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Original Articles 

Inhibition of the endosomal recycling pathway downregulates HER2 
activation and overcomes resistance to tyrosine kinase inhibitors in 
HER2-positive breast cancer 

Anurag Mishra, David Hourigan, Andrew J. Lindsay * 

Membrane Trafficking and Disease Laboratory, School of Biochemistry & Cell Biology, Biosciences Institute, University College Cork, Cork, T12 YT20, Ireland   
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A B S T R A C T   

The development of HER2-targeted therapies has led to a dramatic improvement in outcomes for breast cancer 
patients. However, nearly all patients with metastatic HER2-positive breast cancer will eventually progress on 
these therapies due to innate or acquired resistance. Recent evidence suggests that the endosomal recycling of 
HER2 plays an important role in regulating its oncogenic signalling. Here we report that the expression of Rab 
coupling protein (RCP), a key regulator of endosomal recycling, positively correlates with that of HER2 and 
HER3 in breast tumours, and high RCP expression is predictive of poor relapse-free and overall survival in pa-
tients with HER2-amplified breast cancer. Chemical and genetic inhibition of endosomal recycling leads to a 
reduction in the total cellular levels of HER2 and HER3 and inhibits the activation of their downstream signalling 
pathways. We find that HER2 and HER3 that have been internalised from the plasma membrane are diverted to 
lysosomes for degradation when endosomal recycling is blocked. Primaquine (PQ), a small molecule inhibitor of 
the endosomal recycling pathway, synergises with HER2-targeting tyrosine kinase inhibitors and overcomes 
innate and acquired resistance to these TKIs. Moreover, TKI-induced drug tolerant persister cells are vulnerable 
to endosomal recycling inhibitors. These findings suggest that inhibition of endosomal recycling represents a 
promising therapeutic strategy for treating drug resistant HER2-positive breast cancer.   

1. Introduction 

Human epidermal growth factor receptor 2 (HER2) is overexpressed 
in 20–25% of breast cancers worldwide, and is associated with aggres-
sive disease and poor survival [1]. This has established HER2 as a 
therapeutic target and tumour biomarker, and the advent of 
HER2-targeting therapies has led to a remarkable improvement in the 
outlook for patients with early stage HER2-positive breast cancer. 
Nevertheless, a significant proportion of these patients will develop 
progressive disease and die of breast cancer [2]. Furthermore, 40–50% 
of women with advanced HER2-positive breast cancer will develop brain 
metastases during the course of their illness. Novel therapeutic strategies 
are clearly needed to tackle innate and acquired resistance to 
HER2-targeted therapies. 

HER2 has no known ligand and instead activates downstream sig-
nalling pathways by forming heterodimers with other members of the 
ErbB receptor tyrosine kinase family. HER3 is the preferred dimerization 

partner for HER2, and the HER2-HER3 heterodimer is the most potent 
pair of all the ErbB family members in terms of interaction strength and 
ligand-induced tyrosine phosphorylation. This complex activates several 
intracellular signalling cascades including cell proliferation and survival 
pathways [3,4]. Oncogenic signalling and intracellular trafficking of 
receptor tyrosine kinases (RTKs) is closely coupled in numerous cancers 
[5]. Cargo internalised from the plasma membrane is delivered to early 
endosomes where it is sorted for onward transport to distinct cellular 
destinations. Many cargoes, including RTKs, G-protein coupled re-
ceptors, adhesion molecules and immune checkpoint proteins are 
returned to the cell surface via the endosomal recycling pathway. This 
pathway is one of the main cellular mechanisms for controlling the 
composition of the plasma membrane, however it is frequently dysre-
gulated in cancer [6]. 

The endosomal pathway controls the strength and duration of sig-
nalling by many RTKs, including the epidermal growth factor receptor 
(EGFR), MET and IGF1 receptor. In comparison to these receptors, our 
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understanding of the details of HER2 and HER3 trafficking are limited 
and contradictory. HER2 localises almost exclusively to the plasma 
membrane and it has been suggested that endocytosis does not play an 
important role in its signalling and turnover. This ‘limited-internal-
isation’ model proposes that lack of a cognate ligand, the absence of an 
internalisation motif on its intracellular domain, an inhibitory effect on 
clathrin-coated pit formation and its association with the Hsp90 chap-
erone, renders HER2 resistant to endocytosis [7]. An alternative ‘rapid 
recycling’ model proposes that the swift return of endocytosed HER2 to 
the plasma membrane accounts for its almost exclusive localisation at 
the cell surface [7]. 

Evidence supporting the ‘rapid recycling’ model includes the obser-
vation that HER2 localises to lipid raft subdomains of the plasma 
membrane and physically interacts with the lipid-raft associated onco-
protein Mucin 1 (MUC1) [8], and that HER2 is internalised via caveolae, 
cholesterol- and sphingolipid-enriched invaginations of the plasma 
membrane [9,10]. Recently, it was reported that sortilin-related recep-
tor 1 (SorLA), a multifunctional intracellular sorting protein, promotes 
the endosomal recycling of internalised HER2 and HER3 back to the 
plasma membrane [11,12]. Silencing of SorLA inhibits the recycling of 
HER2 and triggers its targeting to lysosomes where it is degraded, and 
sensitizes HER2-overexpressing cells to a lysosome modifying drug [11], 
and drug-resistant breast cancer cells to the tyrosine-kinase inhibitor 
(TKI) neratinib [12]. 

Rab coupling protein (RCP), a key regulator of endosomal recycling, 
has previously been shown to promote the recycling of EGFR, in com-
plex with α5β1 integrin, to the leading edge of ovarian cancer cells [13]. 
We reported that RCP regulates the recycling of N-cadherin to the 
plasma membrane in non-small cell lung cancer (NSCLC) cells and that 
its downregulation leads to a reduction in total N-cadherin protein levels 
by diverting the internalised adhesion protein into the degradative 
pathway [14]. In this study we investigated whether inhibition of the 
endosomal recycling pathway would similarly downregulate RTK levels 
and their signalling in HER2-positive breast cancer cells. We report that 
RCP expression positively correlates with that of HER2 and HER3 in 
breast cancer cell lines and breast tumours, and we found that chemical 
and genetic inhibition of endosomal recycling leads to a reduction in the 
activation and total protein levels of HER2 and HER3. We show that the 
endosomal recycling inhibitor primaquine (PQ) synergises with 
HER2-targeting monoclonal antibody and small molecule therapies. 
This synergy is also found in cells that have developed acquired or innate 
resistance to lapatinib, an FDA-approved dual EGFR/HER2 tyrosine ki-
nase inhibitor (TKI). We also demonstrate that lapatinib-resistant cells 
have enhanced sensitivity to PQ, likely due to its ability to cross-inhibit 
the autophagy pathway. A growing body of evidence has shown that 
autophagy is a key regulator in the development of resistance to targeted 
therapies. We conclude that inhibiting the endosomal recycling pathway 
may be a viable strategy for downregulating clinically relevant cell 
surface proteins and a novel means of overcoming resistance to targeted 
therapies. 

2. Materials and methods 

2.1. Materials 

Recombinant HRGβ1 was from PeproTech (Rocky Hill, NJ) and EGF 
was from Sigma-Aldrich. Primaquine and all cell culture reagents were 
from Sigma-Aldrich. Lapatinib, neratinib, afatinib and MTT were from 
Carbosynth, UK. LysoTracker Red DND-99 and DQ-Ovalbumin were 
from ThermoFisher Scientific, UK. 

Antibodies specific for HER2 (Rabbit, #4290), HER3 (Rabbit, 
#12708), p-Y1221/1222 HER2 (Rabbit, #2243), p-Y1248 HER2 (Rab-
bit, #2247), p-Y1289 HER3 (Rabbit, #2842), pan-Akt (Mouse, #2920) 
p-S473 Akt (Rabbit, #9271), Erk 1/2 (Mouse, #4696), p-T202/Y204 Erk 
1/2 (Rabbit, #4370), mTor (Rabbit, #2972), p-S2448 mTor (Rabbit, 
#2971), S6 Ribosomal Protein (Mouse, #2971), and p-S235/236 S6 

Ribosomal Protein (Rabbit, #2211) were from Cell Signalling Technol-
ogy, Danvers, MA. Anti-alpha tubulin (Mouse, T9026) and anti-RCP 
(Chicken, GW21574A) are from Sigma-Aldrich, anti-p62/SQSTM1 
(Mouse, MA5-27800) is from Life Technologies and mouse monoclonal 
HER2 (3B5) and mouse monoclonal (RTJ.2) are from Santa Cruz. 
Trastuzumab (FT6504) was purchased from Carbosynth, UK. 

