125 mg daily vs 600 mg 
daily, respectively)27, which could indicate a dose-dependent efficacy of CDK4/6 inhibitors in this biologically 
aggressive subtype. These differences may have relevant clinical implications as ribociclib, but not palbociclib, 
has shown clinical benefit in other clinical scenarios such as high-risk early breast cancer28–31.

Here, we assess the biological changes that occur upon CDK4/6 inhibition in breast cancer cell lines and 
clinical samples of patients who participated in two neoadjuvant phase II studies of ribociclib or palbociclib in 
combination with endocrine therapy.

Results
Phenotypic changes in breast cancer cell lines during CDK4/6 inhibition
The biological changes that occur during CDK4/6 inhibition were assessed in T47D (HR+/HER2-/HER2-
enriched), MCF7 (HR+/HER2-/Luminal B), and BT474 (HR+/HER2+ /HER2-enriched) breast cancer cell lines. 
Despite being HER2+ , the inclusion of the BT474 cell line to our study could be of relevance since it belongs 
to the HER2-enriched subtype by PAM50, and palbociclib has been shown to be less efficient in HR+/HER2+/
HER2-enriched breast cancer19. Moreover, it has been shown that, except for the amplification and RNA/protein 
overexpression of ERBB2 in HER2+ tumors, very minor biological differences exist at DNA, RNA, and protein 
levels between HER2+/HER2-enriched and HER2-/HER2-enriched tumors32.

First, we analyzed the proliferation inhibitory effect of palbociclib and ribociclib +/− fulvestrant against all 
three cell lines and found that both CDK4/6 inhibitors had very similar effects (Fig. 1A, Supplementary Fig. 1A). 
In T47D and MCF7 cells, the combination of CDK4/6 inhibitors plus fulvestrant was superior than palbociclib 
or ribociclib alone, while in BT474 no significant differences were observed between the combination of CDK4/6 
inhibitors with fulvestrant and palbociclib or ribociclib alone (Supplementary Fig. 2A).

RB1-competent T47D and MCF7 cell lines were treated with two different doses of palbociclib or ribociclib 
(i.e., 100 or 500 nM) for different periods of time (i.e., 24, 72, or 144 h) in order to assess changes in the phospho-
rylation of RB1 (p-RB1). In T47D and MCF7 cells treatment with 100 nM CDK4/6 inhibitors partially reduced 
p-RB1 with a further decrease in cells treated with 500 nM palbociclib or ribociclib regardless of treatment 
duration (Fig. 1B). Total RB1 mRNA expression did not change after CDK4/6 inhibition (Supplementary Fig. 3). 
The cytotoxic effect of palbociclib and ribociclib was also assessed in the RB1-mutated MDA-MB-468 cell line to 
ensure that no off-target effects were given with the chosen doses (i.e., 100 or 500 nM) (Supplementary Fig. 2B).

Next, the effect on cellular senescence was assessed upon treatment with CDK4/6 inhibitors by determining 
protein expression levels of Lamin-B1, a structural component of the nucleus whose loss has been associated 
with senescence33,34. In T47D and MCF7 cells, CDK4/6 inhibitors decreased the expression of Lamin-B1 in a 
time and dose-dependent manner, with the lowest expression levels corresponding to those treated with 500 nM 
palbociclib or ribociclib for 144 h (Fig. 1B). Additionally, we assessed the senescence-associated β-galactosidase 
(SA-β-gal) activity. Both palbociclib and ribociclib (100 or 500 nM) increased β-galactosidase staining in T47D 
and MCF7 cell lines after 72 or 144 h treatments compared to non-treated controls indicating induction of 
senescence35 (Fig. 1C). Although no significant differences were observed between treatment conditions, a dose- 
and time-related tendency was noticeable, with the highest β-galactosidase staining levels corresponding to cells 
treated with 500 nM CDK4/6 inhibitors for 144 h. Similar changes were observed in cells treated with palbociclib 
or ribociclib for all treatment conditions (Fig. 1C).
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As for the RB1-competent BT474 cell line, a reduction of p-RB1 was also observed upon 24 or 72 h treatments 
with CDK4/6 inhibitors (100 or 500 nM), although p-RB1 levels were reestablished 144 h from treatment (Sup-
plementary Fig. 1B). Lower levels of β-galactosidase activity were detected generally and the highest activity was 
detected after 72 h treatments with either CDK4/6 inhibitor, followed by a decrease in cellular senescence 144 h 
from treatments (Supplementary Fig. 1C). These observations indicate that the BT474 cell line may harbor an 
intrinsic resistance to CDK4/6 inhibition +/− fulvestrant compared to the T47D and MCF7 cell lines.

