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Peptidylarginine deiminase 3 modulates response to neratinib
in HER2 positive breast cancer
Inés Romero-Pérez1,2, Elena Díaz-Rodríguez1,2,3, Laura Sánchez-Díaz1,2, Juan Carlos Montero1,2,4 and Atanasio Pandiella 1,2✉

© The Author(s) 2024

Neratinib is a tyrosine kinase inhibitor that is used for the therapy of patients with HER2+ breast tumors. However, despite its
clinical benefit, resistance to the drug may arise. Here we have created cellular models of neratinib resistance to investigate the
mechanisms underlying such resistance. Chronic neratinib exposure of BT474 human HER2+ breast cancer cells resulted in the
selection of several clones resistant to the antiproliferative action of the drug. The clones were characterized biochemically and
biologically using a variety of techniques. These clones retained HER2 levels similar to parental cells. Knockdown experiments
showed that the neratinib-resistant clones retained oncogenic dependence on HER2. Moreover, the tyrosine phosphorylation status
of BT474 and the resistant clones was equally sensitive to neratinib. Transcriptomic and Western analyses showed that
peptidylarginine deiminase 3 was overexpressed in the three neratinib-resistant clones studied but was undetectable in BT474 cells.
Experiments performed in the neratinib-resistant clones showed that reduction of PADI3 or inhibition of its function restored
sensitivity to the antiproliferative action of neratinib. Moreover, overexpression of FLAG-tagged PADI3 in BT474 cells provoked
resistance to the antiproliferative action of neratinib. Together, these results uncover a role of PADI3 in the regulation of sensitivity
to neratinib in breast cancer cells overexpressing HER2 and open the possibility of using PADI3 inhibitors to fight resistance to
neratinib.
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INTRODUCTION
Breast tumors from one out of five patients express elevated levels
of the transmembrane tyrosine kinase HER2 [1]. Such character-
istics impact the therapeutic options selected to treat those
patients, fundamentally based on agents that target HER2 [2]. Two
types of agents acting on HER2 have reached the breast cancer
clinic [3]. On one hand humanized monoclonal antibodies that
recognize the extracellular region of HER2, such as trastuzumab or
pertuzumab. This category also includes trastuzumab biosimilars
[4] and antibody-drug conjugates such as trastuzumab-emtansine
or trastuzumab-deruxtecan, which are modified versions of
trastuzumab containing a chemotherapeutic drug linked to the
antibody [5–7]. The second class of agents that act on HER2 are
small molecule tyrosine kinase inhibitors (TKIs) of HER2 [8]. These
drugs are membrane-permeable and act on the intracellular
region of HER2, inhibiting its kinase activity. Approved drugs of
this type include lapatinib, neratinib, pyrotinib, or tucatinib [9].
Neratinib irreversibly binds to cysteines located in the ATP

binding pocket of HER2 and the related family members EGFR or
HER4, inhibiting their tyrosine kinase activity [8]. Neratinib was
approved based on the ExteNET and NALA trials that demon-
strated its efficacy to reduce relapses after adjuvant therapy with
trastuzumab [10, 11]. Neratinib has shown preclinical activity on
models of trastuzumab resistance [12] and increases the
antitumoral action of trastuzumab [13]. Moreover, neratinib has
shown efficacy inhibiting mutant forms of HER2 in the absence of

HER2 gene amplification [14]. The SUMMIT and MutHER trials
demonstrated the clinical value of neratinib in combination with
hormonal therapies in heavily pretreated patients with HR-positive
disease and expressing mutant forms of HER2 [14, 15].
Despite the efficacy of neratinib in HER2+ and HER2 mutant

tumors, patients may develop resistance to the drug. Several
mechanisms appear to be involved in the resistance to neratinib,
since a number of proteins and signaling pathways related to such
resistance have been described, including overexpression of
Neuromedin U, down-regulation of P-glycoprotein, increased
CYP3A4, mutations in HER2, or activation of certain signaling
pathways such as the PI3K/AKT/mTOR or YES routes [16–21].
To contribute to the understanding of the mechanisms of

