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Abstract
Neoadjuvant therapy (NAT) has been studied in clinically localized prostate cancer (PCa) to improve the
outcomes from radical prostatectomy (RP) by ‘debulking’ of high-risk PCa; however, using androgen
deprivation at this point risks castration resistant PCa (CRPC) clonal proliferation with potentially
profound side effects such as fatigue, loss of libido, hot �ashes, loss of muscle mass, and weight gain.
Our goal is to identify alternative NAT that reduce hormone sensitive PCa (HSPC) without affecting
androgen receptor (AR) transcriptional activity. PCa is associated with increased expression and
activation of the epidermal growth factor receptor (EGFR) family, including HER2 and ErbB3.
Dimerization between these receptors is required for activation of downstream targets involved in tumor
progression. The FDA-approved HER2 inhibitor lapatinib has been tested in PCa but was ineffective due
to continued activation of ErbB3. We now demonstrate that this is due to ErbB3 being localized to the
nucleus in HSPC and thus protected from lapatinib which affect membrane localized HER2/ErbB3
dimers. Here, we show that the well-established, well-tolerated diuretic amiloride hydrochloride dose
dependently prevented ErbB3 nuclear localization via formation of plasma membrane localized
HER2/ErbB3 dimers. This in turn allowed lapatinib inactivation of these dimers via inhibition of its target
HER2, which dephosphorylated downstream survival and proliferation regulators AKT and ERK1/2.
Amiloride combined with lapatinib signi�cantly increased apoptosis but did not affect AR transcriptional
activity. Thus, our data indicate that a combination of amiloride and lapatinib could target HSPC tumors
without problems associated with androgen deprivation therapy in localized PCa.

INTRODUCTION
Localized prostate cancer (PCa) is initially often treated with radical prostatectomy (RP) or radiation
therapy (RT), with an overall success rate of up to 90% alone (1). High grade and more advanced tumors,
however, may require multi-modal therapy as 25–33% of men treated initially with these therapies
eventually experience biochemical recurrence (2). While positive surgical margins at the time of RP are a
risk factor for disease recurrence, many cancers are likely also micro-metastatic at the time of detection
(3). Neoadjuvant therapy (NAT) has been studied to debulk tumors and treat early systemic disease prior
to RP (4). NAT is also known to reduce post-operative residual local disease and micrometasis (5). This
eliminates the need for salvage therapy after RP such as radiation or long term hormonal therapy (6).

PCa is initially dependent on the androgen receptor (AR), a nuclear hormone transcription factor
activated by binding to androgens such as testosterone (T) and dihydrotestosterone (DHT) (7). With the
advent of safe and reversible forms of androgen deprivation therapy (ADT) with or without
antiandrogens, neoadjuvant ADT (NADT) is of signi�cant interest (8). However, following prolonged
exposure, many patients develop resistance to ADT, resulting in castration resistant PCa (CRPC) (7),
which demonstrates the limitations of AR-based PCa therapy. Similarly, NADT also runs the risk of
androgen-independent clonal proliferation with prolonged treatment (9). In addition, there may be
impairments in quality of life due to profound side effects such as fatigue, loss of libido, hot �ashes, loss
of muscle mass, and weight gain (10). To overcome these problems, other therapies are being studied in
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the neoadjuvant setting, including PARP inhibitors, while tyrosine kinase inhibitors have been tried in
preclinical and early clinical studies (11).

We and others have demonstrated that PCa is often associated with an increase in the activation of
receptor tyrosine kinases (RTK) of the epidermal growth factor receptor (EGFR) family, including EGFR,
HER2/ErbB2 and HER3/ErbB3 (HER4/ErbB4 is rarely expressed in PCa (12)) (13, 14). Our initial results
showed that dual inhibition of EGFR and HER2 suppressed ErbB3 and sensitized PCa tumors to ADT
(15). Members of the EGFR family are activated by ligand binding. EGFR has a number of ligands –
including epidermal growth factor (EGF), while ErbB3 is activated by heregulins 1 and 2 (HRG1, HRG2)
(16). Following ligand binding, these receptors undergo con�gurational alterations that allow
heterodimerization with other members of the family. HER2 is known to be an orphan receptor that is
constitutively active and hence does not require ligand binding for heterodimerization (16). For complete
activation, all receptors undergo autophosphorylation at various tyrosine residues that bind downstream
targets (16).

Many clinical trials have been conducted to evaluate the effects of FDA approved tyrosine kinase
inhibitors (TKI) targeting EGFR in PCa – including cetuximab (17, 18), ge�tinib (19–24) and erlotinib (25,
26). While a few trials showed moderate results in a subpopulation of PCa patients (e.g. erlotinib had
moderate single-agent activity in chemotherapy-naïve CRPC (26), while cetuximab had some activity in
those overexpressing EGFR and showing consistent expression of the tumor suppressor PTEN (17)), the
majority of these trials failed to demonstrate e�cacy. Of TKIs targeting HER2, pertuzumab was
somewhat effective (27), while trastuzumab was ineffective as a single agent (28, 29) or in combination
with the chemotherapeutic agent docetaxel (30, 31). In contrast, the dual EGFR/HER2 inhibitor lapatinib
showed single agent activity in a small subset of patients (32). The advantage of the FDA approved
lapatinib is its low toxicity and high tolerability (33). We previously showed that the pan-ErbB inhibitor
dacomitinib was superior to lapatinib in preventing PCa progression (34); however, dacomitinib has
greater side effects; hence, we investigated whether lapatinib e�cacy could be improved with another
low toxic drug.

We recently showed that ErbB3 is localized to the membrane/cytoplasm in benign prostate but shows
nuclear translocation in malignant prostate (35). ADT increased ErbB3 cytoplasmic localization, whereas
ErbB3 binding to its ligand heregulin-1β (HRG) induced ErbB3 nuclear localization (35). PCa-speci�c
nuclear expression of ErbB3 has long been recognized (36). While an 80kDa nuclear variant of ErbB3 has
been identi�ed (37), full-length 185 kDa ErbB3 also translocates to the nucleus in PCa (38). Nuclear
expression of the EGFR family is indicative of tumor development and progression in numerous tumor
types (39, 40). We and others showed that increased nuclear localization of ErbB3 is associated with
PCa progression (35, 41, 42).

Both EGFR and ErbB3 have been shown to undergo nuclear translocation through endocytosis (43–45).
It is thought that internalization of ErbB3 initiates its entry into the nucleus where it interacts with the
transcription complex and plays a role in transcriptional regulation, enabling PCa progression (44, 45).
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The macropinocytosis inhibitor amiloride hydrochloride has been shown to block ErbB3 nuclear
translocation (45). Amiloride is used as a diuretic to treat hypertension (46–49). The plasma membrane
localized sodium-hydrogen exchanger protein 1 (NHE1) (50), that plays a central role in intracellular pH
and cell volume homeostasis, is a direct target of the drug (51). NHE1 activity is required to promote
actin polymerization during macropinocytosis, explaining amiloride’s ability to antagonize this process
(52). Amiloride can also prevent hypokalemia by inhibiting the epithelial sodium channel (ENaC) (53),
and is therefore used as a potassium-sparing diuretic (54).

In this paper, we show that amiloride elicits a dose-dependent reduction in cell viability in hormone-
sensitive PCa (HSPC). This is accompanied by a strong decrease in ErbB3 in the nuclear fraction and its
accumulation in the cytoplasmic/membrane fraction in HSPC cells. Amiloride did not appear to have any
appreciable effects on EGFR and HER2 localization. The e�cacy of amiloride in decreasing cell viability
was also enhanced by the simultaneous silencing of HER2 which dimerizes with ErbB3. Amiloride
increased the e�cacy of the reversible HER2 inhibitor lapatinib by increasing apoptosis in HSPC and
CRPC cell lines, in agreement with previous reports in pancreatic cancer (55), and leukemia (56). Taken
together, our data suggest that amiloride enhances lapatinib activity by limiting ErbB3 to the plasma
membrane and/or cytoplasm and enabling HER2/ErbB3 dimerization, which allows lapatinib to inhibit the
dimer and prevent downstream activation of Akt and ERK. Thus, this combination of lapatinib and
amiloride will be considered a means of drug ‘re-purposing’, that is effective in HSPC, and hence may in
the future be used in NAT.

