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C A N C E R

Targeting HER2-AXL heterodimerization to overcome 
resistance to HER2 blockade in breast cancer
Anna Adam-Artigues1, Enrique J. Arenas2,3, Alex Martínez-Sabadell2, Fara Brasó-Maristany4,5, 
Raimundo Cervera1, Eduardo Tormo1,3, Cristina Hernando1,6, María Teresa Martínez1,6, 
Juan Carbonell-Asins1, Soraya Simón6, Jesús Poveda6, Santiago Moragón6, Sandra Zazo7, 
Débora Martínez4,5, Ana Rovira3,8,9, Octavio Burgués1,3,10, Federico Rojo3,7, Joan Albanell3,8,9,11, 
Begoña Bermejo1,3,6, Ana Lluch1,3,6,12, Aleix Prat4,5,13, Joaquín Arribas2,3,9,14,15,  
Pilar Eroles1,3,16*, Juan Miguel Cejalvo1,3,6*†

Anti-HER2 therapies have markedly improved prognosis of HER2-positive breast cancer. However, different 
mechanisms play a role in treatment resistance. Here, we identified AXL overexpression as an essential mecha-
nism of trastuzumab resistance. AXL orchestrates epithelial-to-mesenchymal transition and heterodimerizes with 
HER2, leading to activation of PI3K/AKT and MAPK pathways in a ligand-independent manner. Genetic depletion 
and pharmacological inhibition of AXL restored trastuzumab response in vitro and in vivo. AXL inhibitor plus 
trastuzumab achieved complete regression in trastuzumab-resistant patient-derived xenograft models. Moreover, 
AXL expression in HER2-positive primary tumors was able to predict prognosis. Data from the PAMELA trial showed 
a change in AXL expression during neoadjuvant dual HER2 blockade, supporting its role in resistance. Therefore, 
our study highlights the importance of targeting AXL in combination with anti-HER2 drugs across HER2-amplified 
breast cancer patients with high AXL expression. Furthermore, it unveils the potential value of AXL as a druggable 
prognostic biomarker in HER2-positive breast cancer.

INTRODUCTION
HER2 is a member of the human epidermal growth factor trans-
membrane receptor family and is overexpressed in about 20% of breast 
cancer (BC) (1). The HER2-positive (HER2+) BC subtype correlates 
with an aggressive phenotype and poor prognosis (2). Several anti- 
HER2 drugs have been developed and are currently being used fol-
lowing positive clinical outcomes in both localized and metastatic 
HER2+ BC (3). HER2 is thus a well-established therapeutic target, 
and anti-HER2 treatment has become the standard of care for patients 
with HER2-amplified BC. Despite a large fraction of HER2+ BC 
patients benefiting from anti-HER2 therapy, a subset of these patients 
develop resistance and ultimately experience disease progression 
(4). Hence, furthering our understanding and defining the molecular 
mechanisms involved in treatment response and the metastatic 
process may reveal novel personalized and more efficient thera-
peutic strategies.

Metastasis is a complex multistep process that involves intra-
tumoral cell invasion followed by circulatory spread and is completed 
once cancer cells invade and survive in distant tissues to grow as 
macrometastatic lesions in permissive niches (5). Epithelial-to- 
mesenchymal transition (EMT) plays an important role in this malig-
nant progression, allowing cells to metastasize and promoting acquired 
resistance to several treatment strategies (6, 7).

AXL is a member of the TAM (TYRO3, AXL, MER) receptor 
tyrosine kinase family that has been linked to EMT. AXL signaling 
promotes cell survival, resistance to anoikis, drug resistance, inva-
sion, and metastasis across different cancers (8). AXL is activated 
through multiple mechanisms, including binding to its ligand growth 
arrest–specific protein 6 (GAS6) precursor and extracellular domain–
mediated dimerization or cross-talk with other transmembrane re-
ceptor tyrosine kinase (9). Furthermore, AXL up-regulation causes 
both targeted agents and chemotherapy resistance in several types 
of cancer (10–19). In BC, AXL expression correlates with metastasis 
and worse survival (20–22). In addition, AXL inhibition has been 
proposed as a therapeutic strategy in triple-negative BC (23–25) 
and other cancers (26). However, there is still a lack of clinical infor-
mation on the role of AXL in HER2+ BC.

In this study, we demonstrate that AXL high expression inde-
pendently predicts poor prognosis in HER2+ BC patients. We present 
our findings, which delineate in a systematic fashion how AXL acti-
vation modulates trastuzumab response in in vitro and in vivo 
patient-derived xenograft (PDX) models. Concordant with this 
observation, neoadjuvant treatment with lapatinib and trastuzumab 
led to an increase in AXL mRNA levels at week 2 in HER2+ BC 
patients from the PAMELA trial. The rapid increase in AXL expres-
sion suggests its potential role in acquired resistance to anti-HER2 
treatment in BC patients.

We propose AXL overexpression as a new mechanism of resistance 
to anti-HER2 therapy and as a new potential druggable prognostic 
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biomarker. AXL inhibition plus anti-HER2 could be a new therapeutic 
approach in HER2+ BC.

RESULTS
Characterization of trastuzumab-resistant HER2+  
BC cell lines
To identify novel mechanisms of trastuzumab resistance, we used 
three in vitro BC cell lines with acquired resistance to trastuzumab: 
AU565R, BT474R, and SKBR3R. In resistant models, trastuzumab 
treatment decreased the growth rate by less than 20%, in contrast with 
the approximately 50% reduction observed in parental cell lines 
(Fig. 1A). Given that standard of care for HER2+ BC consists of dual 
HER2 blockade with trastuzumab plus pertuzumab, we checked re-
sponse to pertuzumab and combination of both agents in trastuzumab- 
resistant cell lines to give clinical value to our study. Results showed 
a significantly lower response of AU565R, BT474R, and SKBR3R to 
these treatments in comparison to parental cells (fig. S1A). In addition, 
the three acquired trastuzumab-resistant cell lines were significantly 
more proliferative at basal level than parental cell lines, as demonstrated 
by Ki67+ staining and cell proliferation (Fig. 1, B and C).

Immunohistochemistry (IHC) analysis revealed no substantial 
changes in pathological biomarkers between resistant and parental 
cell lines. BT474 and BT474R cell lines express HER2, estrogen re-
ceptor (ER), and progesterone receptor (PR). In contrast, AU565, 
AU565R, SKBR3, SKBR3R, and an innate trastuzumab-resistant cell 
line (HCC1954) were HER2+, while ER and PR were not expressed 
(Fig. 1D). All cell lines were HER2 amplified, yet trastuzumab-resistant 
cell lines expressed lower HER2 total expression and cell membrane 
expression (Fig. 1, E and F). Notably, ERBB2 mRNA remains lower 
in our acquired resistant cell lines compared to the parental sensi-
tive cell lines (Fig. 1G). The above data suggest that our resistant models 
have an increased proliferation rate and lower ERBB2 expression despite 
maintaining HER2 amplification and the same molecular subtype.