resistance to neratinib, we generated cellular models of resistance
to that drug. We show that the resistant models retain expression
of HER2, and the receptor is still sensitive to the kinase inhibitory
actions of the drug. Moreover, we show that neratinib-resistant
breast cancer cell lines are still dependent on oncogenic HER2.
Transcriptomic as well as functional studies led to the identifica-
tion of the peptidylarginine deiminase PADI3 as a protein that
regulated sensitivity to neratinib. Peptidylarginine deiminases
(PADs) are a group of calcium-dependent enzymes that catalyze
the post-translational conversion of arginine to citrulline, leading
to changes in protein structure and function [22–24]. Several
studies have already demonstrated their involvement in the
process of tumorigenesis or tumor progression [25–27]. The 5
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family members (PADI1, 2, 3, 4, and 6) have distinct substrate
affinities and tissue-specific expression patterns [28]. For example,
PADI3 is mostly expressed in the epidermis and hair follicles [28],
whereas PADI2 and 4 have been associated with the pathogenesis
of breast cancer [29–32].
Although the role of PADI3 in tumorigenesis is still not entirely

clear [26], different studies have shown its involvement in several
processes that could justify its function as an oncogene
[24, 27, 29]. These actions include (i) activation of glycolysis
through PKM2 citrullination, favoring cancer cell proliferation, (ii)
epigenetic modifications due to citrullination of histones that
regulate chromatin status, and (iii) direct regulation of enzymes
involved in the transcription of genes related to cell migration,
invasion, and survival. Interestingly, it has been observed that
PADI3 can also act as a tumor suppressor gene, inhibiting proteins
such as SIRT2, Hsp90, CKS1, and positively regulating p21,
resulting in cell cycle arrest [24, 26]. Therefore, depending on
the molecular context, PADI3 may act both as an oncogene and as
a tumor suppressor gene in cancer.
Not only our data uncovers a role of PADI3 as a protein involved

in the resistance to neratinib, but they also add evidence to the
concept that resistance to neratinib may involve different routes.
Therefore, restoration of efficacy of the drug may result difficult
considering that several potential escape mechanisms may be
present when resistance mechanisms arise.

MATERIALS AND METHODS
Reagents and antibodies
Cell culture media, fetal bovine serum (FBS), antibiotics and trypsin were
purchased from Life Technologies (Carlsbad, CA, USA), Immobilon-P
membranes from Millipore Corp and Polyethylenimine (PEI) reagent from
Polysciences (Hirschber an der Bergstrasse, Germany). Cl-amidine was
purchased from Sigma-Aldrich (Sant Louis, Missouri, EEUU). Neratinib,
lapatinib and tucatinib were from Selleckchem (Houston, TX, USA).
Trastuzumab and T-DM1 were purchased from Farmacia Escudero,
Salamanca, Spain and Farmacia Meritxell, Andorra, respectively. Other
generic chemicals were from Sigma Chemicals Co, Roche Biochemicals
or Merck.
Antibodies against GAPDH (sc-166574), PADI3 (#393622) and pTyr99

(sc-7020) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-
calnexin antibody (SPA-860-F) from Stressgen Bioreagents (British
Columbia, Canada); anti-HER2 (Ab3, #OP15) used for Western detection
of human HER2 was from Calbiochem (La Jolla, CA, USA); anti-pS6 (#2215)
and anti-S6 (#2217) were from Cell Signaling Technologies (Beverly, MA,
USA). The anti-MGP antibody was from Proteintech (Planegg-Martinsried,
Germany). The anti-FLAG antibody (F1804) was from Sigma. The horse-
radish peroxidase (HRP)-conjugated antibodies against mouse and rabbit
IgG were obtained from GE Healthcare Life Sciences (Piscataway, NJ, USA)
and Bio-Rad Laboratories (Hercules, CA, USA) and Cy3-conjugated
antibodies were from Jackson Immunoresearch. Anti-human-PE was from
BD Biosciences.

Cell culture, generation of clones resistant to neratinib, and
cell proliferation assays
Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), containing high glucose
(4500mg/L) and antibiotics (penicillin 100 U/ml, streptomycin 100 µg/ml).
Cell lines were maintained at 37 °C in a humidified atmosphere containing
5% CO2 and 95% air. Cell authenticity was analyzed at origin by the ATCC
or by STR at the Hematology Service of the University Hospital of
Salamanca. Cell lines purchased from the ATCC were expanded from the
initially purchased vial to ten 100mm dishes, and when cultures were
confluent, frozen 1 dish:1 vial ratio. Cells were regularly replaced (each 3-6
months) for new ones by thawing a frozen vial.
To generate clones resistant to neratinib, BT474 cells were plated in

150mm dishes at a density of 20,000 cells per dish. Next day, once
attached, cells were treated with neratinib at different doses (1 μM,
500 nM, 100 nM, 50 nM, 25 nM, 10 nM). The medium with the different
neratinib concentrations was replaced once a week. After 3 months of
exposure to the drug under those culture conditions, 23 clones were

isolated resistant to 10 nM neratinib (numbered #1 to #23) and one clone
(#24) resistant to 25 nM neratinib.
Cell proliferation was analyzed by conventional MTT uptake or cell

counting experiments using a Z1 Coulter Particle Counter. Detailed
protocols for these assays have previously been described [33–35].

