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A B S T R A C T   

Trastuzumab-emtansine (T-DM1) is an antibody-drug conjugate (ADC) that was approved in 2013 to treat 
HER2+ breast cancer. Despite its efficacy in the clinic, some patients exhibit intrinsic or acquired resistance to 
such ADC. To characterize mechanisms of resistance to T-DM1, we isolated several HER2+ resistant clones 
derived from the HCC1954 HER2+ cell line. The isolated clones were different as per their transcriptomic 
profiles. However, all the T-DM1-resistant clones showed decreased HER2 levels. Yet, the clones were still 
oncogenically dependent on HER2, as indicated by knock down experiments. The decrease in HER2 expression 
caused acquired resistance to T-DM1 and to other anti-HER2 therapies. Antibody array analyses showed that the 
epidermal growth factor receptor (EGFR) was expressed in these T-DM1-resistant HCC1954 clones. Indeed, 
therapies targeting EGFR, particularly cetuximab-DM1, demonstrated a strong anti-proliferative action on cells 
with acquired resistance to T-DM1 and HER2 loss. The expression of EGFR in cells resistant to T-DM1 offers the 
possibility of using therapies directed to this receptor to combat resistance to anti-HER2 drugs and loss of HER2 
overexpression.   

1. Introduction 

ERBB2 gene amplification and overexpression occurs in approxi
mately 20% of breast cancers and is associated with more aggressive 
disease [1,2]. Less frequent molecular alterations such as somatic mu
tations in ERBB2 are present in approximately 4% of breast cancer pa
tients and occur mainly in the intracellular tyrosine kinase domain or 
the extracellular region [3]. The correlation between HER2 over
expression and patient outcome [2], together with preclinical data 
corroborating a pro-oncogenic role for HER2 [4], promoted the devel
opment of agents that act specifically on this tyrosine kinase, and that 
have markedly improved the survival of patients with HER2 positive 
(HER2+) breast cancer [5,6]. 

Two types of anti-HER2 agents have reached the oncology clinic. On 
one hand, antibodies and antibody-drug conjugates (ADCs) such as 
pertuzumab [7,8], trastuzumab [9,10], margetuximab [11,12], 
trastuzumab-emtansine (T-DM1) [13,14] and trastuzumab-deruxtecan 
(T-DXd) [15–17]. The second group of agents that target HER2 are 
small molecule tyrosine kinase inhibitors (TKIs) such as lapatinib [18, 
19], neratinib [20–22] and tucatinib [23,24]. Despite many advances 
made in the early detection and adjuvant treatment of breast cancer in 

recent decades, a significant proportion of breast cancer patients 
continue developing recurrent or metastatic disease, as well as resis
tance to the targeted therapies [25]. Indeed, breast cancer was the most 
frequently diagnosed cancer worldwide for both genders in 2020 [26]. 

T-DM1 is composed of trastuzumab linked via a lysine residue to a 
noncleavable thioether linker called 4-(N-maleimidomethyl) 
cyclohexane-1-carboxylate (MCC) covalently bond to the maytansinoid 
derivative DM1, a potent inhibitor of microtubule polymerization [27]. 
After its approval in 2013 by the FDA, T-DM1 has become the standard 
second-line treatment in patients with advanced HER2+ breast cancer, 
who previously received trastuzumab and a taxane, separately or in 
combination [13]. Recently, thanks to the results of the KATHERINE 
clinical trial, the use of T-DM1 has been approved to treat patients with 
early HER2+ breast cancer who have residual invasive disease after 
neoadjuvant treatment based on HER2-targeted therapy and taxane 
[14]. Although T-DM1 has demonstrated its efficacy, some patients do 
not respond or the disease initially responds but relapses over time [28]. 
Because of that, novel strategies to overcome resistance to this drug are 
required [29]. In fact, recent approvals of drugs such as T-DXd, that 
demonstrated efficacy in the T-DM1-resistant scenario, show the clinical 
need of novel strategies aimed at increasing the therapeutic armamen
tarium against HER2+ tumors. Taking this into account, we have 
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generated T-DM1-resistant models derived from the HCC1954 HER2+
breast cancer cell line with the purpose of identifying novel therapeutic 
vulnerabilities to fight resistance raised against T-DM1. Genomic as well 
as biochemical studies demonstrated loss of HER2 in the resistant clones. 
Those clones were also resistant to other anti-HER2 therapies but 
showed sensitivity to anti-EGFR therapies, especially to a novel ADC 
constructed against EGFR that was based in the coupling of cetuximab to 
DM1. 

2. Materials and methods 

2.1. Reagent and immunochemicals 

Generic chemicals routinely used in the laboratory were from Sigma- 
Aldrich (Madrid, Spain), Roche Biochemicals (St Louis, United States) or 
Merck (Darmstadt, Germany). Culture media, antibiotics, trypsin-EDTA, 
and fetal bovine serum (FBS) were purchased from Thermo Fisher Sci
entific (Waltham, United States). Sterile plastic material from BD Bio
sciences (Franklin Lakes, NJ, USA) and Corning Incorporated (Corning, 
New York, USA) were also purchased from Thermo Fisher Scientific. 
Erlotinib and gefitinib were from LC Laboratories. Lapatinib and ner
atinib were from Selleckchem (Houston, TX). Trastuzumab and T-DM1 
were purchased from a local pharmacy (Farmacia Escudero, Salamanca, 
Spain) and cetuximab and T-DXd from Meritxell pharmacy (Andorra). 
Pertuzumab was a gift of the Oncology Service of the Avila Hospital. The 
remaining of the antibodies used are detailed in Supplementary Table 1 
(primary antibodies) and Supplementary Table 2 (secondary anti
bodies). All the antibodies generated in our laboratory are rabbit poly
clonal antibodies and were generated as described before [30]. 