Effects of CDK4/6 inhibition on gene expression in breast cancer cell lines
Gene expression profiling was performed in untreated cells and upon treatment in order to identify changes in 
the PAM50 biology induced by CDK4/6 inhibitors in T47D, MCF7, and BT474 cell lines treated with different 
doses of palbociclib and ribociclib (100 or 500 nM) +/− fulvestrant (1 nM). The expression of the 50 genes of 
the PAM50 intrinsic subtype predictor and 6 signatures (Basal-like, HER2-enriched, Luminal A, Luminal B, 
Normal-like, and the 11-gene proliferation score) were explored at both treatment conditions. Paired t-tests 
and multiclass SAM showed that both CDK4/6 inhibitors (100 or 500 nM) +/− fulvestrant (1 nM) significantly 
increased (FDR < 5%) the Luminal A and Normal-like signatures and significantly decreased (FDR < 5%) the 

Figure 1.   Biological changes during CDK4/6 inhibition in vitro. (A) T47D and MCF7 cells were treated with 
increasing doses of palbociclib or ribociclib +/− fulvestrant (1 nM) for 72 h. Shown are representative graphs 
of cell viability redouts determined by Hoechst 33342. Data was normalised to untreated cells and three 
independent experiments were performed. Mean values ± SEM are shown. (B) T47D and MCF7 cells were 
treated with palbociclib or ribociclib (100 or 500 nM) for 24, 72 or 144 h and expression of p-RB1 and 
Lamin-B1 was assessed by western blot. Actin was used as a loading control. (C) T47D and MCF7 cells were 
treated with palbociclib or ribociclib (100 or 500 nM) for 24, 72 or 144 h and SA-β-gal activity was determined 
by flow cytometry. Data was normalised to untreated cells and three independent experiments were performed. 
Mean values ± SEM are shown.
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Basal-like and proliferation signatures (Fig. 2A, Supplementary Fig. 4). Interestingly, the HER2-enriched signa-
ture was only significantly reduced when the CDK4/6 inhibitors were given at 500 nM either alone (palbociclib 
p = 0.045, ribociclib p = 0.041) or in combination with fulvestrant (palbociclib p = 0.002, ribociclib p = 0.012), 
while no significant changes were observed with 100 nM CDK4/6 inhibitor monotherapy (palbociclib p = 0.275, 
ribociclib p = 0.596) or in combination with fulvestrant (palbociclib p = 0.466, ribociclib p = 0.613) (Fig. 2A,B). 
Treatment with fulvestrant alone significantly increased the HER2-enriched signature (p < 0.001) (Fig. 2A,B).

Next, we assessed individual gene expression across treatments using multiclass SAM. Forty-three (64.2%) 
genes were differentially expressed across treatment groups (FDR < 5%). Notably, both inhibitors, especially at 
500 nM, led to a lower expression of proliferative genes (e.g.: CDC20, UBE2C, KNTC2, MKI67, BIRC5, CDCA1, 
PTTG1, CEP55, TYMS, and RRM2). Interestingly, in lower doses of CDK4/6 inhibitors (100 nM) the combina-
tion of fulvestrant and palbociclib had a stronger inhibitory effect over cell proliferation than the combination 
of fulvestrant and ribociclib. Additionally, we performed a paired SAM analysis to check the differences between 
500 nM of palbociclib vs 500 nM ribociclib with or without fulvestrant. A proportion of 19.4% and 25.3% of genes 
were differentially expressed after treatment with 500 nM of palbociclib vs 500 nM ribociclib with or without 
fulvestrant, respectively (Supplementary Table 1). Interestingly, a higher expression of the HER2-enriched genes 