MATERIALS AND METHODS
Cell culture and materials

Human prostatic carcinoma epithelial cell lines LNCaP, PC-346C and CWR22-Rv1 (ATCC, Manassas, VA)
and C4-2 (MD Anderson, Houston, TX), were cultured in RPMI 1640 medium with 10% fetal bovine serum
(Gemini Biologicals, West Sacramento, CA) and 1% antibiotic-antimycotic solutions (Gibco/Thermo
Fisher Scienti�c, Waltham, MA). Lapatinib was purchased from Selleck Chemicals (Houston, TX).
Amiloride hydrochloride was purchased from Amresco (VWR International, Radnor, PA). Heregulin-1β
(HRG) was purchased from PeproTech (Rocky Hill, NJ). Rabbit monoclonal antibodies for EGFR (CS-
2232), HER2 (CS-2165), ErbB3 (CS-12708) and Lamin A/C (CS-2032) were from Cell Signaling
Technology (Beverly, MA). Mouse monoclonal antibody towards N-terminal ErbB3, OP-119 was
purchased from Calbiochem/Millipore (San Diego, CA). ΜltraCruz Hard-set Mounting Medium was
purchased from Santa Cruz BioTech (Dallas, TX).

Subcellular fractionation

Cells were lysed for 15m at room temperature in 500–900µl of cytoplasmic lysis buffer A (10mM HEPES
pH 7.9, 10mM KCl, 0.1mM EDTA, 0.4% IGEPAL) with standard protease and phosphatase inhibitors. The
resulting suspension was centrifuged at 16000g for 5m at 4C and the supernatant was transferred to a
clean 1.5ml tube and stored at -20C until further use. The pellet was washed thrice with 200–500µl 1X
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phosphate-buffered saline (Gibco, Thermo Scienti�c, Waltham, MA) (5m, 16000g, 4C) and reconstituted
in ~ 150–300µl of 1X sodiµM dodecyl sµlphate (SDS) Sample Buffer (10g SDS, 4mls 100% glycerol,
40mls 1M Tris-HCl pH 8.8, made upto 100mls with doubly distilled water). The pellet was heated at 90C
until it had completely dissolved, cooled to room temperature and stored at -20C until further use.

Immuno�uorescence: LNCaP, C4-2, PC-346C or 22Rv1 cells were seeded at 10,000 cells per coverslip
and were incubated for 24hrs in FBS medium in a 370C CO2 incubator. Cells were treated with vehicle or

drug for 72h, rinsed with PBST (Phosphate Buffered Saline with 0.05% Tween-20) and �xed with ice-cold
methanol for 10 min on ice. They were washed three times with PBST and then blocked with 5% BSA for
1h at room temperature. Primary antibody was diluted 1:100 in 1% BSA and applied to the cells and
incubated at 4oC overnight in a Humidity chamber. Cells were washed three times with PBST and the
rhodamine or FITC-conjugated anti-rabbit or anti-mouse secondary antibodies (Life Technologies,
Carlsbad, CA) were diluted 1:500 in PBST and incubated for 1 hr at room temperature in the dark. After
washing thrice with cold PBST, coverslips were inverted and mounted onto uncharged glass slides with
UltraCruz Hardset Mounting Medium plus DAPI (SantaCruz BioTech, Dallas, TX).

3-[4,5-Dimethylthiazol-2yl]-2,5-diphenyl-tetrazolium bromide assay

Cells were cultured in 24-well plates and treated as indicated. Following treatment, each well was
incubated with 25 µl of 5 mg/ml 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl-tetrazoliuM bromide (MTT;
Sigma–Aldrich, St. Louis, MO) for 1 h in a 5% CO2 incubator at 37 °C, which converted the reactants to
formazan in actively dividing cells. Proliferation rates were estimated by colorimetric assay reading
formazan intensity in a plate reader at 562 nm. Raw data are provided in Supplementary Fig. 7.

Western blotting: Proteins were quantitated by BCA assay (Pierce, Rockford, IL, USA) and fractionated on
29:1 acrylamide-bis SDS–PAGE. Electrophoresis was performed at 150 V for 2 h using mini vertical
electrophoresis cells (Mini-PROTEAN 3 Electrophoresis Cell, Bio-Rad). The gels were electroblotted for 2
h at 200 mA using Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) onto 0.2 µM polyvinylidene
di�uoride membrane (Osmonics, Westborough, MA, USA). The blots were stained overnight with primary
antibodies at 4 °C and detected by enhanced chemiluminescence (Thermo Fisher, Waltham, MA)
following incubation with a peroxidase-labeled secondary antibody (donkey anti-mouse IgG or goat anti-
rabbit IgG, Fc speci�c, Jackson ImmunoResearch, West Grove, PA, USA).

Invasion assay

LNCaP, C4-2 and CWR22-Rv1 cells were subjected to an invasion assay after being treated for 72h with
the concentrations and combination of drugs as described on the y-axis of each graph. Falcon 8µm
Transwell inserts were coated with 2µg/ml Matrigel (BD Biosciences) and cells allowed to invade
through the basement membrane layer for 48h. Representative images (10X) are shown for the
underside of each transwell insert after cells were �xed and stained with 0.5% v/v Crystal Violet in 100%
methanol. Raw OD 595 readings were obtained after dissolving the intracellular Crystal Violet stain in
0.1% v/v acetic acid and colorimetric analysis at 595 nm.
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Flow cytometry, plasmids, siRNA and transections were performed as described in detail previously by
us (57).

RESULTS

Cytoplasmic/membranous retention of ErbB3 by amiloride
in PCa cells correlates with its cytotoxic effects:
We compared the effects of increasing concentrations of amiloride for 72h in hormone-sensitive LNCaP
cells and their castration-resistant derivative C4-2 cells, as well as in an unrelated hormone-insensitive
cell line CWR22Rv1 (denoted henceforth as 22Rv1). We have previously shown that all three cell lines
express abundant ErbB3, HER2 and EGFR protein and mRNA (but not ErbB4) (34, 35). In LNCaP cells,
baseline EGFR and HER2 were mostly cytoplasmic (Fig. 1A). ErbB3, in contrast, displayed both
cytoplasmic and nuclear localization at baseline; however, at 75µM amiloride it was signi�cantly
cytoplasmic (p = 0.013) and only faintly nuclear (p = 0.00077) (Fig. 1A). This result was veri�ed using
immuno�uorescence microscopy which showed nuclear ErbB3 in vehicle-treated cells but not in
amiloride-treated cells as well as accumulation of ErbB3 at cell-cell junctions in amiloride treated cells
(Fig. 1B). In parallel, amiloride also caused a dose dependent inhibition in cell growth, as indicated by
MTT assay, with an IC50 = 36.44 µM (Fig. 1C), which is in the range previously reported as the optimal
dose for amiloride (58) and corresponds to 50% of the dose at which amiloride eliminates nuclear ErbB3.
Signi�cant suppression of cell growth was observed at 75 µM (p = 0.0222), the dose at which ErbB3
translocated to the cytoplasm from the nucleus, suggesting correlation between loss of cell viability vs
loss of nuclear ErbB3 localization.

Differential activation of the EGFR family members and their downstream targets in HSPC and CRPC
cells with high concentrations of amiloride:

We next investigated the effects of amiloride on the phosphorylation status of the EGFR family and their
prominent downstream targets, considered a measure of activation of these proteins. We previously
showed that HRG1 stimulation of ErbB3 enables its translocation to the nucleus (35). Hence, we probed
the appropriate phosphorylation sites that corresponded to activated ErbB receptors and their
downstream targets in the presence or absence of 75µM amiloride. EGFR activation was determined by
its phosphorylation at Y1068, a Grb2 binding site. EGF, but not HRG1, induced EGFR phosphorylation, and
this effect was not altered by amiloride in any of the cell lines investigated (Fig. 2A). HER2
phosphorylation at Y1248 was, however, stimulated by both EGF and HRG1 in the CRPC lines, whereas it
was mostly stimulated by EGF but not HRG1, in untreated LNCaP cells (Fig. 2A left panel). In the
presence of 75 µM amiloride, however, HRG1 also stimulated HER2 phosphorylation at Y1248 in LNCaP
cells. HRG1 but not EGF stimulated ErbB3 phosphorylation at Y1289, both in the presence and absence
of amiloride. Similar to HER2 activation, ERK and Akt phosphorylation was induced by HRG1 only in the
presence of amiloride in LNCaP cells, whereas in the C4-2 cells, amiloride induced ERK but not Akt
phosphorylation. In 22Rv1 cells, amiloride did not induce such changes (Supp. Figure 3A). Transcript
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levels of any of the ErbB family members were largely unchanged across cell lines, except for EGFR
mRNA in 22Rv1 cells which increased with 75µM amiloride (Supp. Figure 3B), but this is not re�ected in
the phosphorylation status of EGFR in 22Rv1 cells treated with 75 µM amiloride (Fig. 2A right panel).
Thus, amiloride induced HER2 and ErbB3 phosphorylation by HRG1 selectively in LNCaP cells while this
effect was signi�cantly muted in CRPC cells. Together with the fact that ErbB3 is nuclear only in LNCaP
cells at baseline, we conclude that nuclear ErbB3 precludes the activation of HER2 by HRG1 in these
cells.