AXL promotes trastuzumab resistance in HER2+ BC cell lines
Given that AXL has been previously associated with resistance to 
therapies (27), we compared AXL expression between trastuzumab- 
sensitive and trastuzumab-resistant cell lines, finding that both AXL 
mRNA and protein expression were up-regulated in the three resis-
tant cell lines compared to their respective parental cell lines. In ad-
dition, AXL phosphorylation was also higher in resistant cell lines 
(Fig. 1, H and I). These data suggest that AXL expression could 
mediate trastuzumab resistance in our models. To address this 
question, AXL was inhibited using both a genetic and a pharma-
cological approach. First, we depleted AXL expression using two 
independent small interfering RNAs (siRNAs): In both cases, AXL 
down-regulation restored the sensitivity of resistant cells to trastu-
zumab, and we observed over 20% growth inhibition in AXL-depleted 
acquired resistant cell lines after trastuzumab treatment (Fig. 2A and 
fig. S2A). Trastuzumab IC50 (half-maximal inhibitory concentration) 
values in the three acquired resistant cell lines with AXL knockdown 
were similar to IC50 of their parental cell lines (Fig. 2B and table S1). 
However, AXL down-regulation in sensitive cell lines and in the innate 
resistant cell line HCC1954 did not enhance trastuzumab growth 
rate inhibition, underscoring its role as mechanism of acquired re-
sistance (fig. S2, A and B).

These results were confirmed using a selective AXL tyrosine ki-
nase inhibitor (TP-0903) (Fig. 2C). Reduced proliferation caused by 

the combination of trastuzumab with TP-0903 in acquired resistant 
cell lines reached growth inhibition levels observed in parental cell 
lines with trastuzumab (fig. S2C). Subsequently, TP-0903 combined 
with increasing trastuzumab concentrations led to trastuzumab 
IC50 values in acquired resistant cell lines similar to those in sensi-
tive cells (Fig. 2D and table S1). However, growth inhibition and 
IC50 values for trastuzumab were not modified in parental cell lines 
or HCC1954 upon addition of AXL inhibitor (fig. S2, C and D).

Conversely, AXL gain of function in parental cell lines signifi-
cantly reduced growth rate inhibition after trastuzumab treatment, 
thus leading to trastuzumab resistance (Fig. 2E and fig. S2E). More-
over, treatment with a range of trastuzumab concentrations showed 
an increased IC50 value in AXL-overexpressed cell lines compared 
to controls (AU565, P = 0.0012; BT474, P < 0.0001; SKBR3, P = 0.0001) 
(Fig. 2F and table S1). On the other hand, AXL overexpression had 
no effect on trastuzumab response in resistant cell lines (fig. S2, 
E and F). Proliferation was not affected by AXL levels (fig. S3). 
Collectively, these results suggest that AXL promotes acquired re-
sistance to trastuzumab, and AXL inhibition restores sensitivity in 
in vitro acquired trastuzumab-resistant models.

AXL-mediated trastuzumab resistance is associated 
with EMT-like phenotype
Acquisition of mesenchymal characteristics by epithelial cells, in 
particular, the ability to migrate and invade the extracellular matrix, 
is a well-defined mechanism of drug resistance (28). Given that the 
mesenchymal phenotype is related to worse response to trastuzum-
ab and that AXL has been described as a component of the acquired 
mesenchymal phenotype (29), we next analyzed the association be-
tween AXL expression and EMT markers.

First, we observed that acquired trastuzumab-resistant cell lines, 
which overexpressed AXL, also showed an EMT-like phenotype by 
up-regulation of vimentin (VIM), fibronectin (FN1), -catenin 
(CTNNB1), and N-cadherin (CDH2) and a decrease in E-cadherin 
(CDH1) at mRNA and protein levels compared with their respec-
tive parental cell lines (Fig. 3, A and B). As expected, the SKBR3R 
cell line presented an enhanced cancer cell invasion and migration 
capability through AXL signaling (Fig. 3C and fig. S4A).

Second, we determined whether AXL expression was sufficient 
to modulate a mesenchymal-like phenotype. The results showed that 
AXL inhibition by two different siRNAs or by TP-0903 was suffi-
cient to reverse the mesenchymal-like phenotype (Fig. 3, E and F, 
and fig. S4B). AXL down-regulation by siRNA and inhibition by 
TP-0903 reduced cell migration and invasion in the SKBR3R cell 
line (Fig. 3, D and G, and fig. S4, C and D).

Consistent with the above results, AXL overexpression increased 
both EMT markers expression (Fig. 3H) and migration and invasion 
capability in the SKBR3 cell line (Fig. 3I and fig. S4E). Moreover, 
modulation of migration and invasion ability by AXL was also vali-
dated in BT474 and BT474R cells (fig. S5). These results suggest that 
AXL orchestrates a mesenchymal-like phenotype in acquired resist-
ance to trastuzumab in HER2+ BC cell lines.

Acquired trastuzumab resistance is mediated by  
ligand-independent heterodimerization of AXL and HER2
Several studies have demonstrated that both ligand-dependent and 
ligand-independent AXL activation initiates downstream signaling 
in several cancer types (30, 31). We undertook to determine the 
biological mechanism underlying the resistance to trastuzumab 
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Fig. 1. Trastuzumab-resistant HER2+ BC cell line characterization. (A) Cell proliferation analysis by WST-1 in trastuzumab-sensitive and trastuzumab-resistant cell lines 
with and without trastuzumab treatment at 15 g/ml for 7 days. (B) IHC staining of Ki67 in the indicated cell lines. (C) Comparison of basal cell proliferation by WST-1 in 
trastuzumab-sensitive and trastuzumab-resistant cell lines over 144 hours. (D) IHC staining ER, PR, and HER2 in the indicated cell lines. MDA-MB-231 was used as a nega-
tive control for HER2, ER, and PR staining. Flow cytometry analysis of HER2 expression in cell membrane (E), Western blot analysis for total HER2 expression (F) and RT-qPCR 
analysis of ERBB2 mRNA expression (G) in trastuzumab-sensitive and trastuzumab-resistant cell lines. Western blot analysis of AXL and phospho-AXL (H) and RT-qPCR 
analysis of AXL mRNA expression (I) and in trastuzumab-sensitive and trastuzumab-resistant cell lines. Scale bars, 100 m; magnifications, ×20 (B) and ×10 (D). GAPDH was 
used as an endogenous control in (F) to (I). Flow cytometry negative control was stained with isotype primary antibody in (E). *P < 0.05, **P < 0.01, ***P < 0.001 by two-
tailed Student’s t test in (A), (C), (E), (G), and (I).
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Fig. 2. AXL has a role in trastuzumab response in HER2+ BC cell lines. (A) Western blot analysis of AXL and phospho-AXL protein expression after 72 hours of siRNA- 
mediated AXL knockdown. (B) Cell proliferation analysis by WST-1 in sensitive cell lines and siRNA-mediated AXL knockdown acquired resistant cell lines treated with 
trastuzumab for 7 days. (C) Western blot analysis of AXL and phospho-AXL protein expression after 72 hours of TP-0903 treatment. (D) Cell proliferation analysis by WST-
1 in sensitive cell lines and TP-0903–treated resistant cell lines with trastuzumab for 7 days. (E) Western blot analysis of AXL and phospho-AXL protein expression after 
72 hours of AXL overexpression. (F) Cell proliferation analysis by WST-1 in resistant cell lines and AXL-overexpressed sensitive cell lines with trastuzumab treatment for 
7 days. GAPDH was used as an endogenous control in (A), (C), and (E).
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Fig. 3. AXL expression is associated with EMT-like phenotype. RT-qPCR analysis of mRNA expression (A) and Western blot analysis of protein expression (B) of EMT 
markers: VIM, FN1, CTNNB1, CDH2, and CDH1 in sensitive versus trastuzumab-resistant cell lines. Transwell migration and invasion assay in SKBR3 versus SKBR3R (C), siRNA- 
mediated AXL knockdown (D), and pharmacological AXL inhibition by TP-0903 (G) in the SKBR3R cell line. Western blot analysis of EMT markers in siRNA-mediated 
AXL knockdown (E) and pharmacological AXL inhibition by TP-0903 (F) in SKBR3R and in AXL-overexpressed SKBR3 (H). (I) Transwell migration and invasion assay in 
AXL-overexpressed SKBR3. GAPDH was used as an endogenous control in (A), (B), (E), (F), and (H). Images show representative migrating/invading cells, and bars show 
percentage of the mean (±SD, n = 8) of migrating/invading cells. Scale bar, 100 m; magnification, ×10 (C, D, G, and I). *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed 
Student’s t test in (A), (C), (D), (G), and (I).
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mediated by AXL overexpression. To do so, we evaluated the role of 
its single ligand GAS6 without detecting consistent overexpression 
of GAS6 mRNA or protein in acquired resistant versus parental cell 
lines (fig. S6, A and B). Neither GAS6 protein expression nor the 
percentage of GAS6-positive cells changed after treatment with protein 
transport inhibitor, thus confirming that GAS6 ligand production 
did not vary between resistant and sensitive cell lines (fig. S6, B to E).