Transfection, lentivirus production and infection
For transfection, PEI reagent was used. It was previously prepared by
dissolving 1 mg/ml of the reagent in pre-warmed water. Once dissolved,
the pH was adjusted to 7.0, filtered and aliquoted. For the transfection,
500 μl of 150mM NaCl solution including 10 μg of DNA were mixed with
500 μl of 150mM NaCl solution containing 40 μl of prepared PEI. After
30min incubation, complexes were drop-wise added over the monolayers
of target cells plated in 10 cm plates 24 h before. 12-24 h later media was
replaced by normal culture medium before further analyses. For PADI3
overexpression, the plasmid pCMV-PADI-Myc-DKK was ordered from
Origene (Herford, Germany), transfected and neomycin-resistant clones
isolated (500 μg/ml, 3 weeks). To obtain a pool of SKBR3 cells over-
expressing Flag-tagged PADI3, cells were transfected with the above-
mentioned plasmid and selected with G418 (500 μg/ml) for a month. A
pool of SKBR3 cells was analyzed for PADI3 expression by western blotting.
For lentivirus production, 4 µg of each of the plasmids pMDLg/RRE,

pRSV-Rev and pMD2.G (Addgene, Cambridge, MA, USA), along with 8 µg of
the pLKO.1 lentiviral plasmid containing a scramble shRNA (sh-Control) or
the shRNAs for HER2 or PADI3 (GE Dharmacon, Lafayette, CO, USA) were
co-transfected as described into HEK293T cells. Twenty-four hours later,
HEK293T medium was replaced with fresh medium, and 48 h post co-
transfection, the medium containing lentiviral particles was collected,
filtered, and utilized to infect cells after the addition of 6 µg/ml polybrene
(Sigma-Aldrich). Forty-eight hours after the transfection, transduced cells
were selected with 3 µg/ml puromycin (Sigma-Aldrich) for another 48 h.
Five distinct shRNA sequences targeting HER2 or PADI3 were assessed and
used those demonstrating higher levels of knockdown (#1-ATG TAT AGG
TAA CCT GTG AT and #2-TAC AAA GCC TGG ATA CTG ACA for shHER2; #36-
TGG CAA GGA AGA ACA TGG TTT and #37-CCA GTA TAA GAG GGA CAA
GTT for shPADI3).

Protein extraction, immunoprecipitation (IP) and Western
blot (WB)
The preparation of cell extracts, IP and WB analyses were performed as
described [35, 36]. Blots were visualized by autoradiography or digital
capture using a Chemidoc apparatus (Bio-Rad Laboratories, Hercules, CA,
USA). Densitometric measurements of the bands were performed using
the Image Lab™ Software Version 6.0.1 included with the Chemidoc
system.
For cell surface immunoprecipitation, cells were grown at 70-80%

confluency, washed twice with Krebs-Ringer-HEPES buffer (128mM NaCl;
5.0 mM KCl; 5.0 mM MgSO4; 1.3 mM CaCl2; 50 mM Hepes, pH 7.4) and
incubated with 10 nM trastuzumab for 2 h at 4 °C in the same buffer.
Monolayers were washed twice with PBS and lysed. Cell debris were
removed by centrifugation, and supernatants incubated for 30min with
protein A-Sepharose. Immunocomplexes were then washed and loaded in
SDS-PAGE gels as described [37].

Immunofluorescence microscopy and cell surface staining
Cells were plated on glass coverslips and 48 h later washed with PBS/
Ca2+ /Mg2+ (1 mM CaCl2, 0.5 mM MgCl2 in PBS) and fixed in 2% p-
formaldehyde for 30min at room temperature. Then, cells were washed
with PBS/CM, quenched with 50mM NH4Cl and permeabilized with 0.1%
Triton X-100, 0.2% BSA) and then blocked in PBS/CM with 0.2% BSA
(blocking solution) for 1 h at room temperature. Monolayers were then
incubated with the primary antibody in blocking solution for 2 h at room
temperature. After three washes for 10min each in PBS with 0.2% BSA, the
coverslips were incubated with cyanine-3-conjugated secondary anti-
bodies for 30min, washed three times, 5 min each, in PBS with 0.2% BSA,
and mounted. Samples were analyzed by regular epifluorescence
microscopy or by confocal immunofluorescence microscopy using a Leica
TCS SP5 System (Leica Microsystem CMS, Wetzlar, Germany). Phase
contrast images were taken with a Nikon Eclipse Ti-S inverted microscope
(Izasa, Barcelona, Spain).
To perform cell surface staining of HER2 for cytometric analyses, cells