Figure 2.   Changes in the HER2-enriched signature upon treatment with CDK4/6 inhibitors +/− fulvestrant 
in vitro. (A) Heatmap of a multiclass SAM representing the PAM50 molecular subtypes, proliferation score 
and genes that are differentially expressed (FDR < 5%) in T47D, MCF7, and BT474 cells treated with CDK4/6 
inhibitors (100 or 500 nM) +/− fulvestrant (1 nM). Three independent mRNA extractions per cell line were 
performed. (B) Paired samples t-test analyses showing changes in the HER2-enriched signature following 
treatment of T47D, MCF7, and BT474 cells with CDK4/6 inhibitors (100 or 500 nM) +/− fulvestrant (1 nM). 
Three independent mRNA extractions and gene expression analyses were performed for each cell line.
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FGFR4 and TMEM45B was observed in cells treated with 500 nM palbociclib compared to those treated with 
500 nM ribociclib with and without fulvestrant (Fig. 2A).

Early in vivo biological changes during CDK4/6 inhibitor in tumor samples from CORALLEEN 
and NeoPalAna phase II studies
To identify molecular changes induced by CDK4/6 inhibitors, we performed gene expression analyses in baseline, 
day 15, and surgery tumor samples of patients treated with ribociclib plus letrozole in the CORALLEEN trial 
(Fig. 3A) as well as in baseline, day 15, and surgery samples of patients treated with palbociclib plus anastrazole 
in the NeoPalAna trial (Fig. 3B).

First, we assessed early changes in 49 paired baseline and day 15 tumor samples from the CORALLEEN trial 
(Fig. 3C) and 23 paired baseline and day 15 tumor samples from the NeoPalAna trial (Fig. 3D). Treatment with 
ribociclib and endocrine therapy led to a significant increase in Luminal A (p < 0.001) and Normal-like (p < 0.001) 
signatures and a significant decrease in Basal-like (p < 0.001), HER2-enriched (p < 0.001), Luminal B (p < 0.001) 
and proliferation (p < 0.001) signatures (Fig. 3C). Similarly, treatment with palbociclib plus endocrine therapy 
led to a significant increase in Luminal A (p < 0.001) and Normal-like (p < 0.001) signatures and a significant 
decrease in HER2-enriched (p < 0.001), Luminal B (p < 0.001) and proliferation (p < 0.001) signatures (Fig. 3D).

Biological changes after CDK4/6 inhibitor in tumor samples from CORALLEEN and NeoPalAna 
phase II studies
Next, we assessed changes in 49 paired baseline and surgery tumor samples from the CORALLEEN (Fig. 3E) 
and 16 paired baseline and surgery tumor samples from the NeoPalAna (Fig. 3F).

Treatment with ribociclib and endocrine therapy led to a significant increase in Luminal A (p < 0.001) and 
Normal-like (p < 0.001) signatures and a significant decrease in HER2-enriched (p < 0.001), Luminal B (p < 0.001), 
and proliferation (p < 0.001) signatures (Fig. 3E). Treatment with palbociclib plus endocrine therapy led to a sig-
nificant increase in the Normal-like (p = 0.012) signature and a significant decrease in the Luminal B (p = 0.021) 
and proliferation signature (p = 0.018) (Fig. 3F). Importantly, the HER2-enriched signature did not decrease 
in surgical samples of patients treated with palbociclib (p = 0.194), although a difference in sample size could 
explain this result (Figs. 3F).