2.2. Cell culture 

SK-BR-3 and BT474 HER2-overexpressing breast cancer cells (CalTag 
Medsystems, UK) were cultured in McCoy’s 5A modified and Dulbecco’s 
modified Eagle’s medium, respectively, supplemented with 10% heat- 
inactivated foetal bovine serum, 100 U/ml penicillin, 100 μg/ml strep-
tomycin and 2 mM L-glutamine (Sigma). JIMT-1 and MDA-MB-453 were 
cultured in RPMI supplemented with 10% heat-inactivated foetal bovine 
serum, 100 U/ml penicillin, 100 μg/ml streptomycin and 2 mM L- 
glutamine (Sigma). Cells were cultured at 37 ◦C in a humidified atmo-
sphere at 5% CO2. BT474 and SK-BR-3 cells with acquired resistance to 
lapatinib were generated by culturing parental cells with increasing 
concentrations of lapatinib over the course of 6–9 months. All cells were 
determined to be free of mycoplasma. 

To knockdown RCP or HER2 expression, two independent siRNA 
duplexes to each gene were obtained (Sigma). A siRNA duplex targeting 
firefly luciferase was used as a negative control. Reverse transfections 
were performed with a final siRNA concentration of 20 nM using Lip-
ofectamine RNAiMax (Thermo Fisher), according to the manufacturer’s 
instructions. Cell lysates were prepared 48 h post-transfection. 

For growth factor stimulation, BT474 cells were seeded and cultured 
to 70–80% confluency. They were then incubated in serum-free medium 
in the presence or absence 10 μM primaquine for 24 h prior to stimu-
lation with 10 ng/ml of growth factor for 10 min. To terminate stimu-
lation, cells were immediately placed on ice and washed with cold PBS. 
Lysosome function was inhibited by co-treating the cells with 20 mM 
NH4Cl for 24 h prior to cell lysis and proteasome activity was inhibited 
with 1 μM MG132 for 24 h. 

For single and combination drug treatments, cells were seeded and 
cultured to 70–80% confluency. The media was then replaced with fresh 
complete medium plus lapatinib, PQ or the combination of both, and 
returned to the incubator for 24 h. 

2.3. Bioinformatic analyses 

Breast cancer patient survival data were analysed using the Kaplan- 
Meier Plotter online survival analysis platform (http://kmplot.com) 
which contains transcriptomic and survival data for 7830 breast cancer 
samples. When performing the regression analyses, all possible cutoff 
values between the upper and lower quartiles were determined and the 
best performing cutoff was used to generate the Kaplan-Meier plots [15]. 

RCP, HER2, and ERBB3 (HER3) gene expression of 57 breast cancer 
cell lines available in the Cancer Cell Line Encyclopedia (CCLE) were 
determined and the median gene expression for HER2-and ERBB3- was 
used to divide the datasets into high (above median) and low (below 
median) expressing groups. The same strategy was used to analyse 1923 
breast tumours from the METABRIC study that is available on the 
cBioPortal database [16,17]. 

The protein levels of RCP, HER2 and HER3 in breast cancer cell lines 
available in the DepMap Portal database were downloaded and im-
ported into GraphPad Prism where they were subjected to a simple 
linear regression analysis. 

2.4. Immunoblot analysis 

Whole-cell lysates were prepared in RIPA buffer supplemented with 
protease and phosphatase inhibitors. Following incubation on ice, nu-
clear and cellular debris was removed by centrifugation at 20,000×g. 
Protein concentration was determined by Bradford assay, and samples 
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were denatured at 95 ◦C for 5 min in 4X loading buffer. Equal amounts of 
proteins were resolved by SDS-PAGE and transferred to nitrocellulose. 
Membranes were reversibly stained with Revert 700 Total Protein Stain 
(LI-COR Biosciences, UK) and scanned on an Odyssey infrared imaging 
system (LI-COR Biosciences, UK). The Revert Stain was washed off and 
the membrane was blocked with Odyssey Blocking Buffer TBS (LI-COR 
Biosciences, UK) for 1 h at room-temperature. Primary antibodies were 
diluted in Odyssey Blocking Buffer TBS and incubated with the mem-
branes overnight at 4 ◦C. IRDye-conjugated secondary antibodies were 
used for detection with the Odyssey infrared imaging system and 
densitometry was performed using the Image Studio software from LI- 
COR. Bands were normalised against the Revert 700 stain for that 
sample, according to the manufacturer’s instructions. 

2.5. Cell viability, synergy, clonogenic and 3D spheroid assays 

2.5.1. Cell viability 
Cell viability was assessed by MTT assay. The HER2-amplified cell 

lines are slow growing so they were seeded into 96-well plates in 100 μl 
of growth medium. After 72 h, the cells were exposed to the drugs and 
drug combinations for a further 72 h. MTT (Carbosynth, UK) was then 
added for 2–3 h and cells were solubilized in MTT solvent (4 mM HCl, 
0.1% NP-40 in isopropanol). The OD570 and OD630 was measured on a 
MultiSkan Go plate reader (Thermo Scientific). Quadruplicate wells for 
each treatment were analysed and each experiment was carried out 3 or 
more times. 

2.5.2. IC50 and synergy 
The IC50 values were determined by nonlinear regression of the dose- 

response data using GraphPad Prism 9.0 for PC (GraphPad Software, La 
Jolla, CA). The presence or absence of synergism was determined by the 
method of Chou and Talalay [18,19]. In brief, cells were exposed to 1:1 
ratios of the IC50 values of tyrosine kinase inhibitor and PQ at 1/8 x IC50, 
¼ x IC50, ½ x IC50, IC50, 2 x IC50 and 4 x IC50. Cell viability was deter-
mined after 72 h treatment and the CI was calculated using the Com-
puSyn software [20], to determine the presence of synergism (CI < 1) or 
antagonism (CI > 1). 

2.5.3. Clonogenic assay 
Drug sensitivity was assessed using colony formation/clonogenic 

assays. 5 × 104 cells were seeded into each well of a 12-well plate and 
72 h later the medium was replaced with fresh medium containing the 
indicated drug and incubated for 10 days. The medium was replaced 
every 3–4 days. The cells were washed and stained with 0.5% crystal 
violet in 20% methanol. Plates were scanned on a flatbed scanner and 
colonies were quantified in ImageJ. 

2.5.4. 3D spheroids 
BT474 cells readily form spheroids in U-bottomed 96-well suspen-

sion plates (Greiner bio-one; #650-185). 5 × 103 cells were seeded in 
100 μl growth medium into each well and the plate was centrifuged at 
400×g for 5 min. The cells were incubated at 37 ◦C for 48 h to allow the 
spheroids to form. Drugs were then added and the plate was returned to 
the incubator for 5 days. For quantitative analysis of spheroid viability 
resazurin (Sigma-Aldrich) was added to a final concentration of 4.4 ×
10− 5 M and incubated overnight. Fluorescence (Ex 544/Em 590) was 
measured on a Flex Station II fluorimeter (Molecular Devices). 

The live/dead assay was performed by culturing the spheroids with 
2 μM calcein AM (ThermoFisher) and 6 μM ethidium bromide (Sigma- 
Aldrich) for the final 4 h of the drug treatment. The live spheroids were 
imaged on a Leica DMI3000 B inverted fluorescence microscope and 
fluorescence intensity along a line drawn through the centre of each 
spheroid was quantified using the Plot Profile plugin in ImageJ. 