were trypsinized, collected in culture medium (DMEM+ 10% FBS) and
resuspended in PBS+ 1% BSA. Cells were then incubated with 10 nM
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trastuzumab for 1 h under rocking agitation at room temperature. Later,
cells were washed twice with PBS+ 1% BSA and incubated with anti-
human-PE (1:100) for 30min, in agitation at room temperature. After that
incubation period, cells were washed twice with PBS+ 1% BSA and
cytometrically analyzed using a BD AccuriTM apparatus (BD Biosciences).
Mean fluorescence intensity of HER2 was quantified using the BD Accuri C6
Software.

Microarray transcriptomic studies
Total RNA extraction was performed with the RNeasy Mini kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions. RNA concen-
tration was determined with a NanoDropTM 1000 apparatus (Thermo
Fisher Scientific). Assessment of the quality of the isolated RNAs was
carried out by the Genomics Service of our Institute, using the Bioanalyzer
RNA 6000 Nano assay (Agilent). cDNAs were hybridized to Clariom S
human arrays (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). The cut-off values taken were fold-
change <-2 or >2 and a p-value of ANOVA < 0.01.

HER2 sequencing
Total RNA was isolated as described above and first-strand cDNA was
synthesized using M-MLV reverse transcriptase and oligo-dT (Invitrogen,
Carlsbad, CA, USA), following the instructions from the manufacturer. The
oligonucleotides used to amplify HER2 are described in supplementary fig.
2B. The PCR reactions were as follows: 5 min at 94 °C and 35 cycles of: 30 s
at 94 °C, 30 s at 56 °C, 1 min at 72 °C. Next 7 min at 72 °C. After PCR, the
amplified fragments were separated on agarose gels and the bands were
visualized in a Gel Doc 2000 (Bio-Rad Laboratories, Hercules, CA, USA)
apparatus. Bands were excised and amplified DNAs purified using the
GFXTM PCR DNA and gel Band purification KIT (GE Healthcare,
Buckinghamshire, United Kingdom). DNA concentration was measured in
a NanoDropTM 1000 apparatus, and 100 ng used for sequencing. The
sequences obtained were compared with the canonical HER2 sequence,
available in the databases (Ensembl) (transcript ID ENST00000269571.10),
using the Clustal Omega web tool.

Statistics
Data distributions were checked for normality by the Shapiro-Wilk test and
homogeneity of variances was checked by the Levene test. The
Mann–Whitney test was used to compare continuous variables between
two groups and Anova for >2 groups. Statistical analyses were performed
using GraphPad Prism 8 (San Diego, CA, USA).

RESULTS
Generation of HER2+ cells resistant to neratinib
To generate cells resistant to neratinib, we followed a classical
strategy based on the continuous culture of the target cells with
increasing concentrations of the drug against which resistance is
desired to be developed [38]. To that end, we used BT474 cells,
which constitute a prototypical cell line model of human HER2
positive breast cancer. Those cells were chronically incubated with
neratinib (10, 25, 50, 100, 500 or 1000 nM), until clones resistant to
the drug were microscopically observed. Three months after the
initiation of this treatment, twenty-three clones of BT474 cells
resistant to 10 nM neratinib (named BTRN, for BT474 cells
Resistant to Neratinib), and one resistant to 25 nM neratinib were
isolated (Fig. 1A). Clones BTRN #4, #5, #6, #13, #17, and #24 were
initially selected for further studies since they grew better than
other clones and their proliferation rate was similar to that of
parental BT474. Clones BTRN #4, #5, #6, #13, and #17 were isolated
under 10 nM neratinib, while clone BTRN #24 corresponded to the
one obtained by continuous treatment with 25 nM of the drug.
The different clones were grown in culture media without
neratinib, and then tested for the maintenance of resistance.
Clones BTRN #5, #6 and #24 retained resistance to neratinib (Fig.
1B), while clones BTRN #4, #13 and #17 showed similar sensitivity
to neratinib than the wild type cells (supplementary fig. 1A).

Statistical analyses of proliferation values observed in cells treated
with 5 nM neratinib showed that clones BTRN #5, #6 and #24 were
significantly more resistant than the wild type BT474 cells (Fig. 1C),
with IC50 values at least one order of magnitude above that of
parental BT474 cells (Fig. 1D). Because clones BTRN #5, #6 and #24
retained resistance to neratinib, grew at similar rates as BT474
(supplementary fig. 1B), and were morphologically similar to the
parental BT474 cells (supplementary fig. 1C), they were selected
for further analyses.