On the basis of these data, we hypothesized that AXL activation 
is ligand independent and proposed the heterodimerization between 
AXL and HER2 as the trigger in our acquired trastuzumab-resistant 
models. To test this hypothesis, we co-immunoprecipitated AXL and 
HER2 demonstrating a direct interaction between these two proteins 
(Fig. 4A). In agreement with this result, AXL-HER2 interaction was 
also detectable by proximity ligation assay (PLA). Flow cytometry 
and immunofluorescence confirmed the presence in the plasma 
membrane of AXL-HER2 heterodimer in our acquired trastuzumab- 
resistant models (Fig. 4, B and C, and fig. S7A). These results sug-
gest a ligand-independent interaction between AXL and HER2.

AXL-HER2 dimerization induces phosphorylation of  
PI3K/AKT and MAPK/ERK pathways
We next studied signaling on HER2-AXL downstream pathways. 
AXL-HER2 heterodimer downstream adapter proteins, such as AKT, 
RPS6, extracellular signal–regulated kinase (ERK), and mitogen- 
activated protein kinase (MAPK), were found to be hyperphos-
phorylated in trastuzumab-resistant models compared to sensitive 
parental cell lines (Fig. 4D). Furthermore, genetic knockdown or 
pharmacological inhibition of AXL plus trastuzumab achieved the 
greatest inactivation of HER2 downstream pathways (Fig. 4, E and F, 
and fig. S7, B and C). Although AXL overexpression alone was not 
sufficient for promoting the phosphorylation of phosphoinositide 
3-kinase (PI3K)/AKT and MAPK/ERK, pathway inhibition by tras-
tuzumab was considerably less effective in AXL-overexpressed cell 
lines than in control cell lines (Fig. 4G). Together, our data indicate 
that AXL-HER2 dimerization activates PI3K/AKT and MAPK/ERK 
signaling pathways, thus leading to a reduced trastuzumab treat-
ment efficacy.

AXL inhibition overcomes trastuzumab resistance 
in PDX models
On the basis of the previous results demonstrating that AXL leads 
to trastuzumab resistance, we tested whether the combination of 
trastuzumab and AXL inhibition could be used to blunt tumor growth 
in different in  vitro and in  vivo acquired trastuzumab-resistant 
PDX models from a HER2+ BC patient to obtain more translational 
results. First, two in vitro PDX-derived resistant models were established 
by chronic treatment for 6 months with trastuzumab (Fig. 5, A and B, 
and table S1). The two obtained PDX-derived trastuzumab-resistant 
cell lines (PDX118-TR1 and PDX118-TR2) also presented decreased 
response to pertuzumab and dual HER2 blockade (fig. S1, B and C) 
and maintained HER2 overexpression but exhibited up-regulation 
of AXL and VIM in comparison to the parental cells (PDX118) 
(Fig. 5C). Co-immunoprecipitation assay confirmed AXL-HER2 
dimerization in these PDX-derived trastuzumab-resistant models 
(fig. S8A). These results reproduced those previously obtained in 
our panel of acquired trastuzumab-resistant cell lines. In addition, 
the in vitro combination of TP-0903 plus trastuzumab resensitized 
resistant cells by significantly decreasing trastuzumab IC50 (PDX118- 
TR1 and PDX118-TR2 P < 0.0001) and inhibiting phosphorylation 

of PI3K/AKT and MAPK/ERK pathways. Furthermore, growth in-
hibition caused by trastuzumab in PDX118 was independent of AXL 
blockade (Fig.  5,  D  and  F, and table S1). These results were next 
validated in three-dimensional (3D) in vitro models from PDX118, 
TR1, and TR2 cell lines. In resistant organoids, trastuzumab or TP-
0903 alone did not induce significant growth inhibition, while the 
combination achieved a decrease to 27% in both models compared 
to control. In PDX118 organoids, trastuzumab significantly decreased 
cell numbers with no greater effect of combination with TP-0903 
(Fig. 5, E and G). Besides, apoptosis assay revealed a significant in-
crease in the percentage of apoptotic cells achieved by the combina-
tion of trastuzumab plus TP-0903 compared to any single agent in 
both parental and resistant organoids (Fig. 5H).

Second, an in vivo PDX-resistant model (PDX118-TR4) was es-
tablished by chronic treatment with trastuzumab for 4 months and 
two serial passages in mice (Figs. 5A and 6A). The level of HER2 
amplification was similar in parental PDX118 and PDX118-TR4, but 
ERBB2 expression was down-regulated (32, 33). Consistent with the 
phenotype observed in vitro, these resistant PDX tumors up-regulated 
AXL and VIM (Fig. 6B) and presented AXL-HER2 heterodimers 
(fig. S8B). Notably, GAS6 was undetectable in our PDX models, 
which supports the ligand-independent mechanism. In 3D organoid 
models from PDX118-TR4, trastuzumab or TP-0903 alone did not 
significantly reduced cell numbers, whereas in combination they de-
creased cell numbers to 38.2% compared to control (Fig. 6, C and D).

In a PDX118-TR4 in vivo model experiment, mice were treated 
with vehicle, trastuzumab, TP-0903, or a combination of these two 
drugs. The results showed that trastuzumab and the AXL inhibitor 
alone had no significant effect on tumor growth; however, the two 
drugs in combination abrogated tumor growth and achieved a com-
plete regression after 21 days of treatment (Fig. 6, E to H, and fig. S8, 
C to E). Notably, animals from the combined treatment group re-
mained alive with no evidence of tumor growth after therapy during 
a total of 321 days of follow-up (Fig. 6I); likewise, treatment did not 
affect animal weight, showing that AXL inhibition did not lead to a 
significant toxic effect in preclinical models (Fig. 6J).

With these results, we conclude that the combination of TP-0903 
with trastuzumab completely abrogates tumor growth in acquired 
trastuzumab-resistant PDX models and achieves complete tumor 
regression safely. Therefore, this is a promising therapeutic strategy 
to treat HER2+ BC resistant to standard of care.