Amiloride reduces HRG1-induced EGFR/ErbB3-
heterodimers:
Effect of EGFR family receptor tyrosine kinases on ameliorating C4-2 cell viability is enhanced by
amiloride treatment:

Given the expression and stability of EGFR- and ErbB3-containing dimers and their activation of
downstream signaling, we hypothesized that silencing either of these receptors would decrease cell
viability. We used EGFR-, HER2- or ErbB3-speci�c silencing RNA (siRNA) sequences at a concentration of
10 pM per treatment condition to determine whether EGFR family receptors were involved in decreasing
cell viability in response to amiloride treatment. The e�cacy and speci�city of EGFR family silencing has
been previously assessed by us (57). Given the sensitivity of C4-2 cells to amiloride, these cells were
used to test the effect of EGFR family on mediation of the effects of this drug. C4-2 cells showed
signi�cant decreases in viability with EGFR and ErbB3 siRNAs individually (approximately 75% decrease
in viability using each siRNA) (p = 0.0015) (Fig. 3A). As before, amiloride signi�cantly inhibited C4-2 cell
growth, but knockdown of EGFR and ErbB3 in the amiloride treated cells had no further effect (Fig. 3A).
However, knockdown of HER2 in C4-2 cells reduced viability by about 30% (p < 0.0001), whereas in
amiloride treated cells, the same knockdown reduced viability by an additional 10% (p = 0.0041) (Fig. 3B).
The e�cacy of the siRNAs to EGFR, HER2, ErbB3 in C4-2 cells is shown in Fig. 3C. Thus, treatment with
amiloride increased sensitivity to HER2 knockdown.

Amiloride enhances the sensitivity of HSPC cells to
lapatinib:
Amiloride directly inhibits growth factor receptor tyrosine kinase activity (59), is known to possess anti-
cancer activity (51) and has been shown to enhance the e�cacy of TKIs (55). We have previously shown
that physiological concentrations of the FDA-approved reversible HER2 kinase inhibitor lapatinib were
ineffective in inhibiting the growth of PCa cells (34). Since single-agent amiloride repressed viability and
affected phosphorylation and dimerization levels of the EGFR family, we hypothesized that the addition
of amiloride to lapatinib would enhance e�cacy of the latter, at physiological doses of both drugs. This
was necessary since hypokalemia (low potassium levels) is a common side effect of lapatinib (60),
caused by excessive phosphorylation of hERG potassium channels (61), which may result in cardiac
toxicity (62). while hyperkalemia is a side effect of amiloride (53, 54), and hence can counter this effect.
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We investigated the viability of LNCaP cells treated with increasing concentrations of lapatinib, a low
dose of amiloride (10µM) or a combination of 2µM lapatinib and 10µM amiloride (‘2µM Lap + 10µM
Amil’). The viability of LNCaP cells decreased only 36% with 2µM lapatinib (p = 0.0925) compared to
90.5% at the highest concentration of lapatinib tested (10µM, p = 0.0192). 10µM amiloride individually
produced a reduction of 63.2% (p = 0.0252). When the two were combined however the resulting
decrease was 74.2% (p = 0.0259) which was comparable to 10 µM lapatinib alone (p = 0.0091) (Fig. 4A).
When the expression and localization of total protein levels of EGFR family members were analyzed, little
change was seen in either parameter for EGFR or HER2 with either lapatinib or amiloride (Fig. 4B). In
contrast, ErbB3 nuclear localization decreased in a dose-dependent manner from 0–10µM lapatinib
(Fig. 4B), while ErbB3 remained nuclear with 10 µM amiloride with or without 2 µM lapatinib (Fig. 4B and
boxes within). Correspondingly, immuno�uorescent analysis of ErbB3 localization using an anti-C-
terminal (CTD) and an anti-N-terminal (NTD) ErbB3 antibody depicted a strongly cytoplasmic and weak
nuclear localization of ErbB3 structure under control conditions (Fig. 4C). 2 µM lapatinib did not disturb
this pattern; however, with 10µM amiloride cells appeared elongated (Fig. 4C). At these concentrations,
immuno�uorescent imaging showed that with 2µM lapatinib treatment in the presence of amiloride,
ErbB3 localization was cleared from the nucleoplasm but remained nucleolar. An immunoblot analysis of
the signaling cascades under all the treatment conditions revealed, in agreement with Fig. 2A, that EGFR
underwent phosphorylation (or activation) with EGF treatment, ErbB3 was phosphorylated with HRG1
and HER2 with both (but more strongly with EGF) under control conditions (Fig. 4D). With 10 µM
amiloride, unlike 75 µM, there was no increase in HER2 phosphorylation, but there was no decrease in
EGF-induced EGFR and HER2 phosphorylation nor a reduction in HRG1-induced ErbB3 phosphorylation
(Fig. 4D). Signi�cantly, lapatinib treatment, with or without amiloride, completely abrogated EGFR, HER2
and ErbB3 phosphorylation in LNCaP cells. This was accompanied by signi�cant decreases in Akt
phosphorylation and complete elimination of ERK phosphorylation as well (Fig. 4D).

In contrast to LNCaP cells, in 22Rv1 cells, which had very low baseline levels of nuclear ErbB3, this RTK
remained cytoplasmic with lapatinib treatment, as well as with amiloride combinations, similar to EGFR
and HER2 (Fig. 5A). These cells did however show a dose-dependent decrease in viability from 0–10µM
lapatinib, with a 49% decrease with 5 µM lapatinib (p = 0.0157) and a 96% decrease at 10 µM lapatinib (p 
= 0.0075) with a resultant IC50 of 5.108 µM (Fig. 5B). However, the 10 µM intratumoral dose will not be
physiologically relevant since achievement of that dose will put patients in conditions that will subject
them to various adverse events prior to achieving that dose. To determine whether the more
physiological dose of 2 µM can be enhanced by the addition of amiloride, we tested the combination of
the two drugs in 22Rv1 cells (Fig. 5C). As before, 10 µM amiloride (that will not cause hyperkalemia) had
by itself no signi�cant effect on the viability of 22Rv1 cells (p > 0.05); however – the combination of 2 µM
lapatinib and 10 µM amiloride reduced 22Rv1 viability by 49.9% (p = 0.0075). There was no signi�cant
effect on AR transcriptional activity at these drug concentrations (Supplementary Fig. 5A). As seen in
LNCaP cells, lapatinib signi�cantly suppressed the activation of the RTKs and their downstream targets,
with or without the presence of amiloride (Fig. 5D) while amiloride but not lapatinib eliminated any
nuclear ErbB3 that still may remain in these cells (Supplementary Fig. 5B).
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Thus far, we have used three cell lines – that are sensitive to amiloride (IC50 in the range 20–40 µM),
however, we then investigated the effect of the combination on a different cell line that is more resistant
to amiloride. We have reported on PC-346C cells previously (13). These cells express wild type AR at very
low levels and are considered to be hormone sensitive since they are inhibited by �utamide (63). We
therefore tested the effect of the amiloride-lapatinib combination on PC-346C cells. This cell line was
less sensitive to amiloride [IC50 = 67.38 µM (55.26 µM -108.3 µM)] (Fig. 5E) but was very sensitive to
lapatinib [IC50 = 1.579 µM (1.203 µM -2.001 µM)] (Fig. 5F). While 10 µM amiloride had no effect on PC-

346C cells, 2 µM lapatinib caused a 68% decrease in viability (p = 0.0003) (Fig. 5F). The combination of
lapatinib and amiloride caused an additional 32.5% decrease in viability (p = 0.0440 compared to
lapatinib alone) (Fig. 5G).