The conjugation of cetuximab to SMCC-DM1 was carried out using 
the product HY-101070/CS-6309 from MedChemExpress (Junction, 
New Jersey, United States) following the manufacturer’s instructions. 
The buffer in which cetuximab was dissolved was changed to conjuga
tion buffer 1 (50 mM KH2PO4; 50 mM NaCl; 2 mM EDTA, pH 6.5), using 
an Amicon® Ultra-0.5 100K filter (Millipore). Cetuximab was then 
measured on a NanoDrop™ apparatus (Thermo Fisher Scientific) and 
adjusted to 20 mg/ml. The SMCC-DM1 reagent was dissolved in dime
thylacetamide (DMA) at a concentration of 10 mM and a 7 molar 
equivalent of reagent was incubated with the antibody solution. Extra 
DMA was added to the conjugation solution to obtain a 10% v/v final 
volume of DMA. The reaction was mixed and incubated overnight at 
room temperature. Then, conjugation buffer 2 (50 mM sodium succi
nate; pH 5) was added and transferred to a Amicon® Ultra-0.5 100K 
filter. A total of 4 washes were performed with such buffer. Finally, the 
ADC solution was sterilized by filtration with a 0.22 μm low adsorption 

nitrocellulose filter (Millipore) and quantified in the NanoDrop™. 

2.2. Cell culture and generation of resistant cell models 

The HCC1954 cell line was obtained from the ATCC and cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 
FBS and antibiotics (penicillin 100 U/ml, streptomycin 100 μg/ml). All 
cell lines were cultured at 37 ◦C in a humidified atmosphere in the 
presence of 5% CO2. Cell line authentication was performed by short 
tandem repeat (STR) at the Hematology Service of the Salamanca Uni
versity Hospital. 

HCC1954 cells (20,000) were plated in 150 mm dishes and treated 
with 1 nM T-DM1 (media replaced weekly) following a continuous 
treatment protocol [31]. Resistant HCC1954 T-DM1R clones 
(HCC-TDM1R#) were obtained by single-cell cloning and continuously 
cultured in the presence of 1 nM T-DM1 for a total period of 5 months. 
The resistant phenotype was routinely tested by cell counting. 

2.3. Transfections and viral infections 

For cell transfections, jetPEI® from Polyplus Transfection (Illkirch, 
France) and lentiviral vectors supplied by Cultek (Madrid, Spain), 
Addgene (Cambridge, MA, USA) or Sigma-Aldrich were used. The spe
cific sequences are described in Supplementary Table 3. pHAGE-ERBB2 
was a gift from Gordon Mills & Kenneth Scott (Addgene plasmid 
#116734; http://n2t.net/addgene:116734; RRID: Addgene_116734). 
The puromycin used for the selection was from Sigma-Aldrich (2 μg/ml 
for HCC1954 cells and resistant clones). Knockdowns of EGFR and HER2 
and overexpression of HER2 were performed by infection with lentiviral 
particles as described previously [32]. 

2.4. Microarray analyses of mRNA and qPCR 

Total RNA extraction was performed with the RNeasy Mini kit 
(Qiagen, Hilden, Germany) following the manufacturer’s instructions. 
Once the RNA was obtained, the RNA concentration was determined on 
a NanoDrop™ 1000 (Thermo Fisher Scientific). For microarray experi
ments, RNA purification, integrity and cDNA synthesis were carried out 
by the Genomics Service of our Institute. cDNA was hybridized to 
Clariom S arrays human (Affymetrix, Santa Clara, USA). Raw CEL files 
were normalized using the RMA algorithm and the genes that presented 
differential expression were identified using the Transcriptome Analysis 
Console (TAC) software version 4.0.2.15 (Affymetrix). Cut-off for 
differentially expressed genes was fold change <-2 or >2 and a p-value 
of ANOVA <0.05. 

Abbreviations 

ADC antibody-drug conjugate 
BCA bicinchoninic acid 
CANX calnexin 
Cy cyanine 
DEGs differentially expressed genes 
DMEM Dulbecco’s Modified Eagle’s Medium 
EGFR epidermal growth factor receptor 
FBS fetal bovine serum 
HCC-TDM1R# HCC1954 T-DM1R clone 
HER2+ HER2 positive 
HRP horseradish peroxidase 
IF immunofluorescence 
IgG immunoglobulin G 
IP immunoprecipitation 
KRH Krebs-Ringer-HEPES buffer 