Response of the neratinib-resistant clones to other anti-
HER2 drugs
With the purpose of evaluating how clones BTRN #5, #6 and #24
responded to other anti-HER2 drugs used in the clinic, dose-effect
studies were performed (Fig. 1E-H). The drugs tested included two
TKIs (lapatinib and tucatinib) as well as two antibody-based drugs
(trastuzumab and T-DM1). In general, the dose–response curves
obtained showed that the resistant clones were more resistant to
the action of the tested drugs than the parental BT474 cells. In
fact, statistical analyses performed on the effect obtained at a
concentration of 10 nM of the different drugs, showed that the
neratinib-resistant clones had partial resistance to all the tested
anti-HER2 compounds (Fig. 1I). These results indicated that chronic
treatment with neratinib favored the selection of cells that
showed cross-resistance to other anti-HER2 drugs, with indepen-
dence of whether those drugs were of the same class of neratinib,
i.e. small molecule TKIs, or antibodies acting on the extracellular
region of HER2.

Neratinib-resistant cells retain HER2 levels and HER2
oncogenic dependency
Loss or decreased expression of HER2 has been reported to result
in resistance to anti-HER2 therapies [37]. To explore whether such
mechanisms were responsible for the resistance to neratinib or
the other anti-HER2 tested drugs, HER2 levels as well as its tyrosine
phosphorylation status were analyzed. Western blot analyses
showed that the amount of total HER2 was similar among the
three resistant clones and with respect to the wild-type BT474
(Fig. 2A and B). Moreover, the tyrosine phosphorylation of the
receptor was also similar among the different clones and the
parental BT474 cells (Fig. 2A and B). Additional experiments were
carried out to explore whether changes in cell surface HER2 could
account for the resistance to neratinib and the other anti-HER2
drugs. Cell surface immunoprecipitation followed by Western
analysis (Fig. 2C), or flow cytometric studies (Fig. 2D), revealed that
the clones and the parental cells expressed similar amounts of
surface exposed HER2. Finally, immunofluorescence studies
showed that the pattern of expression of HER2 in all the clones
was similar to that observed in BT474 cells (Fig. 2E).
Molecular alterations of HER2 have been implicated in the

resistance to several anti-HER2 drugs, including neratinib [20, 39].
HER2 sequencing with primers designed to cover the entire
HER2 sequence (supplementary fig. 2A and B) did not reveal any
mutations in the coding sequences derived from the different
neratinib-resistant clones (data not shown). In addition to
mutations in the HER2 sequence, an alternative molecular
alteration that has been linked to resistance to anti-HER2 drugs
is a deletion in the extracellular region of HER2, which produces a
truncated version of 95 kDa (p95) [40]. Western blotting with an
antibody directed to the C-terminus of HER2, failed to detect
truncated species of HER2 (supplementary fig. 2C). Together, these
results indicate that in our BTRN models, the acquired resistance
to neratinib was not caused by loss or molecular alterations
of HER2.
To analyze whether neratinib affected tyrosine phosphorylation

levels of the resistant clones, cells were treated with increasing
concentrations of the drug and tyrosine phosphorylation of HER2
measured by Western. As shown in Fig. 3A, treatment with
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neratinib reduced tyrosine phosphorylation of HER2 in a dose-
dependent manner. Quantitation studies showed that the
parental cells and the different clones responded analogously,
reaching maximum inhibition of pHER2 at concentrations of
10 nM or above (Fig. 3B). Formerly, it has been reported that cells
resistant to neratinib showed activation of the mTORC1 route, and
such activation, measured as pS6 levels, was insensitive to the
action of the drug [20]. However, in our models, neratinib
treatment similarly decreased pS6 levels in parental as well as in
the resistant clones (Fig. 3A, B).
The fact that the isolated clones resulted resistant to neratinib,

raised the question of whether the clones had also lost HER2
oncogenic dependence. To explore this possibility, HER2 levels
were knocked down by shRNA, and the proliferation of the clones
was evaluated. HER2 knockdown drastically affected the prolifera-
tion of parental BT474 cells as well as the proliferation of the
neratinib-resistant clones (Fig. 3C). In the case of BTRN #24 cells,
the effect of HER2 knockdown was similar to that observed in the

case of parental BT474 cells. In BTRN clones #5 and #6 the effect of
the HER2 knockdown was less pronounced than in parental or
BTRN #24 cells. Yet, the inhibition of cell proliferation caused by
the knockdown of HER2 in BTRN #5 and #6 was very high. Taken
together, the above data indicate that the resistant cell lines
continued to be oncogenically dependent on HER2.