To determine whether the mechanism by which the combination works in a second hormone-sensitive
PCa cell line PC-346C (64) is similar to that in LNCaP cells, we tested the effects of these treatments on
EGFR, HER2 and ErbB3. Like the other lines, EGFR and HER2 was mostly cytoplasmic, and remained so,
irrespective of the treatment. ErbB3 was partly nuclear, and the nuclear expression was enhanced by
amiloride treatment, which explains its resistance to this drug (Fig. 5G). In contrast, lapatinib alone did
not affect ErbB3 nuclear levels, but in the presence of amiloride, signi�cantly reduced ErbB3 nuclear
localization further, explaining the additive effect on cell viability (Fig. 5H). This is reinforced by
immuno�uorescent imaging showing that the combination of lapatinib and amiloride removes the levels
of nuclear ErbB3 (Fig. 5I). Taken together, in hormone sensitive cells, the presence of nuclear ErbB3
induces resistance to reduction of viability, whereas in CRPC cells, where ErbB3 is not nuclear in the �rst
place, this mechanism fails to have any signi�cant effect.

Amiloride and lapatinib synergize to induce apoptosis in
HSPC cell lines:
The goal of cancer treatment is to ensure that all malignant cells are dead, not dormant. However, the
changes in cell viability that we have conducted thus far could be due to an increase in apoptosis, or the
onset of various mechanisms that may have led to cellular quiescence. Hence, we conducted cell death
analyses to ascertain the mechanism causing the consistent decreases in viability seen in all 3 cell lines
with the combination of low dose lapatinib and amiloride. Flow cytometry was employed using DNA-
bound propidium iodide (PI) as a necrosis marker and cell surface expression of Annexin V using the
Annexin V-Allophycocyanin (APC) conjugate as a marker of apoptosis. LNCaP cells showed no
signi�cant change in early apoptosis (‘APC’) or late apoptosis (apoptosis with necrosis, ‘PI + APC’) with
2µM lapatinib and a slight decrease in early apoptosis (-39.6%) with 10µM amiloride (p = 0.023) (Fig. 6A).
The combination of 2µM Lap + 10µM amiloride produced a sharp increase in the percentage of cells
undergoing early apoptosis (2.7-fold, p = 0.0061) and this was increased further when amiloride was
used at 75µM (4.42-fold, p < 0.0001), although no change in the fraction of cells in late apoptosis was
noted (Fig. 6A). In contrast, C4-2 cells exhibited an increase in necrotic cells only when 2 µM lapatinib + 
75µM amiloride were used (2.26-fold, p = 0.0371) which may indicate toxicity, rather than programmed
cell death, while a combination of 2 µM lapatinib + 10µM amiloride actually resulted in a 65% decrease in
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apoptosis (p = 0.0193) (Fig. 6B). Similar to C4-2 cells, 22Rv1 cells displayed no change in apoptosis
when exposed to 2µM lapatinib either alone or in combination with 10 µM or 75 µM amiloride, and
signi�cantly reduced cell death with 2µM lapatinib in combination with both 10µM and 75µM amiloride
(Fig. 6C). Representative raw readings for these data are provided in supplementary information (Supp.
Figures 6–8). Thus, in LNCaP cells, the decrease in cell viability with the combination of 2 µM lapatinib + 
75µM amiloride observed is likely due to an increase in apoptosis while that in C4-2 cells, any change in
viability is likely caused by increase in toxicity, and no substantial effects of the combination was
observed in 22RV1 cells. Taken together, this indicates that the combination of 2 µM lapatinib + 10µM
amiloride was effective in inducing programmed cell death in HSPC LNCaP cells (higher doses may
cause toxicity), but not in CRPC lines at any dose.

DISCUSSION
Here we present a novel treatment strategy for inhibiting hormone sensitive PCa using amiloride to
enhance the cytotoxicity of the FDA-approved reversible dual TKI lapatinib that in the future may be
studied in a neoadjuvant setting for clinically localized, high-risk PCa. Lapatinib possesses several
advantages as a therapeutic strategy for neoadjuvant therapy – it is well-established, relatively well
tolerated (with mild diarrhea and rash being the most common toxicities) and easy to administer orally
(33). Major pathways involved in its e�cacy and resistance have been identi�ed and investigated (65).
Lapatinib is most effective in settings where members of the epidermal growth factor receptor (EGFR)
family are overexpressed, its speci�c targets being HER2/ErbB2 and EGFR (66). Lapatinib is designed to
inhibit the kinase domains of these receptors after they have dimerized, preventing receptor auto and
transphosphorylation and subsequent downstream activation of proliferation and survival pathways, for
example via ERK/MAPK and AKT respectively (67). Lapatinib was shown to bind to lipid membranes and
insert into the lipid-water interface of the bilayer (68). Therefore, it is necessary for the kinase domains
of EGFR and HER2 to be accessible to lapatinib and this is most likely to occur when they are situated in
the cytoplasm or plasma membrane of tumor cells.

It has been well-documented that lapatinib is most effective on HER2/ErbB3 dimers. Lapatinib induces
HER2/ErbB3 dimers (69), and increased HRG and activated ErbB3 strongly correlated with lapatinib
sensitivity (70). In this paper, we demonstrate that while ErbB3 �uctuated between the plasma
membrane, the cytosol and nucleus, HER2 was primarily located in the plasma membrane. This is
reasonable since ErbB3 was previously shown to endocytose to the cytosol via clathrin-dependent
mechanisms while it’s transportation to the nucleus required binding to importin β (43). In contrast,
HER2 translocated to the nucleus in a manner dependent on HSP90 binding (71). Thus, for the
HER2/ErbB3 dimer to form, it would follow that ErbB3 would need to be located on the plasma
membrane of PCa cells. This poses a challenge for PCa, where ErbB2/HER2 is expressed on the plasma
membrane but ErbB3/HER3 is signi�cantly nuclear (35). Hence in order for HER2/ErbB3 dimers to readily
form, potentially to increase lapatinib e�cacy, ErbB3 needs to be coaxed to come to the plasma
membrane and be retained there long enough to enable dimer formation and downstream action.
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We demonstrate that amiloride causes a dose dependent translocation of ErbB3 from a nuclear to a
cytoplasmic localization only in HSPC LNCaP cells, that coincides with a dose dependent loss of cell
viability. Investigation of the phosphorylation status of these RTKs demonstrated that nuclear ErbB3
precludes the activation of HER2 by HRG1, which stimulated HER2 and ErbB3 phosphorylation
predominantly in LNCaP. Co-immunoprecipitation and immuno�uorescence studies suggested that
amiloride realigned HER2 from EGFR to ErbB3 containing dimers in LNCaP cells. Knockdown of the RTK
genes demonstrated that amiloride enhanced the cell killing properties associated with HER2
knockdown. Hence, we used the HER2 inhibitor lapatinib to enhance the loss of viability induced by
amiloride. The combination enabled the use of the drugs at much lower doses to prevent adverse
cellular toxicity. We demonstrated that in LNCaP cells, but not in CRPC cells, this loss of viability was
caused by an increase in apoptosis. Taken together, these results indicate that amiloride induces
apoptosis in HSPC cells by enabling ErbB3 accumulation in the cytoplasmic/membranous domain,
where it can be inhibited by lapatinib.

High concentrations of amiloride dose-dependently decreased nuclear ErbB3 and increased cytoplasmic
ErbB3 almost entirely in LNCaP (HSPC) cells. The CRPC lines C4-2 and 22Rv1 did not display this effect
and some reasons are: (1) ErbB3 was predominantly cytoplasmic in these cells to begin with (2) ErbB3
was resistant to amiloride because a pathway other than macropinocytosis was involved in
internalization or (3) an RTK other than ErbB3 was the target. Indeed, in 22Rv1 cells we observed a dose-
dependent reduction in cytoplasmic EGFR protein but a compensatory increase in transcript levels.
Signi�cantly, The Human Protein Atlas indicates that ErbB3 is expressed in PCa at much higher levels
than EGFR or HER2 (72). Therefore, it is likely that in these tumors, EGFR and HER2 reside primarily in the
plasma membrane whereas ErbB3 shuttles back and forth between different cellular components as
needed.