MCC 4-(N-maleimidomethyl) cyclohexane-1-carboxylate 
PBS phosphate-buffered saline 
PCA principal component analyses 
PI propidium iodide 
PVDF polyvinylidene difluoride 
qPCR quantitative PCR 
RQ relative quantification 
RTKs receptor tyrosine kinases 
shRNA short hairpin RNA 
STR short tandem repeat 
TAC Transcriptome Analysis Console 
TBST Tris-buffered saline with Tween 
T-DM1 trastuzumab-emtansine 
T-DXd trastuzumab-deruxtecan 
TKIs tyrosine kinase inhibitors 
WB Western blot  
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For qPCR performance, 2 μg of total RNA was reverse-transcribed 
using M-MLV Reverse Transcriptase, oligodT primers (Invitrogen, 
Carlsbad) and dNTPs (Fermentas Life Sciences, Burlington, Canada) in a 
thermocycler GeneAmp PCR System 2400 (PerkinElmer, Waltham, USA) 
following the instructions from the manufacturer. The cDNAs were then 
subjected to quantitative PCR (qPCR) analysis using SYBR® Select 
Master Mix for CFX (Applied Biosystems, Foster City, USA) in Applied 
Biosystems™ QuantStudio 1 package (Applied Biosystems, Foster City, 
USA). Each sample was analyzed in duplicate in 96-well optical plates on 
an iCycler® iQ™5 thermal cycler (Bio-Rad Laboratories). An initial step 
was performed at 95 ◦C for 5 min, followed by 40 cycles of 95 ◦C for 30 s, 
60 ◦C for 30 s and finished by 72 ◦C for 30 s. A final melt curve stage was 
composed by a step of 95 ◦C for 1 min, a 55 ◦C step for 10 s and a final 
step of 72 ◦C for 10 min. The relative expression of each gene was 
determined using GAPDH as housekeeping gene. The results are pre
sented as the relative quantification (RQ) value of each sample with 
respect to the HCC1954 cell line with a positive error value of maximum 
RQ minus RQ (RQmax-RQ) and a negative error value of RQ minus RQ 
minimum (RQ-RQmin). Primer sequences (Supplementary Table 4) used 
were designed with Primer3 software and purchased from Thermo 
Fisher Scientific. 

2.5. Cell proliferation, cell cycle, and apoptosis analyses 

Cell proliferation was analyzed by cell counting assays [33]. Briefly, 
cells were seeded in 6-well plates and allowed to attach overnight in 
DMEM. Then, the medium was replaced with complete medium con
taining the chosen drugs. The day of the analysis, cells were detached 
with trypsin-EDTA, diluted in ISOTON® (Beckman Coulter Life Sci
ences) and counted using a Z1 Coulter Particle Counter (Beckman 

Coulter, Pasadena, CA, USA). In proliferation experiments, each condi
tion was analyzed in triplicate and data were presented as mean +SD of 
a representative experiment that was repeated at least twice. Graph
padPrism 8.0.2 (GraphPad Software, La Jolla, CA, USA) was used to 
determine IC50 values. 

For cell cycle and apoptosis analyses cells were seeded in 6-well 
plates and, after 24h, were treated with desired drugs. At the indi
cated times, non-attached and attached cells were collected. Both assays 
were performed as described [32,33]. Cells were acquired using an 
Accuri C6 Flow Cytometer (BD Biosciences). Typically, 50,000 events 
were collected and analyzed using the C6 software. 

2.6. Western blot and antibody arrays 

Protein extraction, immunoprecipitation and Western blot protocols 
have been described [32,34,35]. Briefly, to prepare cell lysates, cultured 
cells were washed with phosphate-buffered saline (PBS) and lysed in 
ice-cold lysis buffer (20 mM Tris–HCl pH 7.0, 140 mM NaCl, 50 mM 
EDTA, 10% glycerol, 1% Nonidet P-40, 1 μM pepstatin, 1 μg/ml apro
tinin, 1 μg/ml leupeptin, 25 mM β-glycerol phosphate, 50 mM sodium 
fluoride, 1 mM phenylmethyl sulfonyl fluoride, 1 mM sodium orthova
nadate). Lysates were centrifuged at 17,000 g at 4 ◦C for 10 min and 
supernatants were transferred to new tubes. Protein concentration was 
determined by bicinchoninic acid (BCA) assay (Pierce™ BCA protein 
assay kit, Thermo Fisher Scientific). For immunoprecipitation, equal 
amounts of protein were incubated with protein A-Sepharose (GE 
Healthcare, Little Chalfont, UK) and the necessary antibody (Supple
mentary Table 1) for at least 2 h at 4 ◦C. Immune complexes were 
recovered by a short centrifugation at 17,000 g for 30 s and washed 
three times with 1 ml cold lysis buffer. Then, samples were boiled in 

Fig. 1. Models of secondary resistance to T-DM1 generated from cells primarily resistant to trastuzumab. (A) Graphical representation of the generation of T- 
DM1-resistant clones from the cell line HCC1954. (B) Five-day response to trastuzumab (50 nM) and T-DM1 (1 nM) of the HCC1954 cell line and HCC-TDM1R clones. 
Data represent mean +SD of triplicates (normalized to untreated controls) from an experiment that was repeated at least twice. Statistics indicate the p-values with 
respect to naïve HCC1954 treated with T-DM1. (C) Phase contrast images of HCC1954 and T-DM1-resistant cells taken at × 20 magnification. Scale bar, 100 μm. (D) 
Principal component analysis (PCA) of data obtained from RNA microarrays from the HCC1954 cell line and T-DM1-resistant clones. (E) Number of differentially 
expressed genes (DEGs) among T-DM1-resistant and parental cell lines. Total DEGs for each comparison are indicated above the bar. 
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electrophoresis sample buffer and placed on SDS-PAGE gels. After 
electrophoresis, proteins in the gel were transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore Corporation, Bedford, MA, 
USA). Membranes were blocked in Tris-buffered saline with Tween 
(TBST, 20 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween 20) containing 
1% BSA for at least 1 h and then incubated with the corresponding 
primary antibody (Supplementary Table 1) for 2 h or overnight. After 
three washes with TBST, membranes were incubated with 
HRP-conjugated secondary antibodies for 30 min in 5% skimmed milk 
(Supplementary Table 2). Then, membranes were washed three times 
with TBST and bands visualized by enhanced chemiluminescence [36]. 