2.5.5. Senescence assays 
BT474 cells were seeded at 2.5 × 104 cells per well in a 12-well plate. 

24 h later the medium was replaced with fresh medium containing the 
indicated drugs and cultured for 14 days. The medium was replaced 
every 3–4 days. SA-βgal activity was detected using the chromogenic 
method described previously [21]. Multiple fields for each condition 
were acquired using a Leica DMI3000 B inverted microscope and blue 
cells displaying SA-βgal activity were counted using the Cell Counter 
plugin in ImageJ. 

2.6. Cell motility assays 

2.6.1. Wound healing assay 
JIMT-1 cells were seeded in 24-well plates and 72–96 h later, when 

they had reached confluence, a single line was scratched through the 
centre of each well with a yellow-tip. The cells were washed with PBS 
and serum-free media containing 20 ng/ml HRGβ1 plus or minus the 
indicated concentration of PQ was added to each well. Images were 
acquired at 4X on a Leica DMI3000 B inverted microscope for the 0-h 
timepoint. The plate was returned to 37 ◦C for 18 h and images were 
acquired again. The distance the cells migrated was determined using 
ImageJ. 

2.6.2. Migration and invasion assays 
For the migration assays 10 × 104 JIMT-1 cells in serum-free RPMI 

plus or minus 50 μM PQ were added to the upper chamber of a Transwell 
chamber containing 8 μm pores (Corning #3422). Serum-free RPMI plus 
or minus 20 ng/ml HRGβ1 was added to the lower chamber and the cells 
were allowed to migrate for 18 h at 37 ◦C. Cells that had migrated 
through the membrane and were attached to the underside of the 
Transwell were fixed and stained with 0.05% crystal violet. Migrated 
cells were imaged on a brightfield microscope and counted. The invasion 
assays were performed as above except the Transwell upper chambers 
were coated with 100 μl of 0.8 mg/ml Matrigel (Corning). 

2.7. Fluorescence microscopy 

2.7.1. Lysosome analysis 
5 × 104 BT474 cells were seeded in 24-well plates on 10 mm glass 

coverslips and cultured at 37 ◦C for 48–72 h. The culture medium was 
replaced with 0.5 ml fresh medium plus drugs and incubated for a 
further 24 h. For lysosome acidity analysis, the cells were incubated for 
the final hour with LysoTracker Red, to a final concentration of 75 nM. 
To measure the activity of the degradative pathway, the cells were 
incubated with 50 μg/ml DQ-ovalbumin in the presence of the drugs for 
the final 18 h. Cells were washed with warm PBS and fixed with 4% 
paraformaldehyde for 15 min at room-temperature and quenched with 
50 mM ammonium chloride. Nuclei were labelled with DAPI and the 
coverslips were mounted on glass slides with MOWIOL. 

2.7.2. Colocalization studies 
For immunofluorescence microscopy 5 × 104 JIMT-1 cells were 

seeded in 24-well plates on 10 mm glass coverslips and cultured at 37 ◦C 
for 48–72 h. Cells that were treated with growth factor were cultured in 
serum-free medium overnight prior to stimulation 20 ng/ml HRGβ1 for 
the indicated times. Complete growth media was used for PQ treatment. 
After treatment cells were washed with warm PBS and fixed with 4% 
paraformaldehyde for 15 min at room-temperature and quenched with 
50 mM ammonium chloride followed by blocking and permeabilization 
with 0.05% saponin/0.2% BSA in PBS for approximately 30 min at RT. 
The coverslips were then transferred to a humid chamber and incubated 
with the indicated primary antibodies in the blocking solution for 1 h at 
RT. The secondary antibodies used were Cy3-conjugated donkey anti- 
rabbit from Jackson ImmunoResearch Laboratories (West Grove, PA) 
and Alexa488-conjugated goat anti-mouse from Thermo Fisher. The cells 
were washed extensively with PBS between antibody incubations, and 
the coverslips were mounted in Mowiol. DAPI was included with the 
secondary antibodies to label the nuclei. 
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2.7.3. Image-based endosomal recycling assay 
For the endosomal recycling assay, 100 × 104 BT-474 cells were 

seeded in 24-well plates on 10 mm glass coverslips and cultured at 37 ◦C 
for 48 h. The media was replaced with fresh media containing 10 μg/ml 
trastuzumab (Carbosynth, UK) and the antibody-bound HER2 was 
allowed to internalise overnight at 37 ◦C. The following day surface- 
bound antibody was removed by a 2-min acid wash (0.2 M glacial 
acetic acid, 0.5 M NaCl, pH2.5) followed by two washes with PBS. 
Internalised HER2 was allowed to undergo recycling for 60 min in 
complete DMEM medium. The cells were then fixed with 4% PFA and 
trastuzumab was labelled with Alexa488-conjugated donkey anti-human 
(ThermoFisher). Three randomly chosen fields were acquired per con-
dition with identical microscope settings and the surface and intracel-
lular fluorescence intensities of 5–10 cells per field were measured using 
ImageJ v1.53. Results are pooled from two independent biological 
experiments. 

2.7.4. Confocal microscopy 
Images were acquired with a Zeiss LSM 510 confocal microscope 

(Carl Zeiss, Jena). 3–4 fields, each containing between 10 and 20 cells, 
were imaged per condition, per experiment. Fields were randomly 
chosen using the DAPI filter. All confocal settings were the same for each 
condition. Regions of interest were manually drawn around each cell 
using the ROI Manager in ImageJ and fluorescence intensity (Lyso-
Tracker Red), organelle number and size (DQ-ovalbumin) or Pearson’s 
colocalization coefficient were quantified using the Zeiss Zen image 
analysis software. Between 40 and 70 cells were analysed per condition 
in each experiment for the LysoTracker Red and DQ-Ova experiments, 
and 15 to 27 cells per condition were analysed for the quantitative 
colocalization. 

2.8. Data analysis 

Statistical significance was determined using the Student’s t-test, or 
where specified a 1-way analysis of variance, using GraphPad Prism. 

Significance was classified as a P-value of * <0.05, ** <0.01, *** 
<0.001. 

3. Results 

3.1. High RCP expression is associated with poor outcome in patients with 
HER2-positive breast cancer 

Given that the RCP gene is altered in approximately 15% of breast 
tumours, with the most frequent alteration being gene amplification 
(Fig. S1a), we sought to determine if there was a correlation between 
RCP expression and outcome in breast cancer patients. We stratified 
breast tumours into those that express high and low levels of RCP using 
the KM plotter survival analysis tool [15] and were surprised to find that 
there was no correlation between RCP expression and relapse-free sur-
vival when all breast cancers were analysed together (Fig. 1a). Indeed, 
high RCP expression seemed to slightly improve overall survival 
(Fig. 1b). However, when we analysed HER2-amplified tumours alone, 
high RCP expression predicts poor relapse-free and overall survival 
(Fig. 1c and d). We next examined RCP protein expression in various 
breast cancer cell lines and observed that cell lines that expressed HER2 
and/or HER3 possessed the highest levels of RCP (Fig. 2a). Interestingly, 
the lowest levels of RCP were found in the triple-negative BT549 and 
MDA-MB-231 cells despite these cell lines expressing the highest levels 
of EGFR. The non-malignant MCF10A cell line also expressed barely 
detectable levels RCP protein. To further investigate the correlation 
between RCP and HER2/HER3 expression we stratified 57 breast cancer 
cell lines from the Cancer Cell Line Encyclopedia (CCLE) into two groups 
based on their levels of HER2 or HER3 mRNA [22]. We observed 
significantly higher RCP mRNA expression in the high HER2-and 
HER3-expressing groups (Fig. 2b and c), with the strongest correlation 
between RCP and HER3 (Fig. 2c). This positive correlation between 
HER3 and RCP expression in cancer cell lines was also observed in 
almost 2000 breast tumours whose genomic and transcriptomic profiles 
were analysed by the METABRIC study (Fig. 2d) [23]. To determine if 

Fig. 1. High RCP expression predicts poor outcome in HER2-positive breast cancer. Kaplan-Meier analysis (http://kmplot.com) of the prognostic value of high versus 
low RCP mRNA expression (split by best cutoff) for relapse-free survival and overall survival within all breast cancers (a and b) and HER2-amplified breast cancers (c 
and d). 
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these correlations also occurred at the protein level, we used the Dep-
Map Portal database to perform a quantitative proteomics analysis of 29 
breast cancer cell lines from the CCLE collection [24]. There was strong 
correlation between RCP and HER3 protein levels (Fig. 2e), but the 
correlation between RCP and HER2 was weaker (Fig. 2f). To determine 
if HER2/HER3 heterodimer activation influences the expression of RCP 
we stimulated BT474 cells with the HER3 ligand heregulin (HRGβ1) for 
various times over the course of 48 h. A striking increase in RCP protein 
levels was observed from 24 h of treatment (Fig. 2g). Taken together, 
these findings reveal that RCP expression is positively regulated by 
HER2/HER3 in breast cancer. 