In CORALLEEN, the median number of days between the last dose of ribociclib and surgery was 13.1 days 
(range: 1–78)36, whereas in NeoPalAna the median number of days between the last dose of palbociclib and 
surgery was 29 days (range: 8–49), except for 8 patients who received additional 10–12 days of palbociclib 
immediately before surgery17. In patients from CORALLEEN, the HER2-enriched signature was significantly 
decreased in patients who underwent surgery at 8 days from the last dose of ribociclib or before (p < 0.001), 
as well as in those who underwent surgery after > 8 days from the last dose of ribociclib (p < 0.001) (Fig. 3G). 
In 4 patients from NeoPalAna who underwent surgery at 8 days from the last dose of palbociclib or before, a 
tendency of reduction in the HER2-enriched signature was also observed. However, in patients who underwent 
surgery after > 8 days from the last dose of palbociclib, the HER2-enriched signature increased in 50% of the 
cases (Fig. 3H).

Discussion
In the last few years, three CDK4/6 inhibitors (i.e., palbociclib, ribociclib, abemaciclib) have been approved for 
the treatment of patients with metastatic HR+/HER2- breast cancer in combination with endocrine therapy1–11. 
While the three inhibitors are theoretically considered to provide a similar class effect, they have some chemical 
and pharmacological differences and are given at different doses22,25. Currently, no specific biomarkers are used 
to select the first-line CDK4/6 inhibitor37. On one side, the first-line trials using the CDK4/6 inhibitors ribociclib 
and palbociclib, despite demonstrating identical primary endpoint PFS results, have recently reported different 
OS results, with palbociclib not showing an OS benefit38. It is unknown if this is due to differences in the type of 
inhibitor, trial, patient population, or other features.

On the other side, it has been demonstrated that the PAM50 molecular subtypes are prognostic in patients 
treated with CDK4/6 inhibitors16,18,19 and accumulated evidence suggests that the combination of endocrine 
therapy with palbociclib might be less effective than combination with ribociclib in patients with advanced HR+/
HER2- and HER2-enriched breast cancer. Indeed, retrospective analyses on samples of the MONALEESA-2,-3, 
and -718 trials showed that patients that harbored HER2-enriched tumors exhibited a PFS and OS benefit from the 
combination of endocrine therapy and ribociclib, whereas those treated with endocrine therapy and palbociclib 
in the PALOMA-216 did not benefit from the combination, even though the retrospective analysis of PALOMA-2 
was not powered to study the effect across PAM50 subtypes. Nevertheless, this hypothesis has not been formally 
tested head-to-head, and the SOLTI-2101 HARMONIA39 prospective phase III trial (NCT05207709) is currently 
evaluating if the combination of ribociclib with endocrine therapy is superior to the combination with palbociclib 
in prolonging PFS in this particular subset of patients.

In order to better understand the molecular effects of palbociclib and ribociclib, we analyzed both cell lines 
and clinical samples treated with CDK4/6 inhibitors. Our main observations in breast cancer cell lines were that 
palbociclib and ribociclib had identical dose-dependent proliferation inhibition and that in CDK4/6 inhibitor-
sensitive cell lines, both inhibitors reduced the levels of p-RB1 (marker of cell cycle inhibition21) and Lamin-B1 
(marker of senescence40–42) in a similar manner, where treatment duration played a part but changes mostly 
relied on the administered doses.