The evaluation of the phosphorylation status of multiple human ki
nases was carried out with the Proteome Profiler Human Phospho- 
Kinase Array Kit. In addition, the phosphorylation status of diverse 
RTKs was analyzed with the Proteome Profiler Human Phospho-RTK 
Array Kit (R&D Systems, Minneapolis, Minnesota, United States) 
following the manufacturer’s instructions and as described [37]. For 
this, 300 μg of protein lysates from each cell line were hybridized with 
each membrane of the kit. The protein phosphorylation levels were 
quantified with Image Studio Lite Ver 5.2 (LI-COR, Lincoln, USA) and 
the values were represented as the mean pixel intensity of the duplicates 
for each protein. The intensity values of the negative controls were taken 
as background and only the values of phosphorylated proteins that 
exceeded this threshold value were represented. 

2.7. EGFR and HER2 cell surface levels 

Cytometric assessment of cell surface HER2 was performed by 
incubating cells with 10 nM of T-DM1 for 1 h [38]. The cell-bound an
tibodies were detected after an incubation with a Cy3-conjugated 
anti-human secondary antibody (1:80) for 30 min. To analyze EGFR 
cell surface levels, cells were incubated with Alexa 488-labelled cetux
imab (1:1000) for 1 h. Mean fluorescence levels were determined using a 
BD Accuri C6 flow cytometer. For cell surface immunoprecipitation, 
cells were washed twice with Krebs-Ringer-HEPES buffer (KRH, 140 mM 
NaCl, 5 mM KCl, 2 mM CaCl2, 5 mM MgSO4, 1.2 mM KH2PO4, 6 mM 
glucose, 50 mM HEPES, pH 7.4) [36,39] and incubated in the KRH 
buffer with 10 nM T-DM1 or cetuximab for 2 h at 4 ◦C. Then, cells were 
lysed and cell-bound antibodies precipitated with protein A-Sepharose. 
Immunocomplexes were washed and HER2 or EGFR were detected by 
Western blotting. 

2.8. Immunofluorescence (IF) and mitotic index 

40,000 cells were cultured on glass coverslips and treated with 10 
nM T-DM1 at the indicated times. Then, cells on coverslips were washed 
with PBS/CM (1 mM CaCl2, 0.5 mM MgCl2 in PBS) and fixed in 2% 
paraformaldehyde. After that, cells were washed in PBS/CM, quenched 
with 50 mM NH4Cl and permeabilized (0.1% Triton, 0.2% BSA). Then, 
cells were incubated in blocking solution (PBS/CM with 0.2% BSA) for 1 
h. Cells were washed in PBS/CM/BSA three times and then incubated 
with LAMP1 primary antibody and Cy2-conjugated anti-rabbit IgG 

Fig. 2. T-DM1-resistant clones express low HER2 
levels but remain addicted to HER2. (A) Quanti
tative PCR analysis of ERBB2 mRNA levels is repre
sented as relative quantification (RQ) in arbitrary 
units with respect to the value of the HCC1954 cell 
line and normalized with respect to GAPDH expres
sion. The data is represented as the value of RQ +
(RQmax-RQ) - (RQ-RQmin). (B) Total HER2 levels in 
parental and T-DM1-resistant cells analyzed by 
immunoprecipitation and Western blot. (C and D) 
Cell-surface HER2 level was quantitatively analyzed 
by surface immunoprecipitation (C) or by flow 
cytometry (D), using T-DM1 as primary antibody in 
both cases. (E) HER2 levels analyzed by immunoflu
orescence. Cells were fixed and stained for HER2 
using trastuzumab. Scale bar, 10 μm. HER2: green, 
DAPI: blue. (F) Knockdown of HER2 in parental and 
T-DM1-resistant cell lines. Cells were infected with 
lentivirus containing the shRNA control (shC, 
shControl) or the shRNA sequences targeting HER2 
(shHER2 #1 y shHER2 #2). HER2 and calnexin 
(CANX) levels were analyzed by western (top). The 
effect of HER2 knockdown (bottom) on the cell pro
liferation was analyzed by cell counting after 5 days. 
Data (normalized to control values) represent mean 
+SD of triplicates of an experiment that was repeated 
at least twice. Statistics indicate the p-values with 
respect to cells infected with shControl.   
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secondary antibody. To detect cetuximab-DM1, Cy3-conjugated anti- 
human IgG was used. 

Mitotic cell number analysis was analyzed by immunofluorescence. 
Cells were cultured, treated with 10 nM cetuximab-DM1 for 48 h and 
processed as above. In this case, after blocking the samples, they were 
incubated with the anti-β-tubulin antibody for 1 h and then with the 
Cy2-conjugated anti-mouse secondary antibody. The samples were then 
observed on a Zeiss Axiophot 2 microscope with a 40x oil immersion 
objective. Twenty representative photos were taken for each condition. 
Among these cells, those with condensed chromosomes and a formed 
mitotic spindle were distinguished as mitotic cells, and those with 
condensed chromosomes but an abnormal mitotic spindle arrangement 
as aberrant mitotic cells. Finally, the percentage of mitotic cells with 
aberrant mitotic spindles was calculated as follows: Aberrant mitotic 
cells (%) = ((cells with aberrant mitotic spindle)/(total mitotic cells)) x 
100. Represented photos of immunofluorescence experiments were 
taken by confocal IF microscopy using a Leica TCS SP5 system (Leica 
Microsystems CMS, Wetzlar, Germany). 