The EGFR family of RTKs signals primarily at the plasma membrane after ligand binding; hence, our next
steps were to analyze the effects of amiloride on dimerization and phosphorylation (used as markers for
activation) of this family as well as its downstream targets ERK and AKT. RTK phosphorylation was
induced by treatment with speci�c ligands epidermal growth factor (EGF) or heregµlin-1β (HRG), which
activate EGFR and ErbB3 respectively and in�uence their binding to HER2. In LNCaP cells, 75µM
amiloride caused the retention and accumulation of activated, membrane-bound ErbB3, which dimerized
with activated HER2 and signaled via both ERK and AKT. The amiloride-induced ErbB3/HER2 dimers
increased, and were not disrupted in the presence of EGF or HRG. In C4-2 cells, 75µM amiloride + EGF
decreased EGFR/HER2 dimers but not ERK phosphorylation. 75µM amiloride also prevented dimerization
of HER2-ErbB3 and HER2-EGFR in these cells. Protein levels of phosphorylated EGFR family members
and their downstream targets were unchanged in 22Rv1 cells. Levels of total protein for EGFR and HER2
were largely unaffected by 75µM amiloride in all cell lines, unlike total ErbB3 protein, which was
signi�cantly increased in all cell lines, including 22Rv1. This resulted in differential AKT and ERK
signalling in LNCaP cells, ERK signalling in C4-2 cells (AKT phosphorylation was unaffected) and
constitutive AKT and ERK signalling in 22Rv1 cells. From these results we learned that modulation of
ErbB3 localization in�uenced dimer formation with consequences for downstream target activation in
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HSPC vs CRPC cell lines which might impact tumor cell proliferation (ERK signalling) and survival (AKT
signalling).

If 75µM amiloride modulates the localization and activation of the ErbB family and consistently
decreases viability, then we wondered whether silencing these RTKs would enhance its inhibitory effects.
Using sequence-speci�c siRNA described by us previously (57), we observed that silencing ErbB2 (but
not EGFR or ErbB3) enhanced the inhibitory effect of amiloride in C4-2 cells. Thus, we tested our
hypothesis that the enhanced inhibitory effect of amiloride, when combined with ErbB2 knockdown,
would also be evident if ErbB2 was inhibited with the use of the dual-kinase HER2/EGFR inhibitor
lapatinib. The concentration of lapatinib (2µM) was used as previously described (57). In LNCaP and
22Rv1 cells, a combined low dose of amiloride and lapatinib signi�cantly decreased cell viability over
either drug alone. Protein levels of the EGFR family were largely membrane bound, except for ErbB3 in
LNCaP cells, which remained nuclear under the conditions where viability was decreased the most (Lap 
+ Amil). While indirect immuno�uorescent microscopy in LNCaP cells could not sharply discriminate
localization patterns between cytoplasmic and nuclear ErbB3, we noticed the presence of a ‘ring’-like
structure with both N- and C-terminal ErbB3 antibodies and infer that it denotes full-length nuclear ErbB3,
as was previously observed in our patient tissues (35).

The combination of Lap + Amil decreased cell viability by signi�cantly increasing early apoptosis. We
noted with interest that in LNCaP cells, apoptosis was observed when ErbB3 was entirely cytoplasmic
and its nuclear expression was minimal. From this we reason that lapatinib increases cytoplasmic HER2
and amiloride inhibits macropinocytosis of ErbB3 causing its cytoplasmic accumulation and preventing
its nuclear expression. ErbB3 thus con�ned to the plasma membrane dimerizes with HER2, enabling the
formation of active ErbB3/HER2 dimers, whose kinase domains are now targeted by the TKI lapatinib,
whose primary mechanism of action is inhibition of cytoplasmic RTK dimers. Having observed that
ErbB3/HER2 is the most prominent dimer in amiloride-treated LNCaP cells, this is a plausible explanation
for the signi�cant increase in apoptosis induced by the Lap + Amil combination in this cell line. Thus, we
conclude that the combination of amiloride followed by lapatinib would likely reduce tumor volume
selectively in HSPC tumors, and therefore may be studied as neoadjuvant therapy to improve outcomes
from RP.

There may even be some additional effects of the combination. Although lapatinib is usually well
tolerated, it has been reported to have cardiotoxic effects in some due to hypokalemia caused by
continuous diarrhea. Amiloride, being a potassium sparing diuretic, may prevent this effect by reinforcing
hyperkalemia. Both are oral drugs that can be easily administered. Hence additional studies may be
warranted to test the e�cacy of the combination in a neoadjuvant setting.

Abbreviations
PCa prostate cancer

AR androgen receptor
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CSS charcoal stripped serum

HRG-1� heregulin-one-beta

EGF epidermal growth factor

DHT dihydrotestosterone

HSPC hormone sensitive prostate cancer

CRPC castration resistant prostate cancer

PSA prostate speci�c antigen
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Declarations
ACKNOWLEDGEMENTS

The content is solely the responsibility of the authors and does not necessarily represent the o�cial
views of the National Institutes of Health, the Department of Veterans Affairs or the United States
Government. 

CONFLICTS OF INTEREST:

The authors declare that they have no con�icts of interest with the contents of this article.

AUTHOR CONTRIBUTIONS:

MKJ designed the study, performed the experiments and prepared the complete manuscript with �gures
and statistical analyses. MKJ and PMG analyzed, and all authors (MKJ, MAD, MM, PMG) interpreted the
data. All authors approved the �nal version of the manuscript.

SUPPORTING INFORMATION:

This article contains supporting information. 

FUNDING:

This work was supported in part by a grant from the Department of Defense (DOD) Congressionally
Directed Medical Research Programs (CDMRP) Prostate Cancer Research Program (PCRP) (W81XWH-
21-1-0073) (MKJ), by Biomedical Laboratory Research & Development (BLRD) Merit Award
(I01BX004423, PMG) from the Department of Veterans Affairs and by Award R01CA185509 (PMG) from



Page 14/28

the National Institutes of Health. We are grateful for a generous award from the University of California
Comprehensive Cancer Center Support Grant (P30CA093373) for this project (PMG).

* Ethics approval and consent to participate: Not applicable

* Consent for publication: All authors have consented to the contents of the publication. No other
consent is necessary as all data presented have been generated by the authors. 

* Availability of data and material: All available data has been presented in the manuscript or in the
Supplementary Materials. If additional detail is requested, the authors may be contacted for further
information. All materials generated for this paper, if available, can be shared with interested individuals
against an MTA with the University of California, Davis. 

References
1. Ei�er JB, Humphreys EB, Agro M, Partin AW, Trock BJ, Han M (2012) Causes of death after radical

prostatectomy at a large tertiary center. J Urol 188(3):798–801

2. Shore ND, Moul JW, Pienta KJ, Czernin J, King MT, Freedland SJ (2024) Biochemical recurrence in
patients with prostate cancer after primary de�nitive therapy: treatment based on risk strati�cation.
Prostate Cancer Prostatic Dis 27(2):192–201

3. Koskas Y, Lannes F, Branger N, Giusiano S, Guibert N, Pignot G et al (2019) Extent of positive surgical
margins following radical prostatectomy: impact on biochemical recurrence with long-term follow-
up. BMC Urol 19(1):37

4. Eastham JA, Heller G, Halabi S, Monk JP 3rd, Beltran H, Gleave M et al (2020) Cancer and Leukemia
Group B 90203 (Alliance): Radical Prostatectomy With or Without Neoadjuvant Chemohormonal
Therapy in Localized, High-Risk Prostate Cancer. J Clin Oncol 38(26):3042–3050

5. Ryan ST, Patel DN, Parsons JK, McKay RR (2020) Neoadjuvant Approaches Prior To Radical
Prostatectomy. Cancer J 26(1):2–12

�. Devos G, Devlies W, De Meerleer G, Baldewijns M, Gevaert T, Moris L et al (2021) Neoadjuvant
hormonal therapy before radical prostatectomy in high-risk prostate cancer. Nat Reviews Urol
18(12):739–762

7. Messner EA, Steele TM, Tsamouri MM, Hejazi N, Gao AC, Mudryj M et al (2020) The Androgen
Receptor in Prostate Cancer: Effect of Structure, Ligands and Spliced Variants on Therapy.
Biomedicines. ;8(10)