Importantly, gene expression analyses revealed that palbociclib and ribociclib significantly increased the 
Luminal A and Normal-like signatures and decreased the Luminal B, Basal-like, and proliferation signatures with 
both doses. However, the HER2-enriched signature was only significantly reduced in cells treated with 500 nM 
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Figure 3.   Changes in the PAM50 signatures in the CORALLEEN and NeoPalAna studies. Schematic 
summaries of the samples analyzed from (A) the CORALLEEN trial design and (B) the NeoPalAna trial design. 
(C) Paired samples t-test analyses showing changes in the PAM50 signatures at cycle 1 day 15 (C1D15) in 
tumor samples from CORALLEEN and (D) NeoPalAna phase II studies. (E) Changes in the PAM50 signatures 
at surgery in tumor samples from CORALLEEN and (F) NeoPalAna. (G) Changes in the HER2-enriched 
signature in tumor samples from CORALLEEN and (H) NeoPalAna from patients who underwent surgery ≤ 8 
or > 8 days from the last dose of CDK4/6 inhibitors + endocrine therapy.
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of CDK4/6 inhibitors +/− fulvestrant. Interestingly, treatment with fulvestrant alone significantly increased the 
HER2-enriched signature, but the addition of 500 nM palbociclib or ribociclib was still capable of significantly 
decreasing its levels. Assessment of individual gene expression suggested that in lower doses palbociclib might 
be more potent CDK4/6 inhibitor than ribociclib, and that co-treatment with fulvestrant further enhances these 
changes in gene expression.

In patient tumor samples from the CORALLEEN and NeoPalAna phase II studies a similar change in PAM50 
biology was observed with both drugs namely an increase in Luminal A and Normal-like signatures and a 
decrease in Luminal B and proliferation signatures after 2 weeks of treatment and at surgery. At 2 weeks of 
treatment the HER2-enriched signature was significantly decreased in both studies. However, the decrease in 
the HER2-enriched signature was only observed in surgical samples of patients treated with ribociclib, but not 
palbociclib. Interestingly, in patients from NeoPalAna who underwent surgery at 8 days from the last dose of 
palbociclib or before, a reduction of the HER2-enriched signature was observed, although it was not of statistical 
significance possibly due to sample size. This result is consistent with the results of the NeoPalAna trial, where a 
Ki67 rebound at surgery following palbociclib was observed in patients where palbociclib treatment was final-
ized > 8 days before surgery, while this washout was suppressed if patients received a cycle 5 of palbociclib17. If 
palbociclib was given until surgery, the effect could be as good as the effect of ribociclib. However, sample size 
in NeoPalAna was much smaller compared to CORALLEEN and this represents a limitation on the interpreta-
tion of the results.

Our study acknowledges several other limitations. Firstly, our analysis was limited to early-stage breast 
cancer tumor samples, as obtaining paired biopsies in a metastatic setting is challenging. This may restrict the 
applicability of our findings to more advanced disease stages. Secondly, while most of these samples were not 
HER2-enriched, we attempted to mitigate this by analyzing each PAM50 intrinsic subtype score as a continu-
ous variable, since these scores are strictly related to the biological information provided by the PAM50 genes 
characterizing each breast cancer intrinsic subtype43. Nonetheless, we acknowledge this may not fully capture 
the complexities of HER2-enriched biology. Thirdly, there is an acknowledged gap in our understanding of the 
actual concentration of palbociclib and ribociclib that reaches the tumor in patients, which may differ from the 
prescribed doses and preclinical models, adding a layer of uncertainty to the direct translatability of our results 
to clinical practice. Fourthly, the specificity of the CORALLEEN trial to patients with PAM50 Luminal B disease 
narrows the breadth of our findings, potentially limiting their generalizability to other breast cancer subtypes. 
Lastly, our study did not include abemaciclib, which has been proposed to target additional CDKs in addition to 
CDK4/644,45. These limitations highlight the need for further research in order to fully understand the implica-
tions of CDK4/6 inhibitors in varying contexts of breast cancer treatment.

In conclusion, our results show that biological responses to palbociclib and ribociclib are primarily dose-
dependent and influenced by the addition of fulvestrant. Our findings suggest that while both CDK4/6 inhibitors 
effectively modulate key biological pathways in HR+/HER2- breast cancer, nuances in their impact, particularly 
on the HER2-enriched signature, warrant further investigation. The ongoing SOLTI-2101 HARMONIA trial39 
will ultimately test which CDK4/6 inhibitor is best for continued response and survival benefit in patients with 
HER2-enriched breast cancer.