2.9. Xenograft studies 

Female BALB/c nu/nu mice were purchased from Charles River 
Laboratories and maintained at the animal facility of the University of 
Salamanca following legal and institutional guidelines. 4 × 106 

HCC1954, HCCTDM1R#19 or HCCTDM1R#20 cells resuspended in 
DMEM and Matrigel (BD Biosciences) were injected orthotopically into 
the mammary fat pad, at two sites per mice. Animals (n = 4–5) with 
tumors of 200–300 mm3 were randomized and intraperitoneally treated 
with vehicle alone (PBS), T-DM1 (15 mg/kg) or cetuximab-DM1 (15 mg/ 
kg). Tumor volumes were measured with calipers and calculated by the 
following formula: volume = (width2 × length)/2. The percentage of 
relative tumor volume (RTV) was calculated using the following for
mula: RTV (%) = ((tumor volume on day 11)/(tumor volume on day 0)) 
x 100. 

2.10. Statistical analyses 

Data distributions were checked for normality by the Shapiro-Wilk 
test and homogeneity of variances was checked by the Levene test. 
One-way ANOVA followed by Games-Howell or Bonferroni post hoc was 
used to compare control group versus experimental groups. Statistical 
analyses were performed using SPSS 25 (SPSS Inc., Chicago, IL, USA). 

3. Results 

3.1. Generation of T-DM1-resistant breast cancer cells 

We used the cell line HCC1954 to generate T-DM1-resistant models 
due to its primary resistance to trastuzumab [32]. The idea of using this 
cell line was to model the possible resistance generated in clinical 
practice, since patients treated with T-DM1 have previously been treated 
with trastuzumab-based therapies [13]. HCC1954 cells were treated 
with 1 nM T-DM1 for a total of 5 months and 25 clones were obtained 
(Fig. 1A). HCC-TDM1R#10, #19, #20 and #29 clones were selected for 
further analyses because they showed resistance to T-DM1 (Fig. 1B). All 
the selected clones preserved resistance to trastuzumab, in addition to 
acquired secondary resistance to T-DM1. All clones remained adherent 
to the culture substrate and their morphology was very similar to the 
HCC1954 parental cell line (Fig. 1C). 

To explore whether the clones selected for T-DM1 resistance were 
different among them, transcriptomic profiling was made. Principal 
component analyses (PCA) of variance among the array data revealed 
clustering of the triplicates obtained from each cell line (Fig. 1D). Such 
clustering is suggestive of homogeneous gene expression profile of those 
samples within each clone. Furthermore, the different cell lines followed 
a different distribution in the three-dimensional (3D) representation of 
PCA, confirming substantial differences between the parental line 
HCC1954 and the HCC-TDM1R clones, and also between the different 
clones. Next, a comparative analysis of gene expression was carried out 
between the T-DM1-resistant clones and the HCC1954 cell line. This 
analysis revealed that all the clones expressed a considerable number of 

Fig. 3. Effect of different anti-HER2 approved therapies on the proliferation of the HCC1954 cell line and HCC-TDM1R clones. Dose-response analysis of the 
effect of (A) tucatinib (72h), (B) lapatinib (72h), (C) neratinib (72h) and (D) T-DXd (120h) on the proliferation of HCC1954 cells and T-DM1-resistant clones. Data 
represent mean +SD of triplicates (normalized to untreated controls) analyzed in a cell counting experiment that was repeated twice. 
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differentially expressed genes (DEGs) compared to the parental line and 
compared between them (Fig. 1E). The analysis of the microarray data 
showed a lower expression of ERBB2 in all HCC-TDM1R clones with 
respect to the parental line, being significant this difference in expres
sion in all comparisons (Supplementary Fig. 1A). 

3.2. T-DM1-resistant clones express low HER2 levels but remain addicted 
to HER2 

ERBB2 downregulation was corroborated by qPCR in the T-DM1- 
resistant clones with respect to the parental cells (Fig. 2A). Moreover, 
when total HER2 levels were analyzed by western, all HCC-TDM1R 
clones showed substantially lower levels of HER2 when compared to 
the parental line HCC1954 (Fig. 2B). HER2 surface immunoprecipitation 
(Fig. 2C) and flow cytometry experiments (Fig. 2D) showed low HER2 
levels in the HCC-TDM1R clones compared to the HCC1954 parental 
line. Immunofluorescent experiments confirmed low HER2 levels, both 
surface and total, in T-DM1-resistant cell lines (Fig. 2E). Reconstitution 
of human HER2 restored sensitivity to T-DM1 (Supplementary Figs. 1B 
and 1C). 

To explore whether the remaining HER2 was able to promote the 
proliferation of the HCC-TDM1R clones, knock down experiments were 
carried out. HER2 silencing similarly affected the proliferation of the 
parental HCC1954 cell line and HCC-TDM1R clones (Fig. 2F). 

3.3. HCC-TDM1R clones are less sensitive to other anti-HER2 therapies 

The response to other anti-HER2 therapies approved in the clinic for 
the treatment of HER2+ breast cancer was tested. Tucatinib, a HER2 
selective TKI [23,24], had no effect on HCC-TDM1R clones (Fig. 3A). 
Lapatinib, a TKI directed against HER2 and EGFR [18], was effective in 
all cell lines (Fig. 3B), as was neratinib (Fig. 3C), which is a pan-HER TKI 
[22]. However, the HCC-TDM1R clones showed lower sensitivity to 
neratinib and lapatinib compared to the parental line. The effect of the 
recently clinically approved ADC targeting HER2 T-DXd was also 
analyzed. The HCC-TDM1R clones were resistant to T-DXd while the 
parental line was sensitive (Fig. 3D). 