AXL expression in HER2+ BC patients correlates with a strong 
negative prognostic factor
On the basis of these preclinical data, we hypothesized that up- 
regulation of AXL might promote acquired resistance to trastuzumab 
treatment in HER2+ BC patients. To test this hypothesis and assess 
the clinical relevance of our preclinical findings, we analyzed AXL 
expression in a retrospective cohort of HER2+ BC patients (n = 50) 
(table S2). The median age at BC diagnosis was 51 years (range, 33 
to 73); median follow-up was 7 years. Median disease-free survival 
(DFS) was 65.5 months (range, 5 to 177), and median overall sur-
vival (OS) was 80.5 months (range, 7 to 177).

AXL expression was significantly up-regulated at the time of di-
agnosis in primary tumor tissue from patients who later experi-
enced disease relapse (P = 0.003) (Fig. 7A). Receiver operating curve 
(ROC) analysis also revealed that AXL expression may discriminate 
between HER2+ BC patients who will relapse from those who 
will be free of disease with area under the curve (AUC) of 96.96% 
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Fig. 4. AXL-HER2 heterodimer regulates PI3K/AKT and MAPK/ERK pathways. (A) Co-immunoprecipitation (IP) of AXL, HER2, and IgG as a negative control (NC) fol-
lowed by immunoblotting of AXL and HER2 in acquired trastuzumab-resistant cell lines. (B) PLA of AXL and HER2 (red) in acquired resistant cell lines by flow cytometry. 
Negative control: primary antibodies were omitted (gray). (C) PLA of AXL and HER2 in trastuzumab-sensitive and acquired resistant cell lines by confocal microscopy. Red 
spots indicate AXL-HER2 interaction. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). (D) Western blot analysis of AXL-HER2 downstream 
proteins in trastuzumab-sensitive versus trastuzumab-resistant cell lines at basal level. Western blot analysis of AXL-HER2 downstream proteins with and without trastu-
zumab for 72 hours in siRNA-mediated AXL knockdown (E) after pharmacological AXL inhibition by TP-0903 (F) in acquired trastuzumab-resistant cell lines and in 
AXL-overexpressed sensitive cell lines (G). GAPDH was used as an endogenous control in (D) to (G). Scale bar, 25 m; magnification, ×40 (C).
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Fig. 5. AXL inhibition overcomes trastuzumab resistance in PDX-derived HER2+ BC cell lines. (A) Schematic representation of in vitro trastuzumab–resistant PDX cell 
lines (PDX118-TR1 and TR2) and in vivo trastuzumab–resistant PDX model (PDX118-TR4) generation. (B) Cell proliferation assay of PDX-derived cell lines treated with 
trastuzumab for 6 days. Cell numbers were estimated with the crystal violet staining assay. (C) RT-qPCR analysis of ERBB2, AXL, and VIM mRNA expression of PDX-derived 
cell lines. (D) Western blot analysis of HER2 downstream pathways with and without trastuzumab and TP-0903 treatment for 72 hours in acquired trastuzumab-resistant 
PDX-derived cell lines. (E) Representative images of organoids treated with trastuzumab, TP-0903, and combination. (F) Cell proliferation analysis of PDX-derived cell lines 
treated with trastuzumab combined with pharmacological AXL inhibition by TP-0903. Cell number (G) and apoptosis assay (H) of PDX118, TR1, and TR2 organoids treated 
with trastuzumab (100 g/ml), TP-0903 (1 M in PDX118 and TR1, 0.15 M in TR2), or combination. Viable and apoptotic cells were quantified by flow cytometry using 
propidium iodide and annexin V staining. GAPDH was used as an endogenous control in (C) and (D). Scale bar, 100 m; magnification, ×4 (E). *P < 0.05, **P < 0.01, 
***P < 0.001, by two-tailed Student’s t test in (B), (C), (G), and (H).
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Fig. 6. AXL inhibition overcomes trastuzumab resistance in HER2+ BC PDX models. (A) Generation of an in vivo trastuzumab–resistant model (PDX118-TR4). Parental 
PDX118 was implanted in an immunocompromised mouse, and when tumors reached ~200 mm3, animals were treated intraperitoneally with trastuzumab (left). Next, 
resistant tumors were reimplanted in immunocompromised mice and treated with trastuzumab (right). Red arrows represent days of trastuzumab treatment. (B) RT-qPCR 
analysis of ERBB2, AXL, and VIM mRNA expression of in vivo PDX–resistant model PDX118-TR4. GAPDH was used as an endogenous control. (C) Cell number analysis of 
trastuzumab-resistant patient-derived organoids treated with trastuzumab at 100 g/ml, TP-0903 at 150 nM, and a combination of these two drugs. Viable cells were 
quantified by flow cytometry using EpCAM as a marker. (D) Representative images of organoids treated with trastuzumab, TP-0903, and combination of these two drugs. 
Tumor growth of PDX118-TR4 in vivo model injected in NOD-SCID mice treated with vehicle, trastuzumab alone (10 mg/kg), TP-0903 alone (50 mg/kg), or a combination 
of these two drugs represented in time-course line (E), endpoint dot plot (G), and percentage change from baseline of each individual (H). (F) Tumor growth of PDX118-
TR4 in vivo model in NOD-SCID mice treated with trastuzumab and TP-0903 combination. Black line represents treatment time period. (I) OS Kaplan-Meier curve of PDX 
mice divided by treatment. (J) Animals’ weight in grams during treatment and follow-up period. Treatment was performed between days 89 and 110 after injection. N = 30 
mammary fat pad tumors; data represent means ± SEM in (E) to (G). Scale bar, 100 m; magnification, ×4 (D). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-tailed 
Student’s t test in (B) and (C). ****P < 0.0001 by two-way ANOVA with Bonferroni correction posttest in (E). **P < 0.01 and ***P < 0.001 by Mann-Whitney test in (G).
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Fig. 7. AXL expression correlates with a strong negative prognostic factor in HER2+ BC patients. (A) RT-qPCR analysis of AXL mRNA expression in HER2+ BC patients’ 
FFPE samples. (B) ROC curve analysis for relapse prediction based on AXL mRNA expression in HER2+ BC patients. DFS (C) and OS (D) Kaplan-Meier curves of HER2+ BC 
patients stratified by median AXL expression levels. (E) RT-qPCR analysis of VIM mRNA expression in HER2+ BC patients’ FFPE samples. DFS (F) and OS (G) Kaplan-Meier 
curves of HER2+ BC patients stratified by median VIM expression levels. (H) Correlation matrix of AXL, VIM, ERRB2, and GAS6 mRNA expression in HER2+ BC patients. N = 50. 
Red lines represent median and interquartile range. GAPDH was used as an endogenous control in (A) and (E). *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student’s 
t test with Welch’s correction in (A), (E), and (H).
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[95% confidence interval (CI), 0.9292 to 1.00; P < 0.0001]. Applying the 
best cutoff value, biomarker performance parameters showed 100% 
sensitivity, 84.62% specificity, and 92% accuracy (Fig. 7B). We found 
that patients with high levels of AXL had significantly shorter DFS 
and OS (for DFS: log-rank P < 0.001; hazard ratio, 12.56; 95% CI, 3.70 
to 42.66; for OS: log-rank P = 0.006; hazard ratio, 6.91; 95% CI, 1.50 
to 31.78). Median DFS and OS were 30 and 136 months, respectively, 
in patients with high AXL expression, whereas in patients with low 
AXL expression these were not reached (Fig. 7, C and D).