�. Cartes R, Karim MU, Tisseverasinghe S, Tolba M, Bahoric B, Anidjar M et al (2023) Neoadjuvant
versus Concurrent Androgen Deprivation Therapy in Localized Prostate Cancer Treated with
Radiotherapy: A Systematic Review of the Literature. Cancers (Basel). ;15(13)

9. Pechlivanis M, Campbell BK, Hovens CM, Corcoran NM (2021) Biomarkers of Response to
Neoadjuvant Androgen Deprivation in Localised Prostate Cancer. Cancers (Basel). ;14(1)



Page 15/28

10. Gay HA, Michalski JM, Hamstra DA, Wei JT, Dunn RL, Klein EA et al (2013) Neoadjuvant androgen
deprivation therapy leads to immediate impairment of vitality/hormonal and sexual quality of life:
results of a multicenter prospective study. Urology 82(6):1363–1368

11. McKay RR, Choueiri TK, Taplin ME (2013) Rationale for and review of neoadjuvant therapy prior to
radical prostatectomy for patients with high-risk prostate cancer. Drugs 73(13):1417–1430

12. Grasso AW, Wen D, Miller CM, Rhim JS, Pretlow TG, Kung HJ (1997) ErbB kinases and NDF signaling
in human prostate cancer cells. Oncogene 15(22):2705–2716

13. Chen L, Siddiqui S, Bose S, Mooso B, Asuncion A, Bedolla RG et al (2010) Nrdp1-Mediated
Regulation of ErbB3 Expression by the Androgen Receptor in Androgen-Dependent but not Castrate-
Resistant Prostate Cancer Cells. Cancer Res

14. Minner S, Jessen B, Stiedenroth L, Burandt E, Köllermann J, Mirlacher M et al (2010) Low level HER2
overexpression is associated with rapid tumor cell proliferation and poor prognosis in prostate
cancer. Clin Cancer Res 16(5):1553–1560

15. Chen L, Mooso BA, Jathal MK, Madhav A, Johnson SD, van Spyk E et al (2011) Dual EGFR/HER2
inhibition sensitizes prostate cancer cells to androgen withdrawal by suppressing ErbB3. Clin
Cancer Res 17(19):6218–6228

1�. Jathal MK, Chen L, Mudryj M, Ghosh PM (2011) Targeting ErbB3: the New RTK(id) on the Prostate
Cancer Block. Immunol Endocr Metab Agents Med Chem 11(2):131–149

17. Cathomas R, Rothermundt C, Klingbiel D, Bubendorf L, Jaggi R, Betticher DC et al (2012) E�cacy of
cetuximab in metastatic castration-resistant prostate cancer might depend on EGFR and PTEN
expression: results from a phase II trial (SAKK 08/07). Clin Cancer Res 18(21):6049–6057

1�. Fleming MT, Sonpavde G, Kolodziej M, Awasthi S, Hutson TE, Martincic D et al (2012) Association of
rash with outcomes in a randomized phase II trial evaluating cetuximab in combination with
mitoxantrone plus prednisone after docetaxel for metastatic castration-resistant prostate cancer.
Clin Genitourin Cancer 10(1):6–14

19. Small EJ, Fontana J, Tannir N, DiPaola RS, Wilding G, Rubin M et al (2007) A phase II trial of ge�tinib
in patients with non-metastatic hormone-refractory prostate cancer. BJU Int 100(4):765–769

20. Salzberg M, Rochlitz C, Morant R, Thalmann G, Pedrazzini A, Roggero E et al (2007) An open-label,
noncomparative phase II trial to evaluate the e�cacy and safety of docetaxel in combination with
ge�tinib in patients with hormone-refractory metastatic prostate cancer. Onkologie 30(7):355–360

21. Joensuu G, Joensuu T, Nokisalmi P, Reddy C, Isola J, Ruutu M et al (2010) A phase I/II trial of
ge�tinib given concurrently with radiotherapy in patients with nonmetastatic prostate cancer. Int J
Radiat Oncol Biol Phys 78(1):42–49

22. Curigliano G, Spitaleri G, De Cobelli O, Scardino E, Sbanotto A, de Braud F (2009) Health-related
quality of life in patients with hormone refractory prostate cancer receiving ge�tinib. Urol Int
82(2):196–202

23. Rathkopf DE, Larson SM, Anand A, Morris MJ, Slovin SF, Shaffer DR et al (2015) Everolimus
combined with ge�tinib in patients with metastatic castration-resistant prostate cancer: Phase 1/2



Page 16/28

results and signaling pathway implications. Cancer 121(21):3853–3861

24. Pezaro C, Rosenthal MA, Gurney H, Davis ID, Underhill C, Boyer MJ et al (2009) An open-label, single-
arm phase two trial of ge�tinib in patients with advanced or metastatic castration-resistant prostate
cancer. Am J Clin Oncol 32(4):338–341

25. Gross M, Higano C, Pantuck A, Castellanos O, Green E, Nguyen K et al (2007) A phase II trial of
docetaxel and erlotinib as �rst-line therapy for elderly patients with androgen-independent prostate
cancer. BMC Cancer 7:142

2�. Nabhan C, Lestingi TM, Galvez A, Tolzien K, Kelby SK, Tsarwhas D et al (2009) Erlotinib has moderate
single-agent activity in chemotherapy-naïve castration-resistant prostate cancer: �nal results of a
phase II trial. Urology 74(3):665–671

27. Attard G, Kitzen J, Blagden SP, Fong PC, Pronk LC, Zhi J et al (2007) A phase Ib study of pertuzumab,
a recombinant humanised antibody to HER2, and docetaxel in patients with advanced solid tumours.
Br J Cancer 97(10):1338–1343

2�. Morris MJ, Reuter VE, Kelly WK, Slovin SF, Kenneson K, Verbel D et al (2002) HER-2 pro�ling and
targeting in prostate carcinoma. Cancer 94(4):980–986

29. Ziada A, Barqawi A, Glode LM, Varella-Garcia M, Crighton F, Majeski S et al (2004) The use of
trastuzumab in the treatment of hormone refractory prostate cancer; phase II trial. Prostate
60(4):332–337

30. Lara PN Jr., Chee KG, Longmate J, Ruel C, Meyers FJ, Gray CR et al (2004) Trastuzumab plus
docetaxel in HER-2/neu-positive prostate carcinoma: �nal results from the California Cancer
Consortium Screening and Phase II Trial. Cancer 100(10):2125–2131

31. Small EJ, Bok R, Reese DM, Sudilovsky D, Frohlich M (2001) Docetaxel, estramustine, plus
trastuzumab in patients with metastatic androgen-independent prostate cancer. Semin Oncol 28(4
Suppl 15):71–76

32. Whang YE, Armstrong AJ, Rathmell WK, Godley PA, Kim WY, Pruthi RS et al (2013) A phase II study
of lapatinib, a dual EGFR and HER-2 tyrosine kinase inhibitor, in patients with castration-resistant
prostate cancer. Urol Oncol 31(1):82–86

33. Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG, Pienkowski T et al (2006) Lapatinib plus
capecitabine for HER2-positive advanced breast cancer. N Engl J Med 355(26):2733–2743

34. Jathal MK, Steele TM, Siddiqui S, Mooso BA, D'Abronzo LS, Drake CM et al (2019) Dacomitinib, but
not lapatinib, suppressed progression in castration-resistant prostate cancer models by preventing
HER2 increase. Br J Cancer 121(3):237–248

35. Jathal MK, Siddiqui S, Vasilatis DM, Durbin Johnson BP, Drake C, Mooso BA et al (2023) Androgen
receptor transcriptional activity is required for heregulin-1β-mediated nuclear localization of the
HER3/ErbB3 receptor tyrosine kinase. J Biol Chem. :104973

3�. Koumakpayi IH, Diallo J-S, Le Page C, Lessard L, Gleave M, Bégin LR et al (2006) Expression and
nuclear localization of ErbB3 in prostate cancer. Clin Cancer Res 12(9):2730–2737



Page 17/28

37. El Maassarani M, Barbarin A, Fromont G, Kaissi O, Lebbe M, Vannier B et al (2016) Integrated and
functional genomics analysis validates the relevance of the nuclear variant erbb380kda in prostate
cancer progression. PLoS ONE. ;11(5)