3.4. Activated EGFR is expressed in HCC-TDM1R clones 

To search for potential druggable targets that may be used to fight 
resistance to T-DM1 we analyzed the activation status of several re
ceptor tyrosine kinases (RTKs) using antibody arrays. These RTK arrays 
allow analysis of the phosphorylation status of different RTKs some of 
them well known to act promoting cell proliferation and for which drugs 
have been developed. In addition, a second antibody array which ana
lyzes the phosphorylation status of several signaling proteins involved in 
oncogenic processes was also used. These studies demonstrated that 
EGFR was phosphorylated in HCC-TDM1R clones and parental cells 
(Fig. 4A). However, the phosphorylation levels of the EGFR were higher 

Fig. 4. Expression and role of EGFR on the pro
liferation of the HCC1954 cell line and HCC- 
TDM1R clones. (A) Evaluation of the basal levels of 
activation of different receptors by the phospho-RTK 
array kit. The protein extracts of the cell lines were 
incubated with the antibody membranes following 
the protocol of the commercial kit. The duplicate 
signals from the three corners are the positive con
trols for each membrane. (B) Quantitative represen
tation of the pEGFR and pHER2 signals from the 
antibody array studies shown in A. a.u. = arbitrary 
units. A 50,000 arbitrary units value was assigned 
when the quantization of the signal was saturated. (C) 
Total and tyrosine phosphorylated ErbB receptor 
levels analyzed by immunoprecipitation in the 
HCC1954 cell line and T-DM1-resistant clones. 
GAPDH was used as a loading control. (D) Levels of 
pS6, pERK1/2, ERK1/2, pAKT and AKT in HCC1954 
cells and T-DM1-resistant clones. (E) Knockdown of 
EGFR in HCC1954 cells and T-DM1-resistant clones. 
Cells were infected with lentivirus containing the 
shRNA control (shC, shControl) or the shRNA se
quences targeting EGFR (shEGFR #1 y shEGFR #2). 
EGFR and CANX levels were analyzed by western 
(top). Effect of EGFR knockdown (bottom graphics) 
on the cell proliferation analyzed by cell counting 
after 5 days. Data are shown as mean +SD of tripli
cates of an experiment that was repeated three times.   
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in the parental cells than in the resistant clones (Fig. 4B). The parental 
HCC1954 cell line also expressed active HER2, to levels above that of 
pEGFR. In contrast, the HCC-TDM1R clones did not show active HER2, 
as expected from their low expression levels. 

In the second phospho-signaling array experimental setting, the 
activation status of most of the proteins analyzed was quite similar 
among all of them (Supplementary Fig. 2). The only proteins that 
showed greater phosphorylation in the HCC-TDM1R clones with respect 
to the parental cell line HCC1954 were c-Jun and p53. 

Having observed the presence of phosphorylated EGFR in the resis
tant clones, the total levels of EGFR were analyzed by western. The level 
of EGFR was slightly higher in HCC-TDM1R clones with respect to the 
parental cell line (Fig. 4C). In agreement with the antibody array data, 
these studies confirmed that pEGFR levels were higher in parental 
HCC1954 than in the T-DM1-resistant clones (Fig. 4B and C). Cell- 
surface EGFR levels analyzed by either surface immunoprecipitation 
or flow cytometry were similar among the parental and the T-DM1- 
resistant clones (Supplementary Figs. 3A and 3B). These studies also 
indicated that the levels of the cognate ERBB family receptor HER3 were 
similar among all the analyzed cell lines. In the case of HER4, its levels 
were undetectable in these experiments. Since the EGFR appeared 

phosphorylated, the expression of its seven ligands was then explored. 
Quantitative PCR analyses showed different degrees of expression of all 
EGFR ligands in all the cell lines analyzed (Supplementary Fig. 3C). In 
addition, the expression levels and activation status of the main proteins 
involved in the signaling pathways were then analyzed by western 
studies. The levels of all of them were similar between the T-DM1- 
resistant clones and the parental cell line HCC1954, confirming no major 
changes in signaling pathways among cell lines (Fig. 4D). 

3.5. Targeting the EGFR in HCC-TDM1R clones 

To analyze the possible role of the EGFR in the proliferation of 
parental HCC1954 and HCC-TDM1R clones, we used genetic as well as 
pharmacological approaches. The genetic approach was based on the 
silencing of this RTK by shRNA sequences. In a previous report in which 
five different shRNA sequences were used, those ones that achieved the 
best knockdown levels were identified [40]. In the present knockdown 
studies, reduction of EGFR levels significantly inhibited the proliferation 
of HCC1954 cells and HCC-TDM1R clones (Fig. 4E). 

Next, the effect of two clinically approved TKIs against EGFR, erlo
tinib and gefitinib, as well as the effect of cetuximab and an ADC derived 

Fig. 5. Effect of different therapies against EGFR 
on the proliferation of parental HCC1954 and 
HCC-TDM1R cells. (A–E) Dose-response analysis of 
the effect of erlotinib (72h), gefitinib (72h), cetux
imab (120h) and cetuximab-DM1 (120h) on the pro
liferation of the indicated cell lines. Data represented 
as mean +SD of triplicates. (F) IC50 values for each 
drug and cell lines are represented in the graph (top) 
and detailed in the table (bottom). (G-I) In vivo effect 
of T-DM1 (15 mg/kg), cetuximab-DM1 (15 mg/kg) 
and vehicle (PBS) on tumor growth in mice injected 
with (G) HCC1954, (H) HCC-TDM1R#19 or (I) HCC- 
TDM1R#20 cells. Data are represented as mean 
+SEM. RTV: relative tumor volume. P-values are 
shown.   
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from the latter were studied (Fig. 5). Both TKIs were effective in all cell 
lines, albeit at concentrations in the micromolar range. In the case of the 
humanized monoclonal antibody cetuximab, and in addition to using 
the nude antibody, we prepared an ADC version of cetuximab by its 
coupling to DM1. Western blotting analysis using an antibody raised 
against DM1 demonstrated the coupling of that payload to cetuximab 
(Supplementary Fig. 4). 