3.2. RCP colocalises with HER2 and HER3 on intracellular vesicles 

BT474 and SK-BR-3 cells express high levels of HER2 (Fig. 2a), 
however the majority of HER2 in these cell lines is present on the plasma 
membrane which makes it difficult to visualise an intracellular pool. 
JIMT-1 and MDA-MB-453 cells express intermediate levels of HER2 and 
intracellular receptor is easier to distinguish in these cell lines. 

Therefore, to determine if RCP colocalises with HER2 and HER3 we 
examined the subcellular distribution of these proteins in serum-starved 
JIMT-1 cells stimulated with HRGβ1. In control, unstimulated JIMT-1 
cells HER2 is present on both the plasma membrane and intracellular 
vesicles, approximately 13% of which overlapped with RCP (Fig. 3a). In 
JIMT-1 cells stimulated with HRGβ1 for 1 h, colocalization increased by 
a factor of 1.7 and HER2 was sometimes observed inside large endo-
somal structures whose membrane was decorated with RCP (Fig. 3a 
inset). The colocalization returned to basal levels at 3 h of stimulation. 
While the colocalization between RCP and HER3 was lower overall (due 
to the lower amount of HER3 expressed in these cells), the increase in 
colocalization after 1 h of HRGβ1-stimulation and return to basal levels 
after 3 h was similar to the HER2 findings (Fig. 3b). 

3.3. Inhibiting the endosomal recycling pathway diverts ErbB family 
members to the degradative pathway 

We previously reported that RNAi-mediated knockdown of RCP re-
sults in a reduction in the total protein levels of N-cadherin, and 

Fig. 2. RCP expression correlates with HER2 and 
HER3 expression. a Western blot analysis of RCP, 
HER2, HER3 and EGFR protein expression levels in 
lysates of the indicated breast cancer cell lines. NM 
non-malignant, HER2+ HER2 amplified, HR+ hor-
mone receptor positive, TNBC triple-negative breast 
cancer, ILC invasive lobular carcinoma. b RCP 
expression positively correlates with HER2 expres-
sion in breast cancer cell lines from the Cancer Cell 
Line Encyclopedia (N = 57). Data equals mean ±
std dev. A Mann-Whitney U statistical analysis test 
was performed (**p < 0.01). c RCP expression 
positively correlates with ERBB3 (HER3) expression 
in breast cancer cell lines from the Cancer Cell Line 
Encyclopedia (N = 57). Data equals mean ± std dev. 
A Mann-Whitney U statistical analysis was per-
formed (****p < 0.0001). d RCP expression posi-
tively correlates with ERBB3 expression in breast 
tumours analysed by the METABRIC study and 
accessible in cBioPortal (N = 1923). The violin plot 
depicts the median and 25th and 75th percentiles 
and the whiskers extend to the maximum and 
minimum values. Data equals mean ± std dev. A 
Mann-Whitney U statistical analysis test was per-
formed (****p < 0.0001). e Proteomic analysis of 
RCP and HER3 protein levels of breast cancer cell 
lines available in the DepMap Portal database (N =
29). f Proteomic analysis of RCP and HER2 protein 
levels of breast cancer cell lines available in the 
DepMap Portal database (N = 29). g BT474 cells 
were stimulated with 20 ng/ml HRGβ1 for the 
indicated times. Lysates were made and immuno-
blotted with the indicated antibodies. The histo-
gram represents the fold difference in RCP protein 
levels at each time point relative to unstimulated 
cells.   
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demonstrated that this was due to endocytosed N-cadherin being 
diverted to lysosomes for degradation [14]. To investigate if this 
approach could also downregulate HER2 and HER3, RCP was silenced in 
BT474 cells and the total protein levels of members of the ErbB family of 
receptor tyrosine kinases was quantified. Greater than 40% reduction in 
the protein levels of HER3 using two different RCP targeting siRNA 
duplexes was observed, but there was no effect on HER2 protein levels 
(Fig. 4a). This suggested that inhibition of the endosomal recycling 
pathway may be an effective approach for supressing the activity of 

certain cell surface receptors implicated in cancer. Indeed, silencing of 
RCP reduced the HRGβ1-induced proliferation of SK-BR-3 cells (Fig. 4b). 

We next set out to determine if these findings could be replicated 
with small molecule inhibitors of endosomal recycling. PQ is a potent 
inhibitor of trafficking from recycling endosomes to the plasma mem-
brane [25]. Cell viability assays revealed that the HER2 overexpressing 
cell lines (BT474, SK-BR-3, JIMT-1 and MDA-MB-453) tended to be 
more sensitive to PQ when compared to other breast and lung cancer cell 
lines (Table 1). An image-based endosomal recycling assay confirmed 

Fig. 3. HRGβ1 induces internalisation and colocal-
ization of HER2 and HER3 with RCP. a Represen-
tative images of serum-starved JIMT-1 HER2+ cells 
stimulated with 20 ng/ml HRGβ1 for the indicated 
times prior to fixation and labelling with anti-RCP 
(green) and anti-HER2 (red). b Representative im-
ages of serum-starved JIMT-1 HER2+ cells stimu-
lated with 20 ng/ml HRGβ1 for the indicated times 
prior to fixation and labelling with anti-RCP (green) 
and anti-HER3 (red). The colocalization between 
RCP and HER2 or HER3 was quantified by deter-
mining their Pearson’s correlation coefficient (PCC) 
displayed in the box and whisker plots to the right, 
which depict the median, 25th and 75th percentiles 
with the whiskers extending to the maximum and 
minimum values. Between 15 and 27 cells were 
analysed per condition (*p < 0.05, **p < 0.01) from 
two biological replicates. Bar, 10 μm.   

Fig. 4. Depletion of RCP downregulates HER3. a Lysates of BT474 cells depleted of RCP were immunoblotted with the indicated antibodies. The histogram rep-
resents the fold difference in protein levels relative to cells transfected with a non-targeting siRNA duplex. b SK-BR-3 cells were transfected with control non-targeting 
or RCP-targeting siRNA duplexes and cell proliferation was monitored 5 days post-transfection. 
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that PQ inhibits the recycling of internalised HER2. Cell surface HER2 
was labelled with trastuzumab and the antibody-bound receptor was 
endocytosed overnight to saturate the intracellular pool of HER2. 
Surface-bound trastuzumab was removed with an acid wash and re-
ceptor recycling was allowed to occur for 60 min prior to cell fixation 
and labelling with a fluorescently labelled anti-human antibody. There 
was a significantly greater pool of intracellular antibody-bound HER2 in 
the PQ-treated cells, indicating impaired recycling. The majority of 
trastuzumab-bound HER2 in the control cells was localised to the cell 
surface (Fig. 5a). 

Treatment of BT474 cells with 10 μM PQ for 24 h in serum-free 
medium resulted in a 50% reduction in HER3 total protein levels 

(Fig. 5b). Surprisingly, we also observed an ~30% reduction in HER2 
levels. The mRNA levels of HER2 and HER3 were not significantly 
altered by PQ-treatment indicating that the effect of PQ on these re-
ceptors was posttranslational (Fig. 5c). 