3�. Cheng C-J, Ye X-c, Vakar-Lopez F, Kim J, Tu S-M, Chen D-T et al (2007) Bone microenvironment and
androgen status modulate subcellular localization of ErbB3 in prostate cancer cells. Mol Cancer Res
5(7):675–684

39. Brand TM, Iida M, Li C, Wheeler DL (2011) The nuclear epidermal growth factor receptor signaling
network and its role in cancer. Discov Med 12(66):419

40. Elizalde PV, Russo RIC, Chervo MF, Schillaci R (2016) ErbB-2 nuclear function in breast cancer
growth, metastasis and resistance to therapy. Endocrine-related Cancer 23(12):T243–T57

41. Koumakpayi IH, Diallo J-S, Le Page C, Lessard L, Filali-Mouhim A, Bégin LR et al (2007) Low nuclear
ErbB3 predicts biochemical recurrence in patients with prostate cancer. BJU Int 100(2):303–309

42. Koumakpayi IH, Diallo J-S, Le Page C, Lessard L, Gleave M, Bégin LR et al (2006) Expression and
nuclear localization of ErbB3 in prostate cancer. Clin Cancer Res 12(9):2730–2737

43. Reif R, Adawy A, Vartak N, Schröder J, Günther G, Ghallab A et al (2016) Activated ErbB3
Translocates to the Nucleus via Clathrin-independent Endocytosis, Which Is Associated with
Proliferating Cells. J Biol Chem 291(8):3837–3847

44. Song S, Zhang Y, Ding T, Ji N, Zhao H (2020) The Dual Role of Macropinocytosis in Cancers:
Promoting Growth and Inducing Methuosis to Participate in Anticancer Therapies as Targets. Front
Oncol 10:570108

45. Koumakpayi IH, Le Page C, Delvoye N, Saad F, Mes-Masson AM (2011) Macropinocytosis inhibitors
and Arf6 regulate ErbB3 nuclear localization in prostate cancer cells. Mol Carcinog 50(11):901–912

4�. Liang Z, Xie B, Li J, Wang X, Wang S, Meng S et al (2016) Hypertension and risk of prostate cancer: a
systematic review and meta-analysis. Sci Rep 6(1):31358

47. Martin RM, Vatten L, Gunnell D, Romundstad P (2010) Blood pressure and risk of prostate cancer:
Cohort Norway (CONOR). Cancer Causes Control 21:463–472

4�. Navin S, Ioffe V (2017) The association between hypertension and prostate cancer. Rev Urol
19(2):113

49. Stikbakke E, Schirmer H, Knutsen T, Støyten M, Wilsgaard T, Giovannucci EL et al (2022) Systolic and
diastolic blood pressure, prostate cancer risk, treatment, and survival. The PROCA-life study. Cancer
Med 11(4):1005–1015

50. Orlowski J, Grinstein S (2004) Diversity of the mammalian sodium/proton exchanger SLC9 gene
family. P�ugers Arch 447(5):549–565

51. Matthews H, Ranson M, Kelso MJ (2011) Anti-tumour/metastasis effects of the potassium‐sparing
diuretic amiloride: an orally active anti‐cancer drug waiting for its call‐of‐duty? Int J Cancer
129(9):2051–2061



Page 18/28

52. Koivusalo M, Welch C, Hayashi H, Scott CC, Kim M, Alexander T et al (2010) Amiloride inhibits
macropinocytosis by lowering submembranous pH and preventing Rac1 and Cdc42 signaling. J Cell
Biol 188(4):547–563

53. Ji HL, Zhao RZ, Chen ZX, Shetty S, Idell S, Matalon S (2012) δ ENaC: a novel divergent amiloride-
inhibitable sodium channel. Am J Physiol Lung Cell Mol Physiol 303(12):L1013–L1026

54. Roush GC, Ernst ME, Kostis JB, Yeasmin S, Sica DA (2016) Dose doubling, relative potency, and dose
equivalence of potassium-sparing diuretics affecting blood pressure and serum potassium:
systematic review and meta-analyses. J Hypertens 34(1):11–19

55. Zheng Y-t, Yang H-y, Li T, Zhao B, Shao T-f, Xiang X-q et al (2015) Amiloride sensitizes human
pancreatic cancer cells to erlotinib in vitro through inhibition of the PI3K/AKT signaling pathway.
Acta Pharmacol Sin 36(5):614–626

5�. Chang W-H, Liu T-C, Yang W-K, Lee C-C, Lin Y-H, Chen T-Y et al (2011) Amiloride modulates
alternative splicing in leukemic cells and resensitizes Bcr-AblT315I mutant cells to imatinib. Cancer
Res

57. Jathal MK, Steele TM, Siddiqui S, Mooso BA, D’Abronzo LS, Drake CM et al (2019) Dacomitinib, but
not lapatinib, suppressed progression in castration-resistant prostate cancer models by preventing
HER2 increase. Br J Cancer 121(3):237–248

5�. Perrone RD, Johns C, Grubman SA, Moy E, Lee DW, Alroy J et al (1996) Immortalized human bladder
cell line exhibits amiloride-sensitive sodium absorption. Am J Physiol 270(1 Pt 2):F148–F153

59. Davis RJ, Czech M (1985) Amiloride directly inhibits growth factor receptor tyrosine kinase activity. J
Biol Chem 260(4):2543–2551

�0. Ando K, Wada T, Cao X (2020) Precise safety pharmacology studies of lapatinib for onco-cardiology
assessed using in vivo canine models. Sci Rep 10(1):738

�1. Wang T, Sun J, Zhao Q (2023) Investigating cardiotoxicity related with hERG channel blockers using
molecular �ngerprints and graph attention mechanism. Comput Biol Med 153:106464

�2. Ando K, Wada T, Cao X (2020) Precise safety pharmacology studies of lapatinib for onco-cardiology
assessed using in vivo canine models. Sci Rep 10(1):738

�3. Marques RB, Erkens-Schulze S, de Ridder CM, Hermans KG, Waltering K, Visakorpi T et al (2005)
Androgen receptor modi�cations in prostate cancer cells upon long-termandrogen ablation and
antiandrogen treatment. Int J Cancer 117(2):221–229

�4. Marques RB, van Weerden WM, Erkens-Schulze S, de Ridder CM, Bangma CH, Trapman J et al (2006)
The human PC346 xenograft and cell line panel: a model system for prostate cancer progression.
Eur Urol 49(2):245–257

�5. Wang J, Xu B (2019) Targeted therapeutic options and future perspectives for HER2-positive breast
cancer. Signal Transduct Target Therapy 4(1):34

��. Johnston SR, Leary A (2006) Lapatinib: a novel EGFR/HER2 tyrosine kinase inhibitor for cancer.
Drugs Today (Barc) 42(7):441–453



Page 19/28

�7. Segovia-Mendoza M, González-González ME, Barrera D, Díaz L, García-Becerra R (2015) E�cacy and
mechanism of action of the tyrosine kinase inhibitors ge�tinib, lapatinib and neratinib in the
treatment of HER2-positive breast cancer: preclinical and clinical evidence. Am J Cancer Res
5(9):2531–2561

��. Haralampiev I, Alonso de Armiño DJ, Luck M, Fischer M, Abel T, Huster D et al (2020) Interaction of
the small-molecule kinase inhibitors tofacitinib and lapatinib with membranes. Biochimica et
Biophysica Acta (BBA). - Biomembr 1862(11):183414

�9. Claus J, Patel G, Autore F, Colomba A, Weitsman G, Soliman TN et al (2018) Inhibitor-induced HER2-
HER3 heterodimerisation promotes proliferation through a novel dimer interface. Elife. ;7

70. Lyu H, Han A, Polsdofer E, Liu S, Liu B (2018) Understanding the biology of HER3 receptor as a
therapeutic target in human cancer. Acta Pharm Sin B 8(4):503–510

71. Bertelsen V, Stang E (2014) The Mysterious Ways of ErbB2/HER2 Tra�cking. Membr (Basel)
4(3):424–446

72. Karlsson M, Zhang C, Méar L, Zhong W, Digre A, Katona B et al (2021) A single-cell type
transcriptomics map of human tissues. Sci Adv. ;7(31)