The prognostic value of AXL was also confirmed in silico in an 
independent public early HER2+ BC patients’ cohort (34). Patients 
with high AXL levels had significantly shorter DFS (log-rank P = 0.0018; 
hazard ratio, 2.03; 95% CI, 1.29 to 3.19) and distant metastasis–free 
survival (log-rank P = 0.0043; hazard ratio, 2.62; 95% CI, 1.32 to 5.19) 
(fig. S9, A and B).

As AXL expression correlated with VIM in our resistant models, 
we sought to validate this correlation in our patients’ cohort. We 
found a strong positive correlation between VIM and AXL expres-
sion [correlation (cor) = 0.91, P < 0.001] (Fig. 7H), and VIM expres-
sion was associated with worse prognosis. The results revealed that 
higher VIM expression in primary tumor was related to relapse 
(P = 0.0033), worse DFS (log-rank P < 0.001; hazard ratio, 50.63; 
95% CI, 6.74 to 380.5), and OS (log-rank P < 0.001; hazard ratio, 
16.48; 95% CI, 2.11 to 128.80) compared to low VIM HER2+ BC 
patients (Fig. 7, E to G).

Next, we analyzed GAS6 mRNA expression in our patients’ co-
hort. No association between GAS6 and AXL expression was found 
(cor = −0.069, P = 0.647) (Fig. 7H), in accordance with our preclinical 
data. Furthermore, GAS6 was not a negative prognostic factor; there 
was no significant relationship between GAS6 levels and DFS or OS 
(fig. S9, C to F). A similar result was observed with ERBB2, whose 
expression was not strongly correlated with either AXL (cor = 0.43, 
P = 0.003) or VIM (cor = 0.32, P = 0.031) (Fig. 7H).

In the multivariable model, AXL was selected the best model for 
both DFS (hazard ratio, 22.95; 95% CI, 3.07 to 171.87; P = 0.002) 
and OS (hazard ratio, 15.92; 95% CI, 0.849 to 298.32; P = 0.064) ac-
cording to Akaike’s information criterion (AIC). Collectively, these 
findings reveal a ligand-independent association between high AXL 
expression and worse prognosis in patients with HER2+ BC treated 
with trastuzumab and taxanes plus anthracycline-based chemotherapy.

Early in vivo biological changes during dual HER2 blockade 
in BC patients
To identify early molecular changes induced by dual HER2 blockade 
in patients with HER2+ BC, gene expression profiling was performed 
in 139 tumor samples obtained before treatment and at day 14 with 
lapatinib and trastuzumab [and endocrine therapy in hormonal re-
ceptor–positive (HR+) tumors] in the PAMELA phase 2 clinical trial 
(35). AXL gene expression was explored at both time points. Of par-
ticular interest was that AXL significantly increased at day 14 com-
pared to baseline (P = 5.8 × 10−20) (Fig. 8A). Overall, this effect was 
observed in HER2+/HR+ (P = 5.63 × 10−7), in HER2+/HR− (P = 1.446 
× 10−6), and across all PAM50 subtypes (luminal A, P = 0.0192; 
luminal B, P = 0.00247; HER2-enriched, P = 6.73 × 10−8; basal-like, 
P = 0.042) (Fig. 8, B and C). This rapid response suggests that AXL 
is involved in determining resistance to HER2 inhibition.

We completed the analysis of AXL in residual tumors from the 
surgery in those patients failing to achieve pathological complete 
response (n = 97). Of note, the median time from the last treatment 

dose to surgery, during which the tumor samples were obtained, 
was 29.5 days (range, 7 to 76 days). AXL was found to be differen-
tially expressed in residual tumors at surgery compared to day 14 
(P = 6.04 × 10−14) (Fig. 8D). In agreement with previous gene ex-
pression analysis in the PAMELA trial (36), we found a rebound 
effect between day 14 and surgery samples (P = 6.04 × 10−14) poten-
tially due to that discontinuation of dual HER2 inhibition, which 
reverses its biological effects. According to our previous preclinical 
data, VIM expression presented similar biological changes than AXL, 
whereas ERBB2 expression decreased after dual HER2 blockade 
(fig. S10, A and B).

Other interesting findings were that AXL and VIM expression 
were strongly correlated (cor = 0.67, P = 1.15 × 10−55), and ERBB2 
had a negative correlation with both AXL and VIM (cor = −0.362, 
P = 2.23 × 10−14; cor = −0.48, P = 2.31 × 10−25, respectively) (Fig. 8E). 
These observations were particularly significant as the biological changes 
observed in our preclinical models recapitulated the biological changes 
observed in patients from a phase 2 clinical trial.

DISCUSSION
Trastuzumab is an essential and effective targeted anticancer agent 
for HER2+ BC patients. Unfortunately, despite the efficacy of this 
anti-HER2 treatment, a significant number of patients develop pro-
gressive disease (2), requiring additional therapeutic strategies. Several 
molecular mechanisms such as alternative signaling pathways, acti-
vation, and/or down-regulation of ERBB2 could contribute to de-
velopment of resistance to anti-HER2 agents (37, 38). This scenario 
highlights an urgent need to develop new therapeutic approaches to 
effectively treat these patients. The current study was conducted to 
investigate the potential role of AXL activation in acquired resistance 
to trastuzumab with the aim of exploring AXL inhibition as a new 
potential therapeutic strategy for HER2+ BC patients. Several tyro-
sine kinase inhibitors, monoclonal antibodies, and antibody-drug 
conjugates against AXL are currently under development in differ-
ent clinical trials as effective targeted therapy in solid tumors (39).

We demonstrated that acquired trastuzumab-resistant HER2+ 
BC cells have significantly higher AXL expression than sensitive 
cells. AXL up-regulation, together with a mesenchymal phenotype, 
has been associated with acquired resistance to several drugs in can-
cer, including triple-negative BC (17, 19, 40). However, the role of 
AXL in the EMT process remains unclear (14). We found that AXL 
up-regulation occurred in the context of an EMT-associated tran-
scriptional program. The data obtained are consistent with previous 
studies in which VIM up-regulation was associated with AXL over-
expression in BC cells (41). Trastuzumab-resistant cell lines showed 
increased migration and invasion capability and an EMT-like phe-
notype, which are related to metastatic behavior. AXL gain and loss 
of function experiments across our in  vitro models corroborated 
that AXL activity is associated with trastuzumab response and 
induces a mesenchymal-like phenotype. AXL genetic or therapeutic 
inhibition is sufficient to reduce migration and invasion capacity, 
EMT marker expression, and acquired trastuzumab resistance in 
our models. Together, these results highlight the role of AXL in 
metastatic cascade in HER2+ BC, in agreement with previous find-
ings by Goyette et al. (20).