To determine if the PQ-induced degradation of HER2 and HER3 
occurred in lysosomes or was mediated by proteasomes, BT474 cells 
were co-treated with PQ and either the lysosomal inhibitor ammonium 
chloride or the proteasomal inhibitor MG132. Ammonium chloride 
restored the levels of HER3 but not HER2, whereas MG132 did not 
restore the levels of either receptor (Fig. 5d), suggesting that blockade of 
endosomal recycling results in the diversion of HER3 from the endo-
somal recycling pathway into the degradative pathway. Interestingly, 
MG132 on its own also downregulated HER2 and HER3 expression. 
Proteasomal inhibitors including MG132 have previously been reported 
to downregulate the expression of ERBB family members and promote 
their lysosomal degradation [26]. 

We also observed that PQ induced a 2-fold reduction in the coloc-
alization between HER2 and RCP in JIMT-1 cells (Fig. S2a), while 
concomitantly increasing HER2 colocalization with the late endosomal 
protein Rab7 by 3-fold (Fig. S2b). 

RCP is a member of the Rab11-FIP family, which is comprised of five 
members that all play a role in endosomal recycling [27]. It is possible 
that the differences between RCP silencing and PQ-treatment on the 
levels of HER2 is due to PQ being a global inhibitor of endosomal 
recycling whereas each FIP family member regulates a spatially and 
temporally distinct domain of the endosomal recycling pathway [28], 

Table 1 
IC50 values for primaquine in the indicated cell lines.  

Cell line Primaquine (μmol/L) 

BT-474 11.8 ± 1.8 
SK-BR-3 4.3 ± 1.1 
JIMT-1 20.6 ± 7.5 
MDA-MB-453 8.9 ± 0.7 
MCF7 21.7 ± 2.1 
MDA-MB-231 46 ± 6 
SUM44-PE 152.5 ± 28 
MDA-MB-134VI 49.1 ± 7.1 
MCF10A 32.2 ± 1.3 
A549 175 ± 2.8 
A431 105 ± 7.3  

Fig. 5. Inhibition of the endosomal recycling 
pathway diverts HER2 and HER3 into lysosomes for 
degradation. a HER2 recycling assay in control or 
PQ-treated BT474 cells. Antibody-bound HER2 was 
allowed to internalise overnight. Shown are 
confocal images of cells fixed 0 and 60 min after 
trastuzumab was stripped from HER2 on the cell 
surface. The ratio of surface/internalised HER2 is 
displayed in the box plots (n = 34 Control and 35 
PQ-treated cells from two independent experiments; 
statistical analysis was a two-way ANOVA). b 
BT474 cells were treated with or without 10 μM PQ 
for 24 h in serum-free medium. Lysates were 
immunoblotted with the indicated antibodies and 
the histogram indicates the fold difference in pro-
tein levels relative to untreated cells (n = 3). c 
BT474 cells were treated with or without 10 μM PQ 
for 24 h in serum-free medium and analysed for 
HER2 and HER3 mRNA expression by quantitative 
real-time, reverse transcriptase PCR (qRT-PCR). The 
results (mean ± s.e.m. of three biological replicates, 
each performed in triplicate) are expressed as 
mRNA expression levels relative to that for control 
cells. d BT474 cells were treated with 10 μM PQ 
plus or minus 20 mM NH4Cl or 1 μM MG132 for 24 
h in serum-free medium. Lysates were immuno-
blotted with the indicated antibodies and the his-
togram indicates the fold difference in protein levels 
relative to untreated cells (n = 4).   
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and one of the other FIP family members may regulate the recycling of 
HER2. 

3.4. Primaquine suppresses HER2-mediated signalling 

HER2 signalling from the plasma membrane along the PI3 kinase/ 
Akt/mTor and Ras/Raf/MEK/MAPK pathways is critical for the HER2 
growth-promoting functions in cancer cells. HER2 has no known ligands 
and is activated by forming heterodimers with other ErbB family 
members, including EGFR and HER3 [29]. Serum-starved cells treated 
with or without PQ for 24 h, were stimulated for 10 min with 10 ng/ml 
EGF or HRGβ1, the ligands for EGFR and HER3 respectively. Lysates 
were prepared and analysed for RTK and downstream signalling 
pathway activation by Western blot. HER2 is constitutively activated in 
BT474 cells, however PQ suppresses HER2 phosphorylation at tyrosines 
1221/1222 and tyrosine 1248 under all conditions (Fig. 6a). HRGβ1 
activates HER3, but PQ downregulates the absolute amount of phos-
phorylated and total HER3 by approximately 2-fold (Fig. 6a). PQ had no 
effect on mitogen-activated protein kinase (ERK1/2) signalling but 
inhibited EGF- and HRGβ1-induced Akt-Ser473 phosphorylation 
(Fig. 6b). No effect was observed on Akt-Thr308 phosphorylation. 
Akt-Ser473 is a substrate for mammalian target of rapamycin (mTor) 
[30], so we next investigated the effect of PQ on mTor signalling and 
observed that it strongly inhibited the activation of mTor and its 
downstream signalling molecules p70 S6 kinase and S6 ribosomal pro-
tein (Fig. 6b). The strong inhibitory effect of PQ on HER2 phosphory-
lation is likely due to the reduced amount of HER3 available to 
cross-activate it. Indeed, quantification revealed that while PQ greatly 
reduces the amount of HER3 in cells, the ratio of activated to total HER3 
is unaffected (Fig. S3a). In contrast, there is a greater than 2-fold 
reduction in the proportion of activated HER2 relative to total HER2 
in the PQ-treated cells (Fig. S3b). 

Unsurprisingly, we also found that PQ induces a dose-dependent 
inhibition of HRGβ1-stimulated BT474 cell proliferation. BT474 cells 
were cultured in the presence of 20 ng/ml HRGβ1 plus increasing con-
centrations of PQ for 5 days. 2.5 μM PQ led to a 65% inhibition of cell 
proliferation, whereas there was almost 100% inhibition with 10 μM PQ 
(Fig. 6c). 

HER2-amplified breast cancers are one of the most aggressive sub-
types of breast cancer and frequently lead to incurable metastatic dis-
ease [31]. To determine if PQ has any effect on the motility of 
HER2-amplified cells we performed wound healing, migration and in-
vasion assays using JIMT-1 cells. JIMT-1 cells migrate more readily than 
BT474 and SK-BR-3 cells and we observed that PQ induced a 
dose-dependent delay in wound closure in 2-dimensional wound healing 
assays (Fig. S4a). PQ also inhibited the migration and invasion of 
JIMT-1 cells through extracellular matrix (Figs. S4b and c). 

Taken together, these results demonstrate that PQ inhibits the acti-
vation of HER2 and HER3 and their downstream PI3 kinase/Akt/mTor 
signalling pathway leading to a reduction in cell proliferation and 
motility. 

3.5. Primaquine synergises with HER2-targeting tyrosine kinase inhibitors 

Since PQ indirectly inhibits HER2 and HER3 activation and down-
stream signalling by affecting their intracellular trafficking, we next set 
out to determine whether PQ could enhance the effect of inhibitors that 
target HER2 directly. Synergy describes an interaction between two or 
more drugs that results in the total effect of the drugs being greater than 
the sum of the individual effects of each drug. The use of drug pairs that 
synergise with each other allows the dosage of the individual drugs to be 
lowered, thus hopefully reducing toxicity while maintaining the desired 
clinical effect [32]. Lapatinib (Tykerb®), a reversible dual EGFR/HER2 
small molecule TKI, is approved for the treatment of advanced 