Figures



Page 20/28

Figure 1

LNCaP cells are sensitive to amiloride and accumulate cytoplasmic ErbB3 upon amiloride treatment.
(A)Hormone-sensitive LNCaP cells were treated with varying concentrations of amiloride for 72h before
being lysed, fractionated and analyzed by immunoblot. (B)Immuno�uorescence microscopy in LNCaP
cells treated with DMSO or 75 μM amiloride for 72 hours (scale bars = 30μm). Note that vehicle treated
LNCaP cells expressed nuclear ErbB3 (red) whereas amiloride-treated cells had signi�cantly decreased
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ErbB3 expression in the nucleus (hollowed out). Location of nuclei are identi�ed by blue DAPI staining.
Plasma membrane localization of ErbB3 at cell-cell junction was also noted in amiloride-treated but not
in vehicle treated cells. (C) Cells were subjected to viability assays using the stated concentrations of
amiloride. Tables shows p-values with respect to DMSO. (D,E) Hormone-insensitive C4-2 or (F,G) the
unrelated cell line 22Rv1 cells were also treated with varying concentrations of amiloride for 72h before
being subjected to viability assays or lysed and fractionated as previously described. For all viability
assays, results were obtained from triplicate experiments. Error bars represent standard deviation.
Tables show p-values with respect to DMSO for each tested cell line. All densitometry was performed
using ImageJ. C= cytoplasmic and N= nuclear.
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Figure 2

Differential activation and dimerization of ErbB family members and their downstream targets in HSPC
and CRPC cells with high concentrations of amiloride (A) HSPC (LNCaP) and CRPC (C4-2, 22Rv1) cells
were treated for 72h with 75μM amiloride dissolved in 100% sterile DMSO and stimulated with PBS, EGF
or HRG for 15 minutes prior to collection to observe activation of ErbB family members and their
downstream targets. Cells were lysed in denaturing lysis buffer before being analysed by
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immunoblotting. 25μg of protein were loaded per lane. Hsp90 was used as a loading control.  (B,C)
LNCaP cells (HSPC) were treated with 75μM amiloride or 100% DMSO (0.1% v/v) for 72h and stimulated
with PBS, EGF or HRG for 15 minutes to activate ErbB family dimers just prior to collection. 400ug of
whole cell lysate were used in each pulldown lane. Mouse IgG antibody was used as an isotype control.
Amiloride increases ErbB3-HER2 dimers and stabilizes ErbB3-EGFR dimers. Densitometric analyses was
performed with Image J for each cell lines tested. Tables show p-values with respect to DMSO for each
tested cell line.
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Figure 3

Amiloride e�cacy is enhanced by EGFR knockdown in HSPC cells and by HER2 knockdown in CRPC
cells. (A) CRPC C4-2 cells were transfected with control (CT) or EGFR or ErbB3 siRNA or (B) HER2 siRNA
and treated with or without 75μM amiloride before being analysed for changes in viability with the MTT
assay. Error bars represent standard deviation. Experiments were performed in triplicate. (C) Whole cell
immunoblot for siRNA e�cacy. 20µg of protein were loaded per lane. Tubulin was used as a loading
control. Densitometry was performed using ImageJ. Error bars represent standard error of the mean.

Figure 4

Amiloride enhances the sensitivity of HSPC cells to low concentrations of lapatinib (A) LNCaP cells were
treated with 1-10μM lapatinib and assayed for viability. Lapatinib and amiloride were both dissolved in
100% DMSO. In a head-to-head comparison of lapatinib and amiloride, the combination was additive
when cell viability was assayed with the MTT reagent. Experiments were done in triplicate. Error bars
represent standard deviation. Table shows p-values with respect to FBS DMSO. (B) Cells were treated
with varying concentrations of lapatinib, 10μM amiloride or a combination of the two for 72h before
being collected and lysed into cytoplasmic and nuclear fractions as described in earlier �gure legends.
Co-administration of lapatinib and amiloride increases the accumulation of ErbB3 in the cytoplasmic
fraction compared to 2μM lapatinib alone. (C) Cells were treated with 2μM lapatinib, 10μM amiloride or a
combination of the two for 72h before being collected, �xed and processed for indirect
immuno�uorescent microscopy using immuno�uorescent-speci�c antibodies to the C- and N- termini of
ErbB3 (‘CTD’ and ‘NTD’ respectively) as previously described. Scale bars = 7.5 μm. (D) LNCaP cells were
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treated for 72h with lapatinib, amiloride or the combination or 100% sterile DMSO and stimulated with
PBS, EGF or HRG for 15 minutes prior to collection to observe activation of ErbB family members and
their downstream targets. Cells were lysed in denaturing lysis buffer before being analysed by
immunoblotting. 25μg of protein were loaded per lane. Tubulin was used as a loading control.

Figure 5
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Amiloride enhances the sensitivity of HSPC and CRPC cell lines to low concentrations of lapatinib. (A)
22Rv1 cells were treated with varying concentrations of lapatinib, 10µM amiloride or a combination of
the two for 72h before being collected and lysed into cytoplasmic and nuclear fractions as described in
earlier �gure legends. Co-administration of lapatinib and amiloride does not increase the accumulation
of ErbB3 in the cytoplasmic fraction. (B) 22Rv1 cells were treated with 1-10μM lapatinib and assayed for
viability. Lapatinib was dissolved in 100% DMSO. Experiments were done in triplicate. Error bars
represent standard deviation. (C) In a head-to-head comparison of lapatinib and amiloride, the
combination was additive when cell viability was assayed with the MTT reagent. Experiments were done
in triplicate. Error bars represent standard deviation. Coloured dotted line estimates 50% viability. Table
shows p-values with respect to FBS DMSO. (D) 22Rv1 (CRPC) cells were treated for 72h with lapatinib,
amiloride or the combination or 100% sterile DMSO and stimulated with PBS, EGF or HRG for 15 minutes
prior to collection to observe activation of ErbB family members and their downstream targets. Cells
were lysed in denaturing lysis buffer before being analysed by immunoblotting. 25μg of protein were
loaded per lane. Tubulin was used as a loading control. Tables show p-values with respect to PBS DMSO
in each cell line tested. (E) PC-346C cells were treated with varying concentrations of amiloride and
assayed for viability. Amiloride was dissolved in 100% DMSO. Experiments were done in triplicate. Error
bars represent standard deviation. (F) PC-346C cells were treated with 1-10μM lapatinib and assayed for
viability. Lapatinib was dissolved in 100% DMSO. Experiments were done in triplicate. Error bars
represent standard deviation. (G) PC-346C cells were treated with lapatinib, amiloride or the
combination, which is shown to be additive when cell viability was assayed with the MTT reagent.
Experiments were done in triplicate. Error bars represent standard deviation. Table shows p-values with
respect to FBS DMSO. (H) PC-346C cells were treated with varying concentrations of lapatinib, 10µM
amiloride or a combination of the two for 72h before being collected and lysed into cytoplasmic and
nuclear fractions as described in earlier �gure legends.
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Figure 6

Amiloride and lapatinib synergize to increase apoptosis in HSPC and CRPC cell lines. (A-C) HSPC and
CRPC cell lines were treated with 100% DMSO, lapatinib, amiloride or the combination (in μM) for 72h
before being processed for cell death analysis using annexin V and propidium iodide staining. The
percentage of cells undergoing early or late apoptosis with DMSO treatment was set to 100% and values
for the various treatment conditions calculated accordingly. Experiments were performed in triplicate.
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(D) Tables show p-values with respect to DMSO in each cell line tested. Schematic with proposed
molecular mechanism of lapatinib-amiloride e�cacy. (A) EGFR, HER2 and ErbB3 exist at the cell
membrane and signal via pathways such as ERK and AKT. (B,C) ErbB3 monomers cycle between the
nucleus and cell membrane. (EGFR and HER2 behave similarly but have been omitted for clarity). (D)
Lapatinib is a dual-kinase TKI (tyrosine kinase inhibitor) of HER2 and EGFR dimers but will also inhibit
HER2 in HER2-ErbB3 dimers. Lapatinib is unlikely able to inhibit ErbB3 if it is in the nucleus and not at the
cell surface. (E) Amiloride is a macropinocytosis inhibitor that prevents internalization of ErbB3 and
retains it at the cell surface. As a result, nuclear ErbB3 decreases and cytoplasmic surface ErbB3
increases. (F) Amiloride-induced ErbB3 retention enables its dimerization with HER2, enabling the
formation of ErbB3-HER2 dimers which are now inhibited by the addition of low concentrations of
lapatinib.
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