Previous studies show evidence that AXL could be activated via 
both ligand-dependent and ligand-independent mechanisms (42). 
Recent data suggest that AXL heterodimerization with other 
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Fig. 8. AXL mRNA biological changes after dual HER2 blockade. AXL mRNA expression changes between baseline and day 14 of treatment in all 139 tumor samples 
from PAMELA clinical trial (A) and across histological subtypes (B) and PAM50 subtypes (C). (D) AXL mRNA expression changes between baseline, day 14, and surgery 
in 97 residual tumors at surgery. (E) Correlation between AXL, VIM, and ERBB2 in 96 tumor samples from the PAMELA clinical trial. Each line represents a tumor sample. 
Increases are represented in orange, and decreases in blue. P values were determined by two-tailed paired t tests.
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transmembrane receptors occurs in several solid tumors (42–44). 
Our results provide evidence that AXL activation arises through 
AXL-HER2 heterodimerization followed by the trigger of PI3K and 
MAPK cascades. This is consistent with previous work showing 
that AXL can drive oncogenic signaling of these pathways in other 
cancer types (45). In addition, we demonstrated in our models that 
AXL activation occurs in a ligand-independent manner, and no 
correlation was observed between GAS6 and AXL expression in 
either in vitro or in vivo models and patients’ samples.

We further elucidated the contribution of AXL in acquired resistance 
to trastuzumab in a PDX model derived from a HER2+ BC patient, 
and interestingly, AXL overexpression was confirmed in acquired 
trastuzumab-resistant PDX in vitro and in vivo models. Moreover, 
we reported that simultaneous therapeutical ablation of AXL and 
HER2 activity results in complete regression of trastuzumab-resistant 
HER2+ tumors. The potential effect of TP-0903 has been studied 
in vivo in other cancers such as leukemia (46, 47) and lung cancer 
(48). To our knowledge, this is the first report to demonstrate the 
in vivo efficacy and tolerability of TP-0903 combined with trastu-
zumab in the treatment of HER2+ BC. All PDX animals treated with 
this combination remained tumor free for over 211 days after therapy 
discontinuation. This observation also suggests that the combina-
tion of HER2 and AXL inhibition might avoid treatment escape by 
tumor cells with acquired trastuzumab resistance, leading to a po-
tential long-term benefit for HER2+ BC patients.

In agreement with previous research, our data further current 
understanding of the role of AXL as a prognostic biomarker in 
human cancer (21). Analysis of primary tumor HER2+ BC samples 
showed that high AXL expression at the moment of diagnosis was 
strongly related with poorer prognosis in terms of DFS and OS. This 
observation demonstrates a direct association between AXL activa-
tion and poor response to anti-HER2 therapies, leading to metastatic 
disease development. In our patients’ cohort, AXL was also found to 
be strongly linked to VIM overexpression, which has been described 
as a poor prognosis biomarker in triple-negative BC (49). However, 
little is known about its relationship with prognosis in HER2+ 
BC. Here, we demonstrated that VIM is also related to poor prog-
nosis in HER2+ BC patients.

Another marked observation across tumor sample studies deriving 
from the PAMELA clinical trial is the increase of AXL expression in 
residual disease during dual anti-HER2 therapy. This biological ac-
quisition was relatively rapid in the first 2 weeks of treatment, sug-
gesting the importance of AXL overexpression in development of 
anti-HER2 resistance and the consequent high risk of metastases. 
This underlines that the selective pressures of therapy could shape 
cancer evolution, leading to selection of tumor subclones enriched 
with aberrations causing drug resistance.

The increase in AXL mRNA expression upon trastuzumab resistance 
observed in our in vitro and in vivo models and also in patients’ 
samples from the PAMELA trial indicates enhanced transcription 
activity. On that basis, further investigation exploring potential tran-
scription factors regulating AXL in the context of trastuzumab re-
sistance would be of special interest.

In conclusion, this study demonstrates the substantial biological 
significance of AXL activation in acquired trastuzumab resistance 
in HER2+ BC. AXL plays a critical role in EMT and in development 
of metastatic disease. Our findings demonstrate cross-talk between 
AXL and HER2 receptors. This heterodimerization induces resistance 
through PI3K and MAPK pathways activation. The combination of 

trastuzumab with AXL inhibitor overcomes resistance to trastuzumab 
both in  vitro and in  vivo. This dual inhibition induced complete 
tumor regression in in vivo PDX models without tumor regrowth 
after 321 days of total follow-up. The strong independent correla-
tion of AXL expression with reduced DFS and OS in HER2+ BC 
patients suggests that patients with high AXL expression could 
benefit from AXL-targeted therapy. Moreover, we proved that high 
AXL expression is not genetically driven (neither amplified nor 
activating mutations) (50); thus, this key drug target will be missed 
when using DNA-based tests.

Given the retrospective nature of this study, and to determine 
the potential heterogeneity of treatment effects associated with AXL 
functions, our results warrant further validation in a prospective 
clinical trial. Despite this limitation, our findings provide a strong 
rationale for developing and testing AXL inhibitors for clinical use 
in AXL up-regulated HER2+ BC patients to either prevent or over-
come resistance to trastuzumab.

MATERIALS AND METHODS
Cell lines and reagents
The BC cell lines BT474, SKBR3, AU565, HCC1954, and MDA-
MB-231 were purchased from the American Type Culture Collection 
(Manassas, VA, USA). All cell lines were maintained as recommended 
by the suppliers. TP-0903 was purchased from Selleckchem (#S7846, 
Houston, TX, USA). Trastuzumab was obtained from Roche Pharma 
(Basel, Switzerland). Trastuzumab-resistant cell lines (AU565R, 
BT474R, and SKBR3R) were obtained from F.R.’s group at the 
Fundación Jiménez Díaz Hospital. Cells were established by treat-
ing with trastuzumab for 6 months, starting at 10 g/ml trastuzum-
ab for the first 30 days and increasing the dose at each passage until 
resistant clones emerged. The final trastuzumab concentration was 
15 g/ml (51). In vitro trastuzumab treatment was maintained at 
15 g/ml. TP-0903 was given at IC50 for each cell line for 72 hours.

In vitro cell proliferation assays
Cell proliferation was measured using WST-1 Assay Reagent Cell 
Proliferation (#155902, Abcam, Cambridge, UK). A total of 5000 cells 
per well were seeded in a 96-well plate with at least four technical 
replicates for each condition. After the treatment, WST-1 was added 
to each well under sterile conditions (to a final concentration of 7% 
of the total volume) and the plates were incubated for 4 hours at 
37°C. Absorbance was measured at 450 nm in a microplate reader 
with background correction at 650 nm.

Immunohistochemistry
IHC of cell lines was performed in a -slide VI plate (#80826, ibidi 
GmbH, Martinsried, Germany) for HR and HER2 staining and in 
Cytospin cytocentrifuge for Ki67 staining. Cells were fixed with 
methanol/acetone before antibody staining. For expression of HR 
and HER2, Benchmark XT instrument in a fully automated system 
(Ventana System, Roche) was used with the UltraView Universal 
DAB Detection Kit (#0526980600, Roche) and corresponding anti-
bodies (see table S3). For IHC analysis of tumor samples from 
in  vivo experiment, tissue specimens were embedded in paraffin 
and sectioned at 4-m thickness. Ki67 staining was performed by 
automated Ventana System, and for phospho-Axl and cleaved 
caspase 3 staining, tissue specimens were pretreated in the DAKO 
PT Link Pre-treatment module (#PT100/PT101, Dako, Glostrup, 
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Denmark) and epitope retrieval was performed with Dako Low Re-
trieval Solution (citrate buffer, pH 6) for 30 min. After quenching 
endogenous peroxidase with EnVision FLEX Peroxidase-Blocking 
Reagent (#SM801, Dako), slides were incubated for 1 hour with 
primary antibody (table S4) diluted in EnVision FLEX antibody 
diluent (#K8006, Dako). Slides were incubated with Real EnVision 
HRP Rabbit (#K5007, Dako) for 30 min following the manu-
facturer’s protocol. Detection of peroxidase was revealed with 
3,3′- diaminobenzidine EnVision FLEX DAB+ Chromogen (#DM827, 
Dako), and samples were counterstained with Harris hematoxylin 
and mounted for visualization in Dako Coverstainer.