As shown in Fig. 5, all lines were sensitive to cetuximab. Moreover, 
the antiproliferative effect of cetuximab-DM1 was in general more 
efficient and more potent than that observed with the nude antibody in 
all cell line analyzed. The action of cetuximab or cetuximab-DM1 was 
observed at nanomolar doses, demonstrating potency at concentrations 
several orders of magnitude below the TKIs. Indeed, cetuximab-DM1 
had the lowest value of IC50 of all the treatments evaluated (Fig. 5F). 
Whether treatment with cetuximab-DM1 was effective in vivo was 
explored by orthotopically injecting HCC1954, HCC-TDM1R#19 or 
HCC-TDM1R#20 in mice. In vivo, cetuximab-DM1 significantly 
decreased tumor growth in HCC1954, HCC-TDM1R#19 and HCC- 
TDM1R#20 xenografts (Fig. 5G–I). These in vivo studies also demon
strated that T-DM1 was effective in tumors created by the injection of 
HCC1954 cells. In contrast, tumors created by injecting T-DM1-resistant 
clones, especially HCC-TDM1R#19 cells, were much more resistant to 
the antitumoral action of T-DM1, demonstrating that resistance to that 
drug is preserved in the in vivo environment. Of note, we observed that 
tumors created by injection of HCC-TDM1R#19 and HCC-TDM1R#20 
cells grew slower than those created by injecting the parental cells. 

3.6. Mechanism of action of Cetuximab-DM1 

Immunofluorescence studies indicated that cetuximab-DM1 staining 
was restricted to the cell surface at an early incubation time (30 min, 
Fig. 6A). At 24 h, the staining evolved to a dotted pattern, suggesting the 
internalization of the antibody. Internalization of cetuximab-DM1 is 
expected to drive the ADC-EGFR complex to the lysosomes, where 
lysosomal proteolytic enzymes may cleave the ADC. Indeed, immuno
fluorescence experiments showed colocalization of cetuximab-DM1 
with the lysosomal marker LAMP1. The same staining pattern was 
observed with the antibody cetuximab (Supplementary Fig. 5). Total 
EGFR levels were slightly downregulated by cetuximab and cetuximab- 
DM1 at 48 and 72 h (Fig. 6B). 

To analyze the mechanism of the antitumoral action of cetuximab- 
DM1, the action of this compound on the cell cycle and cell viability/ 
cell death were explored. Cetuximab-DM1 provoked accumulation of 
cells in G2/M and a decrease in the G0/G1 cell cycle phases (Fig. 7A). 
Western blotting studies showed that the anti-EGFR ADC caused an 
accumulation of pHistone H3 and an increase in the levels of pBubR1, 
proteins that mark cells in mitosis (Fig. 7B). 

The induction of mitotic arrest caused by certain cytotoxic payloads 
has been reported to provoke cell death through mitotic catastrophe due 
to alterations of microtubule polymerization during mitosis [31,41]. 
Cetuximab-DM1 affected the formation of normal mitotic spindles in all 
the cell lines analyzed (Fig. 7C and D). In the cultures treated with 
cetuximab-DM1, accumulation of non-viable cells was observed, as 
measured by annexin-V/propidium iodide staining (Fig. 7E). Treatment 

Fig. 6. Internalization of cetuximab-DM1 in 
HCC1954 cell line and HCC-TDM1R clones. (A) 
Colocalization (yellow) between cetuximab-DM1 (10 
nM) and LAMP1 at the indicated incubation times in 
HCC1954 and HCC-TDM1R cells. Scale bar: 25 μm. 
Cetuximab-DM1 staining red, LAMP1: green, DAPI: 
blue. (B) Western blot analyses of the effect of 
cetuximab-DM1 (10 nM) and cetuximab (10 nM) on 
the EGFR levels in HCC1954 and HCC-TDM1R cells at 
the indicated incubation times with the antibodies.   
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with the ADC caused cleavage of caspase-3 and increased pH2AX in 
HCC1954 and HCC-TDM1R clones (Fig. 7F), indicative of induction of 
apoptosis and in line with the cell death observed. 

HCC-TDM1R clones (C#10, C#19, C#20 and C#29) demonstrated 
their resistant phenotype to T-DM1 by failure of this ADC to (i) affect 
their proliferation (Supplementary Fig. 6A), (ii) cause mitotic arrest 
(Supplementary Fig. 6B) and (iii) provoke cell death (Supplementary 
Fig. 6C). T-DM1 increased the levels of pHistone H3, pBUBR1, cleaved 
caspase-3 and pH2AX in the parental cell line but not in the resistant 
clones (Supplementary Fig. 6D). 