Transcriptomic profiling of the neratinib-resistant clones
With the purpose of investigating differences in gene expression
that could help in elucidating the mechanism(s) of resistance to
neratinib in the resistant clones, a transcriptomic study was carried
out. Principal component analyses showed that the four cell lines
analyzed (BT474 and the three resistant clones) had different
expression patterns (Fig. 4A). Using a fold-change value of ±2, the
analysis of the individual clones with respect to parental BT474
cells showed that the number of deregulated genes in the
resistant clones with respect to the parental cell line were above
2000, with around half of the transcripts being up-regulated or
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Fig. 1 Generation and characterization of neratinib-resistant cells. A Schematic representation of the generation of neratinib resistant cells.
BT474 cells were cultured for 3 months in the presence of different concentrations of neratinib. Twenty-three clones were able to grow in the
presence of 10 nM neratinib and 1 in the presence of 25 nM neratinib. B Dose-response effect of neratinib on BT474 and neratinib-resistant
clones. Cells were plated and 24 h later treated with the indicated doses of neratinib. After 3 days of treatment, cells were counted, and values
normalized to untreated controls. Results are shown as mean ± SD of quadruplicates of an experiment that was repeated more than three
times. C Plot of the effect of 5 nM neratinib on the indicated cells. **p < 0.05. D IC50 values for the cell lines shown, calculated from data shown
in A and using the GraphPad Prism 8 software. E, F Effect of other anti-HER2 therapies on the different cell models generated. Cells were
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treatments used at 5 nM on the indicated parental or neratinib-resistant cells. **p < 0.05.
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down-regulated (Fig. 4B and supplementary table 1). Figure 4C
illustrates a Venn diagram showing the total number of
deregulated genes, 3793 when pooled together, differentially
expressed in at least a clone with respect to BT474 cells. This type
of plot also indicates that the three studied clones shared 1200
deregulated genes in common when compared to BT474 cells. Of
them, 546 were up-regulated, while 654 were down-regulated
(Fig. 4D). When compared among them, 1497 genes were
differentially expressed between clones #5 and #6; 1421 genes
between clones #5 and #24; and 1634 genes between clones #6

and #24 (supplementary table 2). These substantial differences in
gene expression were indicative, together with the PCA analysis,
that the three clones were different among them.
Of the 1200 genes that were commonly under- or over-

expressed, we focused attention on those which showed the
highest rate of change. The genes for MGP, PADI3 and SERPINB5
resulted the most overexpressed in the resistant clones, while
COLEC12, LMO3 and UPK1A were the three most under expressed
genes. The latter genes showed fold changes below those of the
overexpressed genes (Fig. 4E). Of the up-regulated genes
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expressed in the neratinib-resistant clones, RNA-Seq data obtained
from breast invasive carcinomas and available from the TNMPlot
web tool [41], showed that only PADI3 (Peptidyl Arginine
Deiminase 3) was more expressed in tumor tissue compared to
healthy tissue (Fig. 4F). We therefore focused on that gene to
investigate its relevance as a regulator of the response to
neratinib.

Genetic manipulation of PADI3 levels
To validate the transcriptomic data at the protein level, Western
blotting studies were performed. These analyses demonstrated

that the three neratinib-resistant clones expressed higher
amounts of PADI3 when compared to parental BT474 cells
(Fig. 5A). Moreover, under these experimental conditions, BT474
cells failed to show detectable levels of the protein. We also
analyzed the expression of MGP by western blotting, confirming
the up-regulation of the levels of that protein in the neratinib-
resistant clones (Fig. 5A).
To explore the possibility that the augmented amount of PADI3

present in the resistant clones could favor resistance to the drug,
functional studies were carried out by manipulating the levels of
the protein. Gain of function as well as loss of function genetic
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studies were performed. For the gain of function experiments,
BT474 cells were transfected with a plasmid coding for Flag-
tagged PADI3, and several clones were isolated. Western blotting
with anti-Flag antibodies confirmed the expression of exogenous
Flag-tagged PADI3 in several clones derived from naïve BT474
cells (Fig. 5B). As expected, inclusion of the Flag tag resulted in an
increase in the Mr of Flag-PADI3 with respect to endogenous
PADI3 (Fig. 5B, top Western). Of note, Flag-PADI3 expressing
clones did not express detectable levels of endogenous PADI3,
behaving in this sense like BT474 cells. Quantitative analysis of the
levels of expression of Flag-PADI3 revealed that the transfected