RNA isolation and RT-qPCR
mRNA expression was measured by reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR) on RNA isolated from 
BC cells and patients’ samples. RNA from eight to ten 10-m for-
malin-fixed paraffin-embedded (FFPE) slides was extracted using 
the High Pure FFPET RNA Isolation Kit (#06650775001, Roche) 
following the manufacturer’s protocol. TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) was used to extract RNA from cell lines accord-
ing to the manufacturer’s protocol. RNA was quantified with a 
NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA). RNA (1000 ng) was retro-transcribed to complementary 
DNA (cDNA) using a High-Capacity cDNA Reverse Transcription 
kit (#34368814, Applied Biosystems, Waltham, MA, USA). Gene expres-
sion was quantified with TaqMan Universal Master Mix (#0123456, Applied 
Biosystems) using TaqMan probes (see table S3). Glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) expression was used as an in-
ternal reference to normalize input cDNA. The threshold cycle 
value (CT) was determined for each measurement, and mRNA 
expression was calculated relative to the control using the compar-
ative critical threshold (2−CT) method, where CT = CTmRNA – 
CThousekeeping control. Triplicates were performed for each sample.

Protein extraction, Western immunoblotting, and co-
immunoprecipitation
Protein expression was measured through Western blot. Cells were 
lysed with radioimmunoprecipitation assay buffer (#89900, Thermo 
Fisher Scientific) and sonicated for five cycles of 10 s at 50% pulse 
and 50 s of pause. Protein quantity was measured with the Pierce 
BCA Protein Assay Kit (#23227, Thermo Fisher Scientific). For im-
munoprecipitation, whole-cell lysates were precleared with the ap-
propriate control immunoglobulin G (IgG) together with agarose 
conjugate (Protein G PLUS-Agarose; sc-2002, Santa Cruz Biotech-
nology, Dallas, TX, USA) at 4°C for 30 min. After bead pelleting, 
500 g of total cellular protein was incubated rotating head over tail 
for 2 hours at 4°C with anti-HER2 or anti-AXL antibodies and then 
reacted overnight with Protein G PLUS-Agarose beads (#2002, 
Santa Cruz Biotechnology). These beads were then washed three 
times with lysis buffer, and immunoblotting was performed with 
anti-HER2 and anti-AXL antibodies. Cell lysates or immunoprecip-
itates were resolved by SDS–polyacrylamide gel electrophoresis gel, 
transferred to nitrocellulose membrane, and blocked with 5% 
bovine serum albumin on tris-buffered saline–Tween. Membranes 
were incubated with the primary antibody overnight at 4°C and 
then washed and incubated with secondary antibody. Blots were de-
veloped with a chemiluminescence system. GAPDH expression was 
used as an internal endogenous control. The antibodies used are 
listed in table S3.

Flow cytometry
For intracellular staining, fixation and permeabilization were per-
formed with the Cytofix/Cytoperm Plus Fixation/Permeabilization 
Solution Kit (#555028, Becton Dickinson, Franklin Lake, NJ, USA) 
before staining. For GAS6 staining, cells were previously treated with 
GolgiStop (#554724, Becton Dickinson). For antibody staining, 
cells were incubated for 30 min in fluorescence-activated cell sorting 
(FACS) buffer at the preferred antibody dilution (table S3). Samples 
were analyzed using a BD LSRFortessa flow cytometer (Becton 
Dickinson), and data were analyzed by FlowJo V10 (FlowJo LLC).

Annexin V assay
To assay the number of apoptotic cells, cells were stained with allo-
phycocyanin–annexin V (#550475, BD Pharmingen) for 15 min and 
then washed and resuspended in 1:500 propidium iodide (#81845, 
Sigma-Aldrich) viability marker and acquired on LSRFortessa. Data 
were analyzed with FlowJo software. Annexin V+ cells were considered 
as apoptotic cells.

siRNA and plasmid transfection
Cells were transfected with Lipofectamine 2000 (#11668019 Invitrogen) 
according to the manufacturer’s instructions. We used pcDNA AXL 
construct for overexpression donated by R. M. Melillo [#105932, 
Addgene (52)] and AXL siRNA (#AM16708 Id1313 and Id1218, 
Invitrogen) or scramble siRNA (#AM4635, Invitrogen). Knockdown 
and overexpression efficiency was assessed at 72 hours after trans-
fection by RT-qPCR or Western blotting as previously described.

Wound-healing assay
Cells were seeded at 100% confluence on a 24-well plate. For AXL 
gain or loss of function, cells were seeded 72 hours after transfec-
tion, and for pharmacological inhibition of AXL, the drug was added 
to media during the assay. The wound was induced by scratching 
the monolayer with a micropipette tip, and cells were allowed to move 
into the gap. Migration rate was calculated as the proportion of ini-
tial scratch distance and the mean distance between the two borders 
remaining cell free after migration. Triplicates were performed for 
each condition.

In vitro cell migration and invasion assay
Invasion and migration assay was performed using an 8-m-pore 
Boyden chamber (24-well, #353097, Corning, NY, USA). For inva-
sion assay, the upper chamber was coated with Matrigel (#356235, 
Corning). For pharmacological inhibition of AXL, cells were pre-
treated with dimethyl sulfoxide (DMSO) or TP-0903 for 24 hours 
before seeding. For AXL down-regulation or overexpression, cells 
were seeded 72 hours after transfection. A total of 50,000 cells were 
seeded in serum-free medium in the top chamber and allowed to 
migrate for 48 hours toward the bottom chamber containing 
10% fetal bovine serum medium. Cells were fixed and permeabilized 
with cold 70% ethanol and methanol and stained with 0.4% crystal 
violet. The average number of migrating cells was evaluated from at 
least four independent microscope fields.

Proximity ligation assay
Cells were fixed and permeabilized with the Cytofix/Cytoperm Plus 
Fixation/Permeabilization Solution Kit. Primary antibodies (see 
table S3) were incubated overnight at 4°C. Hybridization with 
the PLA probes and negative control conditions, ligation, and 
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amplification were performed with Duolink reagents according to 
the manufacturer’s recommendations (#DUO92007, Sigma-Aldrich, 
St. Louis, MO, USA). Technical negative controls were included by 
omission of primary antibodies. PLA results were obtained with a 
Leica TCS SP8 confocal microscope and by flow cytometry with BD 
FACSAria III instrument (Becton Dickinson) and analyzed by 
FlowJo V10.