4. Discussion 

To investigate resistance mechanisms against T-DM1 and strategies 
to overcome them, models of secondary resistance to T-DM1 were 
generated from the HER2+ cell line HCC1954. A common characteristic 
of the T-DM1-resistant clones was their substantial loss of HER2 
expression. Since the target protein is critical in the mechanism of action 
of ADCs [31,41], it is likely that such loss is responsible for the resistance 
to T-DM1. In this respect, several reports have demonstrated that in 
patients with HER2+ breast cancer, partial or complete loss of HER2 

represent mechanisms of resistance to anti-HER2 therapies [42–44]. 
Other studies have also shown changes in HER2 levels between primary 
tumors and breast cancer metastases, with loss of HER2 being more 
frequent [45–48]. Indeed, several authors have reported that prior 
treatment with trastuzumab (±pertuzumab) can decrease HER2 levels 
and therefore decrease the efficacy of treatment with T-DM1 [48,49]. In 
the secondary resistance models to T-DM1 derived from the HCC1954 
cell line, HER2 loss caused cross-resistance to T-DXd. While the latter 
may retain some activity in HER2 low tumors [29], in the case of our 
T-DM1-resistant models it was unable to have an antitumoral effect. It is 
possible that the lack of action of T-DXd may derive from the lack of 
bystander action in cell models with homogeneous amount of low HER2. 
In line with our findings, T-DM1 has been shown to be ineffective in 
tumors with low levels of HER2 and/or heterogeneity in HER2 expres
sion [50]. While the low level of HER2 may be responsible for the 
refractoriness of the T-DM1-resistant clones to the ADC, they were still 
oncogenically dependent from HER2, as supported by the knockdown 
experiments and by certain degree of sensitivity to the small molecule 
TKIs. The T-DM1-resistant models showed substantial resistance to 
tucatinib. However, they still responded to neratinib and lapatinib, even 
though the potency of these drugs was clearly compromised in the 

Fig. 7. Mechanism of action of cetuximab-DM1. 
(A) Cell cycle analysis by flow cytometry of HCC1954 
and HCC-TDM1R clones treated with cetuximab-DM1 
for 3 days. C: control, T: treated with 10 nM 
cetuximab-DM1. (B) Cells were treated for the indi
cated days with cetuximab-DM1 (10 nM) and pHi
stone H3 and BubR1 analyzed by Western. (C) Cells 
were treated with cetuximab-DM1 (10 nM, 48 h), 
fixed, and stained for β-tubulin (green) and DAPI 
(blue). Scale bar: 7.5 μm. (D) Quantitative analysis of 
mitotic cells with abnormal spindles treated or not 
with cetuximab-DM1 (10 nM, 48 h). Bars represent 
the mean +SD of three independent experiments, 
calculated as follows: ((number of mitotic cells with 
abnormal spindles)/(total number of mitotic cells)) ×
100 (%). (E) Cell death induction was analyzed by 
double Annexin V and PI staining in HCC1954 cells 
and HCC-TDM1R clones treated or not with 
cetuximab-DM1 (10 nM, 72h). (F) Levels of cleaved 
caspase-3 and pH2AX analyzed by Western blotting in 
the indicated cell lines. CANX was used as a loading 
control.   
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resistant clones. Our data allow us to conclude that (i) HER2 over
expression appears to be critical for the action of ADCs targeting this 
receptor, (ii) low levels of HER2 may be sufficient to confer some degree 
of oncogenic dependence to HER2, and (iii) low HER2 tumors may still 
be sensitive to TKIs, although at higher concentrations than tumors 
overexpressing HER2. 

Since the clinically available HER2 targeting alternatives resulted 
largely ineffective, we searched for new therapeutic targets to fight T- 
DM1 resistance. Protein arrays showed that EGFR was active in both 
HCC1954 cells and HCC-TDM1R clones. The role of EGFR in acquired 
resistance to T-DM1 has been analyzed by several authors who have 
found that T-DM1-resistant models had lower levels of HER2 and 
increased levels of EGFR [51–53]. The gene knockdown assays per
formed demonstrated the role of EGFR in the proliferation of the 
HCC1954 and HCC-TDM1R cell lines. Moreover, treatment with TKIs 
directed against EGFR and with cetuximab and cetuximab-DM1 showed 
to be effective in the HCC1954 cell line and the T-DM1-resistant clones. 
However, cetuximab-DM1 demonstrated to be the best therapeutic op
tion in HCC-TDM1R clones, presenting the lowest IC50 values in com
parison with the other tested treatments. EGFR resulted to be an 
excellent target in our models because it was increased in T-DM1-re
sistant clones, it is recognized by cetuximab-DM1 and its decrease re
duces the proliferation of HCC-TDM1R clones. Indeed, cetuximab-DM1 
improved the efficacy of cetuximab thanks to the ADC format. Immu
nofluorescence analyses indicated that cetuximab-DM1 was properly 
internalized and moved to lysosomes. The action of proteases in such 
organelle is expected to produce fragments of the ADC capable of being 
transported to cytosol, where the cytotoxic payload would impair 
microtubule polymerization. Due to this action, cetuximab-DM1 pro
duced mitotic catastrophe, arrest in G2/M cell cycle phase and cell death 
as occurs with other cytotoxic payloads [32,38,54,55]. 

In conclusion, in this work cell models of resistance to T-DM1 have 
been generated from a HER2+ cell line with primary resistance to 
trastuzumab [56]. The decrease in HER2 levels has been identified as the 
mechanism of resistance to the two clinically approved ADCs T-DM1 and 
T-DXd. In these resistance models, targeting EGFR with cetuximab-DM1 
resulted in an antiproliferative effect in vitro and in vivo, opening the 
possibility of studying the antitumoral action of anti-EGFR ADCs in 
clinical trials in the setting of HER2-loss metastatic breast cancer 
[57–63]. 
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