Methods
Cell lines and drugs
MCF7, T47D, BT474, and MDA-MB-468 cell lines were obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA) and cultured in Dulbecco’s Modified Eagle Medium (DMEM)/nutrient mixture 
F-12 supplemented with 10% v/v heat-inactivated fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific 
Inc., Waltham, MA, USA), 1% GlutaMAX (Gibco; Thermo Fisher Scientific Inc.), and 1% Penicillin/Strepto-
mycin (Sigma-Aldrich, Saint Louis, MO, USA) in a 37 °C, 5% CO2 humidified incubator. Cells were detached 
from flasks by incubation with 0.25% Trypsin–EDTA (1X) (Gibco; Thermo Fisher Scientific Inc.). Palbociclib, 
ribociclib, and fulvestrant were purchased from Selleckchem (Houston, TX, USA).

Clinical samples
The SOLTI-1402 CORALLEEN phase II study (NCT03248427) randomized 106 postmenopausal women with 
stage I–IIIA HR+/HER2- breast cancer and Luminal B by PAM50 with histologically confirmed, operable pri-
mary tumour size of at least 2 cm in diameter as measured by magnetic resonance imaging (MRI). Patients were 
randomly assigned (1:1) to receive either six 28-days cycles of ribociclib (oral 600 mg once daily for 3 weeks 
on, 1 week off) plus daily letrozole (oral 2.5 mg/day) or four cycles of doxorubicin (intravenous 60 mg/m2) and 
cyclophosphamide (intravenous 600 mg/m2) every 21 days followed by weekly paclitaxel (intravenous 80 mg/
m2) for 12 weeks36. Here, we analyzed formalin-fixed, paraffin-embedded (FFPE) tumor samples of the ribociclib 
plus letrozole arm, including 49 paired baseline versus cycle 1 day 15 (C1D15) samples and 49 paired baseline 
versus surgery samples.

Additionally, gene expression data of the NeoPalAna phase II trial (NCT01723774), which treated 50 patients 
with HR+/HER2- early breast cancer with anastrazole (1 mg daily) for 4 weeks, followed by four 28-day cycles 
of palbociclib (125 mg daily) plus anastrazole (1 mg daily)17, was downloaded from the Gene Expression Omni-
bus (GSE93204). We analyzed 23 paired baseline versus C1D15 samples and 16 paired baseline versus surgery 
samples.

Ethics approval and consent to participate
This study was approved by the Ethics Committee at Hospital Clinic of Barcelona (HCB.2022.0086) and all meth-
ods were carried out in accordance with relevant guidelines and regulations. This study involves the use of tissue 
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samples of patients that have received treatment with CDK4/6 inhibitors within the context of the CORALLEEN 
trial. These samples are stored in the biorepository of the Translational genomics and targeted therapies in solid 
tumors group at IDIBAPS as long as patients sign the specific informed consent of the collection.

RNA extraction
RNA of tumor samples from the CORALLEEN study was extracted using the High Pure FFPET RNA isolation 
kit (Roche, Indianapolis, IN, USA) following manufacturer’s protocol. At least 1–5 10 μm FFPE slides were used 
for each tumor specimen and macrodissection was performed to avoid contamination with normal breast tissue 
if needed. MCF7, T47D, and BT474 cells were seeded in a 6-well plate at 150,000 cells per well and after over-
night incubation medium was replaced with two different dose levels of palbociclib or ribociclib (i.e., 100 nM 
or 500 nM) +/− fulvestrant (1 nM) for 72 h (h). mRNA was extracted using QIAGEN’s RNeasy extraction kit 
(QIAGEN, Hilden, Germany) following manufacturer’s instructions.