In vitro PDX–resistant model
PDX118 (ER+/PR−/HER23+) was derived from skin metastasis col-
lected by core needle biopsy. PDXs were established at Vall 
d’Hebron Institute of Oncology (VHIO) following institutional 
guidelines. The Institutional Review Board at Vall d’Hebron Hospital 
provided approval for this study in accordance with the Declaration 
of Helsinki. Written informed consent was obtained from all pa-
tients who provided tissue samples. Trastuzumab in vitro PDX–
resistant models (PDX118-TR1 and PDX118-TR2) were established 
by culturing cells in the presence of increasing concentration of 
trastuzumab (starting from 5 to 1000 ng/ml). In both models, resistance 
was obtained after 4 months of treatment. For proliferation experi-
ments, PDX118-TR1 and PDX118-TR2 cell lines were treated with 
trastuzumab for 7 days combined with TP-0903 at a concentration 
of 150 nM during the last 72 hours of treatment.

Patient-derived organoid generation and treatment
Tumor cells were seeded in 48-well plates (5 × 104 cells per well) in 
a drop of 20 l of Matrigel. Each drop was dispensed in the center of 
the well and incubated for 15 min at room temperature. After the 
Matrigel solidified, 250 l of 3D breast tumor organoid medium was 
added to each well (53). Medium was replaced twice weekly, and 3D 
formation was assessed after 15 days. Organoids per well were counted 
and each one assumed to contain approximately 50 cells. Organoid 
medium was removed, and 3D structures were cultured with trastu-
zumab and/or TP-0903. At the end point, organoids were disaggre-
gated by adding 500 l of trypsin for 30 min at 37°C, after which 
cells were collected and incubated for 30 min on ice to liquify the 
Matrigel. Fully disaggregated organoids were washed and stained as 
previously described in full (53). The number of live cells was quan-
tified with FlowJo software by means of EpCAM counts. Viability 
marker Zombie Aqua was used at 1:1000 (#423101, BioLegend, San 
Diego, CA, USA).

In vivo PDX–resistant model
To generate the PDX118 model resistant to trastuzumab, nonobese 
diabetic (NOD)–severe combined immunodeficient (SCID) mice 
were transplanted with fragments of PDX118 tumors. Once tumor 
size reached 300 mm3, animals were intraperitoneally injected with 
trastuzumab (10 mg/kg) twice per week. After two passages, resistant 
tumors (termed PDX118-TR4) were obtained. Samples for flow cy-
tometry and reinjection were digested in collagenase IA (300 U/ml; 
#C2674, Sigma-Aldrich) and hyaluronidase IS (100 U/ml; #H3506, 
Sigma-Aldrich) in Dulbecco's modified Eagle’s medium/F-12. After 
1 hour of incubation at 37°C with shaking at 80 rpm, the mixture 
was filtered through 100-m strainers. Red blood cells were lysed 
with 1× RBC lysis buffer for 5 min at room temperature. After a 
wash with 1× phosphate-buffered saline, samples were counted and 
either reinjected or stained for HER2 and EpCAM as previously de-
scribed and acquired on LSRFortessa. Data were analyzed with 
FlowJo software. For the in  vivo experiment, mice were injected 

with either trastuzumab (10 mg/kg, intraperitoneally) biweekly, 
TP-0903 orally (50 mg/kg) daily 5/7, or a combination of both 
across 21 days (from days 89 to 110). A follow-up of 321 days was 
recorded. Animal experiments received ethical approval from 
Generalitat de Catalunya/Comissió d’Experimentació Animal Òrgan 
Habilitat (Authorised Establishment B9900062, ethical protocol 
CEA-OH/10303).

Clinical samples
Samples were obtained from patients with early-stage HER2+ BC 
treated at the Hospital Clínico de Valencia Department of Medical 
Oncology from 2004 to 2016 by standard guidelines. Patients re-
ceived (neo)adjuvant chemotherapy and anti-HER2 therapy 
(trastuzumab ± pertuzumab) for 6 months, followed by surgery. 
Adjuvant treatment was completed with trastuzumab for up to 1 year, 
and a minimum of 5 years of hormonal therapy for patients with 
HR+ tumors. Radiation therapy was administered according to local 
guidelines. Patients provided signed informed consent for experi-
mental analysis of samples. The study is compliant with all relevant 
ethical regulations regarding research involving human participants 
and received ethical approval from the Hospital Clínico Research 
Ethics Committee. All samples were FFPE and had been analyzed 
by an expert pathologist to ensure >30% tumor infiltration. HR sta-
tus was evaluated by IHC (ER+ and PR+ were defined as ≥1% posi-
tively stained nuclei), and HER2 was assessed by IHC and/or 
fluorescence in situ hybridization (FISH) (IHC: complete 3+ mem-
brane staining ≥10% invasive cells; FISH:HER2:CEP17 ratio ≥ 2.0). 
Clinicopathological data of this cohort are detailed in table S2.

Analysis of public human data
HER2+ BC cohort from Kaplan-Meier plotter software was ana-
lyzed. The prognostic value of AXL and GAS6 mRNA expression 
was analyzed in 252 HER2+ by IHC BC patients with available data. 
The median value was used to identify the high and low groups. 
The hazard ratio with 95% CI and P value were calculated, and 
Kaplan-Meier curves were plotted (34).

PAMELA study
The main results of the PAMELA neoadjuvant phase 2 study have 
been previously reported (35). This completed study is registered 
with ClinicalTrials.gov (NCT01973660). The study protocol was 
approved by independent ethics committees at each center. In this 
trial, 151 patients with early HER2+ BC were treated with neoadjuvant 
lapatinib (1000 mg daily) and trastuzumab (8 mg kg−1 intravenous 
loading dose followed by 6  mg kg−1) for 18 weeks. Patients with 
HR+ BC received letrozole or tamoxifen according to menopausal 
status. Tumor samples were collected at baseline, day 14, and sur-
gery and then FFPE. HER2+ was defined as 3+ or 2+ overexpression 
by IHC and positive for chromogenic in situ hybridization. RNA 
samples of the PAMELA trial at baseline, at day 14 of treatment, 
and in residual tumors were previously analyzed using a panel of 
560 genes (including AXL, VIM, and ERBB2) at the nCounter plat-
form (NanoString Technologies, Seattle, WA, USA).

Statistical analysis
Statistical analysis was performed using GraphPad Prism software 
(version 6.01; GraphPad Software Inc., La Jolla, CA, USA) and R 
(version 3.6.2). Results were expressed as means ± SD. Normality was 
checked using Shapiro-Wilks’s test. Mean comparison was carried 
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out using two-tailed Student’s t test. All experiments were repro-
duced at least three times.

GAS6, ERBB2, AXL, and VIM gene expression in the retrospec-
tive cohort was dichotomized by the median. Prognostic potential 
was evaluated by ROC analysis, and optimal cutoff was calculated 
with Youden index (54). DFS and OS were described graphically 
using Kaplan-Meier curves, and differences were evaluated using 
the log-rank test. Cox regression was conducted to calculate hazard 
ratio and 95% CI. Cox multivariable model included dichotomized 
GAS6, ERBB2, AXL, VIM, tumor size, and affected nodes. Selection 
of the best model was done according to AIC using a stepwise 
forward-backward approach.

To identify AXL gene expression changes in clinical samples of 
the PAMELA trial across time points (baseline versus day 14 or day 
14 versus surgery), we used two-tailed paired t tests. Two-way anal-
ysis of variance (ANOVA) with Bonferroni correction post hoc 
was used for in vivo statistical analysis. The cutoff for statistical sig-
nificance in all tests was 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2746

View/request a protocol for this paper from Bio-protocol.
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