clones expressed varying levels of Flag-PADI3 (Fig. 5C). As shown
in Fig. 5B, C, clones 7, 11, and 19 expressed high levels of ectopic
FLAG-tagged PADI3. Comparatively, these clones had significantly
higher levels of Flag-PADI3 than the endogenous PADI3 levels
from the originally isolated neratinib-resistant clones (Fig. 5B, C).
Of note, the levels of PADI3 in clone 1 were undetectable and in
this respect this clone behaved like naïve BT474 cells. Proliferation
studies indicated the BT-PADI3 #7, #11 and #19 clones resulted
statistically more resistant to the action of neratinib than the
parental BT474 cells (Fig. 5D). We used SKBR3 as an alternative cell
line to analyze whether overexpression of PADI3 could also lead to
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resistance to neratinib. After transfection with the PADI3-encoding
plasmid and selection, a pool of SKBR3 cells expressing ectopic Flag-
tagged PADI3 was obtained (Supplementary Fig. 3A). When
compared to naïve SKBR3, the PADI3-overexpressing SKBR3 cells
weremore resistant to the action of neratinib (Supplementary Fig. 3B).
In addition to the above-described gain of function studies,

knockdown experiments were performed to decrease the levels
of PADI3 in the neratinib-resistant clones and define whether
that action would affect the response of those clones to the
drug. Preliminary assays of knockdown efficiency using five
different shRNA sequences led to the selection of two of these
sequences, #36 and #37, which achieved fair PADI3 knockdown
(Fig. 6A). First, the effect of knocking down PADI3 on cell
proliferation was analyzed. Infection of resistant clones with
lentiviral vectors coding for the two interfering sequences
resulted in a decrease in the proliferation of the three neratinib-
resistant clones (Fig. 6B). In contrast, infection of parental BT474
cells did not affect its proliferation. To evaluate whether
knockdown of PADI3 sensitized to the action of neratinib,

resistant cells infected with the PADI3 knockdown sequences or
the pLKO control vector were treated with the drug and after
three days live cells were counted. As shown in Fig. 6C,
knockdown of PADI3 resulted in higher sensitivity to the action
of 5 nM neratinib in the three neratinib-resistant clones. In
contrast, the same manipulation did not affect the sensitivity of
BT474 cells to neratinib.

Pharmacological inhibition of PADI3 sensitizes to the action of
neratinib
To further analyze the role of PADI3 function in the regulation of
the antiproliferative action of neratinib, the effect of the PADI3
inhibitor CI-amidine was explored. By itself, CI-amidine did not
substantially affect the proliferation of BT474 cells (Fig. 6D). The
proliferation of the neratinib-resistant clones was slightly affected,
reaching an inhibition of cell proliferation <20% at the highest
concentration tested. When the action of CI-amidine was tested in
combination with neratinib in BT474 cells, CI-amidine did not
increase further the antiproliferative action of neratinib (Fig. 6E). In
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contrast, in the neratinib-resistant clones, the effect of the
combination of CI-amidine and neratinib was higher than the
effect of neratinib alone. Moreover, the degree of growth
inhibition obtained with the combination of the drugs
approached the inhibition caused by neratinib in wild-type
BT474 cells.

DISCUSSION
Several clinical trials have demonstrated the benefit of using
neratinib for the treatment of HER2+ breast cancer [10, 11].
However, despite its antitumoral efficacy, resistance to the
antitumoral action of neratinib can also arise [13]. For that reason,
efforts to understand the mechanistic bases of such resistance
have raised attention, with the final aim of developing strategies
to bypass such resistance. Those studies led to the identification of
certain cellular mechanisms used by cancer cells to escape the
antitumoral action of neratinib, including adaptation of the drug
metabolism machinery or compensatory signaling mechanisms
that may bypass the inhibitory effects of the drug [13].

To gain further insights into the mechanisms of resistance to
neratinib, we generated HER2+ breast cancer cells resistant to the
drug. The strategy used, based on the continuous treatment of
BT474 cells with the drug, led to the isolation of several clones
significantly resistant to neratinib. When tested for their levels of
HER2, the neratinib-resistant clones and naïve BT474 cells showed
similar amounts of total, cell surface or tyrosine-phosphorylated
HER2. These results are similar to those obtained in BT474 cells
made resistant to the action of another HER2 kinase inhibitor,
lapatinib, in which no major changes in the level of HER2 were
observed [12, 33]. Moreover, sequencing of HER2 did not show
molecular alterations in the different neratinib-resistant clones.
Therefore, while in other cellular models and clinical settings
resistance to anti-HER2 drugs has been reported to depend on the
loss, reduction, or molecular alterations of HER2 [42], in the studies
herewith reported, such mechanisms do not appear to be the
cause of resistance.
The neratinib-resistant clones showed some degree of resis-