Gene expression analysis
The nCounter platform (NanoString Technologies, Seattle, WA, USA) analyzed RNA samples from tumor sam-
ples and cell lines. A minimum of 100 ng of total RNA was used to measure the expression of 50 genes of the 
PAM50 intrinsic subtype predictor assay and 5 housekeeping genes (ACTB, MRPL19, PSMC4, RPLP0 and SF3A1). 
Expression counts were then normalized and the PAM50 signature scores (Basal-like, HER2-enriched, Luminal 
A and B, Normal-like) and the proliferation signature score were calculated using customized R scripts43. PAM50 
molecular subtypes were calculated in the publicly available gene expression data from the NeoPalAna including 
23 baseline samples, 23 week-2 samples and 16 surgery samples.

In vitro cell growth assay
MCF7, T47D, BT474, and MDA-MB-468 cells were seeded in triplicate at 5,000 cells per well in 96-well plates. 
Following overnight incubation, cells were treated with five 1:10 serial dilutions of palbociclib or ribociclib start-
ing at 10 µM. Cell viability was assessed after 72 h with Hoechst 33342 staining solution (Invitrogen, Thermo 
Fisher Scientific Inc.) and quantified using SynergyHT microplate reader and Windows based Gen5 software.

Western blotting
MCF7, T47D, and BT474 cells were seeded in 6-well plates at 150,000 cells per well and after overnight incuba-
tion medium was replaced with palbociclib or ribociclib (100 or 500 nM). After 24, 72, or 144 h, cell lysates were 
obtained using radioimmunoprecipitation (RIPA) lysis and extraction buffer (Thermo Fisher Scientific Inc.) 
supplemented with protease inhibitors: 5 mM sodium fluoride, 1 mg/ml aprotinin, 1 mM phenylmethylsulfonyl 
fluoride, 1 mM sodium orthovanadate, 1 mM benzamidine, 1 mM leupeptin, and 1 mM dithiothreitol. Total 
protein extracts were quantified using the DC Protein Assay (BioRad Laboratories, Hercules, CA, USA) and 50 μg 
of proteins were separated in reducing conditions (2.5% β-mercaptoethanol) by SDS–PAGE and transferred to 
nitrocellulose membranes (BioRad Laboratories) for further processing, following standard western blotting 
procedures. The primary antibodies used in this study were phospho-RB1 (Ser807/811) (D20B12) and Lamin-B1 
(D9V6H) from Cell Signaling Technologies (Danvers, MA, USA) and anti-actin (A2066) from Sigma-Aldrich. 
The secondary fluorescent antibody used was the IRDye 800CW Donkey anti-Rabbit IgG (LI-COR Biosciences, 
Lincoln, NE, USA). Fluorescent signal was acquired by the Odyssey Imaging System (LI-COR Biosciences).

Senescence‑associated β‑galactosidase activity
MCF7, T47D, and BT474 cells were seeded in 24-well plates at 35,000 cells per well and after overnight incuba-
tion medium was replaced with palbociclib or ribociclib (100 or 500 nM). Following 24, 72, or 144 h treatments, 
senescence dye from the Senescence Assay Kit (Abcam, Cambridge, UK) was added to wells. Cells were incubated 
for 1–2 h in a 37 °C, 5% CO2 humidified incubator and the mean fluorescence was analysed by flow cytometry 
for the detection of β-galactosidase activity. Propidium iodide (Invitrogen, Thermo Fisher Scientific Inc.) was 
used as a viability marker. Untreated controls were added, as well as unstained controls for the evaluation of 
potential auto-fluorescence.

Statistical analysis
Changes in gene expression and PAM50 signatures upon CDK4/6 inhibition were determined by paired t-tests 
and paired and multiclass significant analysis of microarray (SAM) with a false discovery rate (FDR) < 5%. These 
analyses were performed using R software. All statistical tests were two sided and the statistical significance level 
was set to p < 0.05. For in vitro cell growth, determination of half maximal inhibitory concentrations (IC50s), 
and senescence assays, GraphPad Prism was used for statistics.

Data availability
Investigators interested in data access and collaboration should contact the corresponding author. Access can be 
obtained for academic use only under a data transfer agreement and upon Ethics Committee approval.

Received: 6 March 2024; Accepted: 8 July 2024
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