Fig. 6. PQ downregulates ErbB receptor activation 
and the PI3K/Akt/mTor signalling pathway. a and 
b BT474 cells were treated with or without 10 μM 
PQ for 24 h in serum-free medium and then stim-
ulated with 10 ng/ml EGF or HRGβ1 for 10 min. 
Lysates were immunoblotted with the indicated 
antibodies (see Fig. S3 for quantification). c BT474 
cells seeded the day before in 96-well plates were 
serum-starved overnight and then stimulated with 
20 ng/ml HRGβ1 plus the indicated concentration 
of PQ for 96 h. Cell proliferation was quantified by 
MTT assay and expressed as a percentage of control 
cells not treated with the inhibitor.   
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HER2-positive breast cancer following progression on previous therapy. 
MTT cell viability assays demonstrated decreased cell survival when 

primaquine and lapatinib were combined (Fig. S5a). Synergy analyses 
with the CompuSyn software [20,33] indicated that the Combination 
Index (CI) for lapatinib and PQ was less than 1, suggesting that the 
relationship between the two drugs is synergistic (Table 2). Strong 
synergy was also observed between PQ and trastuzumab, a 
HER2-targeting monoclonal antibody used as a first line treatment for 
advanced HER2-positive breast cancer (Table 3). Clonogenic assays of 
BT474 cells treated with sub-lethal doses of lapatinib and PQ (20 nM and 
5 μM, respectively) for 10 days revealed an over 10-fold greater inhi-
bition of colony growth for the drug combination when compared to the 
lapatinib monotherapy (Fig. 7a). Synergy between lapatinib and PQ was 
also observed by MTT and clonogenic assays in the SK-BR-3 cell line 
(Figs. S5b and c and Table 2), and in cells grown in 3-dimensional cul-
tures. BT474 cells were cultured in low attachment plates to induce 
formation of spheroids and were then treated with lapatinib and pri-
maquine, alone or in combination, for 5 days. After the drug treatment 
the spheroids were exposed to a mixture of calcein AM and ethidium 
bromide to stain live and dead cells, respectively [34]. Lapatinib alone 
reduced the growth of the spheroids without affecting the proportion of 
dead cells, whereas addition of PQ dramatically increased the propor-
tion of dead to live cells (Fig. 7b). 

To investigate the effect of the drug combination on HER2 and HER3 
activation, lysates of BT474 cells were prepared after a 24-h treatment 
with 20 nM lapatinib, 10 μM PQ and both drugs combined, in complete 
serum-containing medium. Western blots revealed that lapatinib 
induced an upregulation in the total protein levels of HER2 but strongly 
inhibited its phosphorylation at tyrosines 1221 and 1222. PQ on its own 
led to a small but significant reduction in HER2 phosphorylation, but the 
combination of both drugs resulted in the greatest inhibition with an 
almost 2-fold lower level of phosphorylated HER2 compared to cells 
treated with lapatinib alone (Fig. 7c). Lapatinib also induced a moderate 
reduction in the levels of phosphorylated HER3, but this was not 
enhanced by the addition of PQ (Fig. 7d). Collectively these data 
demonstrate that the combination of lapatinib and primaquine has a 
greater inhibitory effect on the activation of HER2 than either drug 
alone in HER2-overxpressing cells, leading to a reduction in their 
viability in both 2D and 3D assays. 

3.6. The lapatinib and primaquine combination enhances lysosomal 
degradation 

To gain a greater mechanistic understanding of how the two drugs 
synergise, we analysed the degradative pathway in BT474 cells treated 
with lapatinib and primaquine. The lysosome populations in cells 
treated with the drugs and drug combinations were labelled with 
LysoTracker Red DND-99, a fluorescent dye that is highly selective for 
acidic organelles and commonly used to investigate lysosome biogenesis 
and function. LysoTracker Red was added to the medium for the final 
hour of drug treatment and the cells were subsequently fixed and ana-
lysed by confocal microscopy. A dramatic increase in the size and 
fluorescence intensity of the lysosome population was observed in cells 
treated with the drug combination. This phenotype was not observed in 
cells treated with each drug individually or untreated control cells. 
Quantitation revealed a 3.4–5.3-fold increase in LysoTracker Red fluo-
rescence intensity (Fig. 8a). Next, we assessed whether the population of 
lysosomes in the treated cells is functional. To do this we analysed the 
proteolysis of ovalbumin, a fluid phase marker of late endosomes/ly-
sosomes. DQ-Ova is a self-quenched conjugate of ovalbumin that ex-
hibits bright green fluorescence upon proteolytic degradation [35]. 
BT474 cells were treated for 24 h with the individual drugs or the 
combination in the presence of DQ-Ova, followed by fixation and 
confocal analysis. Quantitation revealed that the drug combination 
induced a 2.7-fold increase in the number of DQ-Ova positive structures 
compared to the vehicle control (Fig. 8b). Collectively, these results 
demonstrate that the combination of lapatinib and PQ results in a dra-
matic increase in the number and activity of acidic late endo-
somes/lysosomes. This enhanced activity of the degradative pathway 
was not observed in cells treated with either drug individually. 

3.7. Lapatinib-induced senescent cells are sensitive to primaquine 

An augmented lysosomal compartment is a characteristic of cells 
entering senescence [36]. Cellular senescence is a key component of 
aging and is induced by stimuli such as DNA damage, telomere short-
ening and cellular stress. Oncogene signalling can also induce cells to 
enter senescence, acting as a tumour suppressive mechanism that can 
prevent or delay malignant progression. Recently therapy-induced 
senescence (TIS) has been described, where in response to therapy a 
subpopulation of tumour cells enter a dormant state. TIS can also lead to 
an alteration of the tumour microenvironment as the senescent cancer 
cells develop a senescence-associated secretory phenotype (SASP) and 
release bioactive molecules that can modify the surrounding tumour 
stroma. The dormant cells may also contribute to the development of 
resistance by serving as a reservoir of drug resistant cells if their se-
nescent state is reversed [37]. Senescent cells arise continuously in 
advanced HER2-positive breast cancer and account for approximately 
5% of tumour cells in this subtype [38], and recent studies have reported 
that in addition to inducing apoptosis, lapatinib can also induce senes-
cence [39–41]. Cellular senescence is a slow process which generally 
requires at least 7 days to develop [42], but it is possible that PQ ac-
celerates the lapatinib-induced entry of HER2-positive cells into a 

Table 2 
IC50 values for lapatinib, primaquine and their combined effects in the indicated 
HER2+ cell lines. Drug synergy was assessed by the CI values. CI < 1 = synergy; 
CI = 1 additivity; CI > 1 = antagonism.  

Cell line Lapatinib 
(μmol/L) 

Primaquine 
(μmol/L) 

Effect (% 
Death) 

Synergy 
(CI) 

BT-474 0.021 ± 0.004  50   
11.8 ± 1.8 50  

0.013 1.25 43 0.81 
SK-BR-3 0.36 ± 0.09  50   

4.3 ± 1.1 50  
0.25 1.25 52 0.54 

BT-474 RES 1.15 ± 0.47  50   
7.7 ± 1.7 50  

0.5 5 50 0.49 
SK-BR-3 

RES 
5.7 ± 2.2  50   

13.4 ± 6.2 50  
5 10 70 0.56 

JIMT-1 5.8 ± 2  50   
20.6 ± 7.5 50  

5 20 84 0.58 
MDA-MB- 

453 
9.2 ± 5.4  50   

8.9 ± 0.7 50  
5 5 74 0.52 

MCF10A 5.4 ± 0.8  50   
32.2 ± 1.27 50  

2.5 12.5 42 1.06  

Table 3 
IC50 values for trastuzumab, primaquine and their combined effects in BT-474 
and BT-474 RES cells. Drug synergy was assessed by the CI values. CI < 1 =
synergy; CI = 1 additivity; CI > 1 = antagonism.  

Cell line Trastuzumab (μg/ 
ml) 

Primaquine 
(μmol/L) 

Effect (% 
Death) 

Synergy 
(CI) 

BT-474 30.4 ± 1.4  50   
9.7 ± 0.5 50  

15 10 82 0.48 
BT-474 

RES 
77.7 ± 3.2  50   

10.23 ± 0.9 50  
15 10 59 0.62  
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senescent phenotype. To investigate the ability of primaquine and 
lapatinib to induce senescence, BT474 cells were treated with each drug 
individually, or in combination, for 14 days and assessed for 
senescence-associated beta-galactosidase activity (SA-βgal), a widely 
used indicator of cellular senescence [21]. As expected, long-term 
exposure to lapatinib resulted in a 2.6-fold greater number of senes-
cent cells compared to control cells (7.5% in control cells versus 19.3% 
in the TKI-treated cells), whereas PQ did not induce senescence (Fig. 8c). 
Interestingly, there were too few viable cells remaining after the com-
bination treatment to accurately quantify SA-βgal activity. A possible 
explanation for this is that senescent cells are more sensitive to endo-
somal recycling inhibitors, thus when lapatinib drives cells into senes-
cence they are rapidly killed by the PQ. 