tance to the antiproliferative action of other anti-HER2 drugs used
in the clinic. That was the case for the reversible HER2 tyrosine
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kinase inhibitors lapatinib or tucatinib. While neratinib is an
irreversible inhibitor, such cross-resistance could be reasonably
expected due to similarities in the mechanisms of action of the
three TKIs. The resistance also observed in the case of trastuzumab
and T-DM1 may have therapeutic implications, as it suggests that
neratinib-treated cells may develop generic mechanisms that
make them resistant to the available anti-HER2 therapies, with
independence of their mechanism of action.
Interestingly, we observed a difference between the dose-

response effect of neratinib on the tyrosine phosphorylation of
HER2 and its effect on cell proliferation. While the proliferation of
neratinib-resistant clones showed significantly decreased sensitiv-
ity to neratinib with respect to parental BT474 cells, HER2 tyrosine
phosphorylation was equally sensitive to the action of neratinib in
the clones resistant to the drug and the parental BT474 cells. In
fact, the biochemical analyses of tyrosine phosphorylation of HER2
in the clones resistant to neratinib indicated that at concentrations
of 10 nM and above of the drug, tyrosine phosphorylation of HER2
was profoundly compromised, similarly to BT474 cells. Yet, the
proliferation of the resistant clones was not inhibited more than
50% at that drug concentration, in contrast to what happens in
the parental cells whose proliferation was inhibited >80% by
10 nM neratinib. These results may be interpreted as if resistant
cells would have lost HER2 oncogenic dependence. However, the
resistant cells are still dependent on the presence of HER2, as
indicated by the strong antiproliferative effect obtained in the
HER2 knockdown studies. Therefore, it appears that the tyrosine
phosphorylation of HER2, which reflects its kinase activity may be
partially dispensable for the proliferative signaling allowing
neratinib-resistant cells to adapt to such circumstance. However,
they are still dependent on HER2 for proliferation. These data give
rise to the idea of using drugs such as PROTACS targeting HER2,
which can combine kinase inhibitory activity with protein
degrading properties, to fight resistance to neratinib.
Transcriptomic profiles of the three neratinib-resistant clones

showed a total of 1200 commonly downregulated genes in clones
BTRN #5, #6 and #24, compared to BT474 cells. From them, we
focused on those genes that were more deregulated by fold-change
in the neratinib-resistant clones, and which were differentially
expressed in tumor tissue from patients with invasive breast
carcinoma, compared to healthy tissue. Among the genes identified,
PADI3 led the list of candidates, and for this reason we performed
functional analyses to investigate its potential role in neratinib
resistance. MGP also resulted up-regulated in the neratinib-resistant
clones. However, since the in silico studies indicated that MGP is
expressed at higher levels in normal breast tissue when compared
to tumoral tissue, we focused our attention on PADI3.
The genetic gain and loss of function experiments performed

demonstrated that PADI3 plays an important role in the
proliferation of neratinib-resistant BT474 cells and in their
response to neratinib. Thus, PADI3 gene silencing in the three
neratinib-resistant clones provoked a decrease in their prolifera-
tion. In addition, the knockdown of PADI3 resulted in restoration
of sensitivity to the antiproliferative action of neratinib. Further-
more, combined treatment of neratinib with Cl-amidine, a PADI
enzyme inhibitor [43], resensitized the three resistant clones.
Together, these data suggest that PADI3 could be a potential
therapeutic target in HER2+ breast cancer with neratinib
resistance. On the other hand, gain of function experiments
carried out by overexpressing PADI3 in BT474 cells resulted in
resistance to the antitumoral action of neratinib, supporting the
concept that increased levels of PADI3 may provoke resistance to
the drug. Other authors have demonstrated resensitization of
NSCLC cells to osimertinib, a TKI against EGFR, after inhibiting
PADI1, 2 and 3 with Cl-amidine [27]. However, we are not aware of
any studies that have demonstrated the involvement of these
enzymes in the acquisition of resistance to any drug used in the
therapy of HER2+ breast cancer.

From a translational point of view, the results herewith reported
open the possibility of using PADI3 inhibitors to fight neratinib
resistance. It will be interesting to analyze in patient samples,
whether expression of PADI3 may be used as a biomarker to
predict response to neratinib or the development of resistance to
the drug. Finally, the finding that neratinib-resistant cells are still
oncogenically dependent on HER2 opens the possibility of
developing therapeutic strategies aimed at decreasing the levels
of HER2 to fight resistance to neratinib.
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Original data and materials are available from the authors upon reasonable request.
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