To examine this in more detail, we induced senescence in BT474 cells 
by treating them for 7 days with IC50 and IC90 concentrations of 
lapatinib. The cells were then treated with 2.5 μM or 5 μM PQ for a 
further 3 days and cell viability was measured by MTT assay. Control 
DMSO-treated cells showed no reduction in viability after treatment 
with either concentration of PQ, whereas 2.5 μM PQ killed virtually all 
the cells pre-treated with the higher concentration of lapatinib, and 5 μM 
PQ killed over 70% of the cells pre-treated with the lower dose (Fig. 8d). 
These findings support the hypothesis that lapatinib-induced senescent 

cells are sensitised to PQ-induced cell death. 
We next investigated why senescent cells are more sensitive to PQ. 

Evidence is emerging that autophagy, a lysosome-dependent cellular 
mechanism for removing unnecessary or dysfunctional components, 
promotes cellular senescence by facilitating the synthesis of senescence 
associated secretory proteins. To determine if PQ affects autophagy we 
examined markers of autophagy in drug-treated BT474 cells. PQ induced 
an increase in the level of the non-lipidated form of LC3B, an indication 
of reduced autophagic flux (Fig. 8e). Depletion of RCP also induced a 
similar increase in LC3B levels (Fig. S5d). We also examined the effect of 
lapatinib and PQ on the levels of p62/SQSTM1 (hereafter p62). p62 
interacts with autophagic substrates and delivers them to autophago-
somes for degradation and in the process is degraded itself. Thus, in-
duction of autophagy leads to a decrease in p62. We observed that after 
only 24 h of lapatinib treatment the level of p62 was reduced by 
approximately 25%, whereas PQ induced a 2-fold increase in p62 levels 
(Fig. 8f). These findings establish that PQ can inhibit autophagy, and 
since senescent cells have a greater dependency on this pathway they are 
likely to be vulnerable to this PQ-induced inhibition of autophagic flux. 

Fig. 7. Primaquine synergises with the HER2- 
targeting tyrosine kinase inhibitor lapatinib. a Clo-
nogenic assays of BT474 cells individually or dual 
treated with 20 nM lapatinib and 5 μM PQ for 10 
days. Histogram indicates the surviving cells 
expressed as a percentage of the untreated control 
(n = 5). b BT474 spheroids treated with 10 nM 
lapatinib, 5 μM PQ or the combination for 5 days 
were labelled with Calcein AM (green) and 
ethidium bromide (red) to label the live and dead 
cells, respectively. Fluorescence microscopy images 
of the live spheroids were recorded. The line plots 
depict the fluorescence intensity profiles along a 
line through the equator of the spheroids for both 
channels under each condition. c Immunoblots of 
lysates prepared from BT474 cells treated with 
lapatinib and PQ for 24 h. The histogram indicates 
the fold difference in p-Y1221/1222 HER2 phos-
phorylation levels in the treated cells relative to 
control cells (n = 6). d Immunoblots of lysates 
prepared from BT474 cells treated with lapatinib 
and PQ for 24 h. The histogram indicates the fold 
difference in p-Y1289 HER3 phosphorylation levels 
in the treated cells relative to control cells (n = 6).   
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3.8. Lapatinib-resistant cells have enhanced sensitivity to primaquine 

Resistance to HER2-targeted therapies is a significant clinical prob-
lem. Given the potential therapeutic benefit of the lapatinib/PQ com-
bination, we next investigated whether PQ could be used to overcome 
acquired and innate resistance to lapatinib. To that end, we generated 
BT474 and SK-BR-3 cell lines with acquired resistance to lapatinib, by 
exposing them to increasing concentrations of the TKI over 6–9 months. 
The resulting BT474-RES cell line had a lapatinib IC50 of 1.15 μM, 
greater than 40 times that of the parental cell line (Fig. 9a, Table 2), and 
the SK-BR-3 RES cell line had an ~16-fold higher IC50 value (Table 2). 
The BT474-RES cell line is also cross-resistant to trastuzumab (Table 3) 
and afatinib, a second generation HER2-targeting TKI (Fig. S6d). The 
resistant cells still respond to lapatinib, as demonstrated by the reduc-
tion in pY1221/1222 phosphorylation (Fig. S6a), however they have 
lost their addiction to HER2 since they can still proliferate when HER2 
has been silenced, whereas the parental cells cannot (Figs. S6b and c). In 
2-dimensional clonogenic and 3D spheroid assays, the BT474-RES cells 
were 4.3- and 2- fold more sensitive to PQ than the parental cell line 
(Fig. 9b and c). Furthermore, the synergy between lapatinib and PQ was 
consistently stronger in the cell lines with acquired resistance, indicating 
that the drug combination would be most effective in drug-resistant 

HER2-positive breast cancer (Fig. 9d and Table 2). Strong synergy was 
also observed in JIMT-1 and MDA-MB-453 HER2-amplified cell lines 
which both have innate resistance to lapatinib [43] (Fig. 9d, S7a-d and 
Table 2). Surprisingly, we observed that treatment with either lapatinib 
or PQ on their own promoted a 2 to 3-fold increase in proliferation of the 
JIMT-1 cells, whereas the combination induced a 3-fold reduction in 
surviving cells compared to the control. 

Synergy was also observed between PQ and afatinib and neratinib, 
second and third generation HER2-targeting TKIs, respectively 
(Table 4). Interestingly, there was no synergy between PQ and 
BMS754807 or ponatinib, small molecule inhibitors of the IGF1 receptor 
and FGF receptor, respectively (Table 4). Thus, it appears that synergy 
with endosomal recycling inhibitors is specific to HER2-taregting TKIs. 

4. Discussion 

Despite the success of HER2-targeting monoclonal antibodies and 
small molecule inhibitors at improving clinical outcomes in women with 
advanced HER2-positive breast cancer, almost all patients will ulti-
mately experience disease progression. Most to the point where the 
cancer no longer responds to any approved HER2-targeting therapy. To 
date there is no standard of care treatment for such patients [2], thus 

Fig. 8. The lapatinib and primaquine combination 
upregulates the degradative pathway and blocks 
autophagic flux. a Confocal fluorescence images of 
BT474 cells treated with the indicated drugs and 
labelled with LysoTracker Red DND-99 (red). 
Nuclei are stained with DAPI (blue). Bar, 10 μm. 
Scatter plot depicts the LysoTracker Red fluores-
cence intensity of individual cells from each con-
dition. b Confocal fluorescence images of BT474 
cells treated with the indicated drugs and allowed 
to internalise DQ-ovalbumin for 18 h. Nuclei are 
stained with DAPI (blue). Bar, 10 μm. Histogram 
depicts the mean number of puncta per cell (±s.e. 
m.). c BT474 cells were treated twice weekly with 
50 nM lapatinib or 1 μM PQ for a total of 2 weeks 
and fixed and stained for SA-βgal activity and 
compared to untreated controls. The histogram in-
dicates the percentage of senescent cells. Error bars 
indicate the standard error of the means (n = 3). 
d BT474 cells were treated with 20 nM (IC50) or 
100 nM (IC90) lapatinib for 7 days followed by 
removal of the TKI and a 3-day treatment with the 
indicated concentration of PQ. Viable cells were 
determined by MTT assay. The histogram depicts 
the surviving cells as a fraction of control cells not 
treated with PQ (n = 3). e Immunoblots of lysates 
prepared from BT474 cells treated with PQ for 0, 12 
or 24 h and probed with an antibody to LC3B. f 
Immunoblots of lysates prepared from BT474 cells 
treated with lapatinib and PQ for 24 h. The histo-
gram indicates the fold difference in p62 levels in 
the treated cells relative to control cells (n = 3).   
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there is a clear unmet need to identify novel therapeutic targets that can 
be targeted with novel or repurposed agents that can overcome innate 
and acquired resistance to HER2-targeting therapies. 

In many HER2-positive tumours overexpression of HER2 alone is 
insufficient to drive breast tumour proliferation. Rather, the presence of 
high levels of HER2 at the plasma membrane promotes the formation of 
HER2/HER3 heterodimers leading to the activation of HER2 and sub-
sequent HER2-mediated phosphorylation of HER3 [44]. Abrogating the 
function of HER3 has a similar effect on cell proliferation as directly 
targeting HER2. Thus, the HER2/HER3 complex functions as an onco-
genic subunit that drives HER2-mediated transformation [45]. Due to its 
lack of intrinsic tyrosine kinase activity HER3 cannot be targeted with 
TKIs, and of the handful of HER3-targeting therapies at various stages of 
development none have yet been approved by the FDA [46]. 

In comparison to EGFR, little is known about the endosomal traf-
ficking of HER2 and HER3. In fact, the predominant hypothesis is that 
HER2 localises almost exclusively to the plasma membrane and that it 
resists internalisation, or that any HER2 that is internalised is rapidly 
recycled back to the plasma membrane [7]. Recently however, the type 
1 transmembrane sorting receptor SorLA has been reported to promote 
the recycling of both internalised HER2 and HER3 back to the plasma 
membrane [11,12]. Silencing of SorLA targets both receptors to lyso-
somes for degradation. Here, we report a similar function for the 
endosomal recycling regulator RCP. We find that downregulation of the 
endosomal recycling pathway by knockdown of RCP, or treatment with 
a small molecule inhibitor of endosomal recycling, inhibits the activa-
tion of HER2 and its downstream PI3 kinase/Akt/mTor signalling 

pathway, and ultimately results in the degradation of HER2 and HER3 
receptors. The levels of HER3 can be restored by co-treatment with a 
lysosomal inhibitor, indicating that HER3 is diverted to lysosomes. Our 
results provide further evidence that similar to other RTKs, HER2 and 
HER3 undergo endosomal recycling. Together, our findings suggest that 
inhibition of the endosomal recycling pathway is a means of indirectly 
targeting these proteins ultimately leading to their downregulation. The 
observation that lysosomal inhibitors could not restore HER2 protein 
levels suggest that its turnover may be slower than HER3, which is in 
line with our findings (not shown) and that of other groups [9]. 

Given the effect of PQ on the levels and activation of HER2 and 
HER3, we reasoned that this small molecule might synergise with HER2- 
targeting therapies. Drug synergy is an interaction between two or more 
drugs in which the total effect of the drugs in combination is greater than 
the sum of their individual effect. Synergy can maximise the therapeutic 
effect of drug combinations while minimizing the adverse effects, 
because lower doses of the two drugs can be used [47]. Indeed, we found 
that PQ synergises with lapatinib in six different HER2-amplified cell 
lines. Furthermore, the synergy was greatest in cell lines with acquired 
or innate resistance to lapatinib. PQ also synergises with trastuzumab 
and second and third generation HER2-targeting TKIs. 2D and 3D assays 
demonstrated that dual treatment with lapatinib and PQ results in 
greatly enhanced inhibition of the growth and clonogenic survival of 
both lapatinib –sensitive and –resistant breast cancer cells. Furthermore, 
drug-resistant BT474 cells display an approximately 2-fold greater 
sensitivity to PQ, suggesting that resistant cells have enhanced sensi-
tivity to endosomal recycling inhibitors. Our findings (summarized in 
the model in Fig. 10) indicate that inhibiting the endosomal recycling 
pathway downregulates HER2 signalling by diverting internalised 
HER2, and its binding partner HER3, from the recycling pathway and 
into the degradative pathway. This results in less of the heterodimer at 
the cell surface and consequently less activation of the PI3 kin-
ase/Akt/mTor pathway. 

Additionally, the impact of PQ on cell survival is likely to be 
enhanced by its inhibitory effect on autophagy. Our discovery that PQ 
inhibits autophagic flux is unsurprising given that autophagosomes 
require recycling endosomes for their formation [48,49]. Autophago-
somes are double-membrane vesicles that expand and enclose portions 

Fig. 9. Lapatinib-resistant HER2-overexpressing 
breast cancer cells display enhanced sensitivity to 
primaquine. a Cellular viability of BT474 parental 
(black) and lapatinib-resistant (green) cells treated 
with lapatinib for 3 days. Data representative of 
greater than 4 independent experiments. Lapatinib 
IC50 values for both cell lines indicated. b Clono-
genic assays of parental and lapatinib-resistant 
BT474 cells treated with 5 μM PQ for 10 days. 
The histogram indicates the surviving cells 
expressed as a percentage of the untreated controls. 
c BT474 spheroids treated with 5 μM PQ for 5 days. 
Spheroid viability was measured by Resazurin assay 
and expressed as percentage of the viability of un-
treated parental and resistant spheroids. d Repre-
sentative clonogenic assays of the indicated cell 
lines individually or dual treated with lapatinib and 
PQ for 7–14 days (see Fig. S7 for quantification).   

Table 4 
CI values for PQ in combination with the indicated drugs in BT474 and SK-BR-3 
parental and resistant cell lines. CI < 1 = synergy; CI = 1 additivity; CI > 1 =
antagonism. ND not done.  

CI values BT474 BT474-RES SKBR3 SKBR3-RES 

Afatinib 0.84 ± 0.04 0.56 ± 0.06 ND ND 
Neratinib ND 0.54 ± 0.007 0.81 ± 0.07 ND 
BMS754807 2.21 ± 0.6 ND ND ND 
Ponatinib 3.04 ± 0.6 ND ND ND  
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of the cytoplasm that contains cellular components destined for auto-
phagic degradation and recycling endosomes have been identified as a 
platform on which autophagosomes form [50]. Furthermore, inhibition 
of autophagy disrupts EGFR recycling in multiple cell types [51], and 
recently autophagy was reported to promote tumorigenesis in 
HER2-positive breast cancer by blocking the trafficking of HER2 to the 
plasma membrane [52]. 

We found that lysosomal acidity and activity is enhanced in cells 
treated with the lapatinib and PQ combination. An upregulated degra-
dative pathway is a characteristic of senescent cells, and reports are 
emerging that autophagy and senescence are interdependent [53]. 
Lapatinib has been reported to induce senescence in HER2-amplified 
cells [54], and we found that cells exposed to long-term treatment 
with this TKI have greatly enhanced sensitivity to PQ. We propose that 
HER2-positive cells that survive the initial lapatinib treatment have 
been driven into senescence by the TKI, rendering them more vulnerable 
to the autophagy-inhibitory effects of PQ, ultimately leading to their 
death. This agrees with recent findings that autophagy promotes the 
survival of dormant breast cancer cells [55], and that blockade of 
autophagic flux in genetically engineered mouse models of 
HER2-positive breast cancer abolishes tumorigenesis [52]. We propose 
that the cells that resist lapatinib by entering into senescence become 
dependent on the autophagic pathway, which is in turn downregulated 
by PQ (Fig. 10b). 

Inhibition of the endosomal recycling pathway has also been 
demonstrated to downregulate other clinically relevant cell surface 
proteins including PD-L1 [56,57], N-cadherin [14], c-Met [58], integrin 
β1 [59] and EGFR [13]. Thus, developing therapeutics that target this 
pathway could have significant clinical benefit, especially for tumours 
with innate or acquired resistance to targeted therapies [6]. Such drugs 
are likely to be less susceptible to the emergence of resistance as they 
indirectly target the cell surface proteins on which they act. PQ is one 
such inhibitor that has potential therapeutic benefit in cancer. We have 
shown that it downregulates HER2-mediated growth and clonogenic 
survival, and since it has been used for decades as an anti-malarial drug 
it is readily available and has good pharmacokinetic and safety profiles. 

In conclusion, we believe that our results and those from other 
groups demonstrate that the endosomal recycling pathway represents a 
novel and underexploited target for the development of anti-cancer 
therapeutics. 
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