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Abstract

Objective: To identify clinically relevant predictive biomarkers of trastuzumab resistance.

Material and methods: MTT, FACS assays, immunoblotting and immunocytochemistry were 

used to phenotypically characterize drug responses of two cell models BT474R and SKBR3R. 

Student’s t-test and Spearman’s correlation were applied for statistic analysis.

Results: The activity of a downstream effector of the HER2 pathway phosphorylated ribosomal 

protein S6 (p-rpS6), was suppressed by trastuzumab in the parental cell lines yet remained 

unchanged in the resistant cells following treatment. The level of p-rpS6 was inversely correlated 

to the drug induced growth inhibition of trastuzumab-resistant cells when they are treated with 

selected HER2 targeting drugs.

Conclusion: p-rpS6 is a robust post-treatment indicator of HER2 pathway-targeted therapy 

resistance.
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Introduction

Human epidermal growth factor receptor-2 (HER2) is a member of the epidermal growth 

factor receptor family and is encoded by the proto-oncogene HER2/neu. It is amplified or 

overexpressed in 15–20% of patients with breast cancer (Chung et al., 2013). This group of 

patients represents a subcategory of more aggressive tumour phenotypes with higher rates of 

disease recurrence and worse prognosis (Gonzalez-Angulo et al., 2009; Slamon et al., 1987, 

1989; Tripathy, 2009). The development and adoption of the humanized monoclonal 

antibody trastuzumab (Herceptin) has changed the natural history of HER2+breast cancer 

and can improve overall and disease free survival, particularly when used in combination 

with conventional chemotherapy agents (Cobleigh et al., 1999; Pernas et al., 2012; Vogel et 

al., 2002).

However, the clinical benefit of trastuzumab is limited by de novo and/or acquired resistance 

which inevitably occurs in the advanced setting (Gianni et al., 2011; Gonzalez-Angulo et al., 

2009; Sawaki et al., 2004). Known drivers of resistance include HER2 truncation, up-

regulation of HER2 downstream signalling pathways and escape of antibody dependent 

cellular cytotoxicity (ADCC) (Chung et al., 2013; Nahta, 2012), which has led to the 

development of additional therapeutics targeting HER2 and its downstream signalling 

molecules (Lauring et al., 2013). A majority of these drugs are still in developmental phases 

or undergoing clinical trials, while only a few (lapatinib, everoliums, temsirolimus) have 

gained FDA approval for clinical use (Parker et al., 2012). Besides limited clinical benefits 

(Alvarez et al., 2011; Cameron et al., 2010) and toxicity (Sendur et al., 2013), a lack of 

reliable predictive markers to measure and/or track a patient’s response is one of the major 

clinical obstacles in breast cancer treatment today (Gonzalez-Angulo & Blumenschein, 

2012; La Thangue & Kerr, 2011; Tan et al., 2009).

In breast cancer, several baseline (pre-treatment) biomarkers are used as predictive indices 

and help guide the choice of treatment. For example, ER/PR receptor status is used to 

determine whether hormonal therapy should be administered, whereas HER2 expression is 

used to decide whether trastuzumab or lapatinib-based regimens should be applied. 

However, for measuring a patient’s response to targeted therapies, we still rely on clinical 

end points, such as overall survival (OS), progression free survival (PFS) and pathological 

complete response (pCR) (Ellis et al., 2008).

One widely accepted prognostic marker in breast cancer is Ki67, a nuclear antigen expressed 

in all phases of the cell cycle except G0. Elevated Ki67 expression of a specimen represents 

a higher cell proliferation score, which can indicate worse outcome (Dowsett et al., 2011). 

However, Ki67 expression is not always concordant with clinical outcomes when used as an 

end point to predict patients’ responses to treatment (Bottini et al., 2000; Jalava et al., 2006; 

Van Diest et al., 2004; Yoshioka et al., 2013) due to issues such as tissue handling, staining 

and lack of standardization in scoring (Jalava et al., 2006). Therefore, identifying more 

accurate and specific indicators of response to HER2-targeted agents is imperative for 

improving breast cancer treatment outcome. Moreover, as more drugs are being developed 

and tested for other growth factor pathways, and resistance mechanisms bypassing these 
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pathways are being identified, a more distal biomarker that predicts growth inhibition in 

preclinical models and clinical benefit in patients is of high priority.

In HER2+breast cancer, overexpression of HER2 often leads to hyper activation of several 

downstream signalling pathways that regulates cell growth, proliferation and survival. The 

ribosomal protein S6 (rpS6) is a downstream effector of the HER2 signalling pathway. Its 

phosphorylation has been shown to associate with several intracellular processes such as 

protein synthesis, cellular growth and proliferation (Ruvinsky et al., 2005), and plays an 

important role in cancer malignancy (Chaisuparat et al., 2012; Molinolo et al., 2007).

We hypothesize that the more distal components of the HER2 signalling pathway would 

correlate most tightly with growth inhibition in trastuzumab-sensitive and resistant cell lines 

since mechanisms of resistance can bypass the more proximal pathway segments. Therefore, 

we systematically assessed HER2 signalling pathway mediators in relationship to growth 

inhibition using trastuzumab-sensitive and resistant cell lines before and after treatment with 

trastuzumab and other pathway modulating agents. In this study, we identify and 

characterize phosphor-rpS6 (p-rpS6) expression as a marker of trastuzumab resistance in 

HER2-overexpressing breast cancer cell models. Specifically, we demonstrate a correlation 

between p-rpS6 expression levels and response to several targeted agents against HER2 and 

downstream signalling molecules. Following additional in vivo and clinical validation, p-

rpS6 could be used as a potential molecular marker to predict an individual patient’s 

responsiveness to therapies targeting the HER2 signalling pathway. Ultimately, p-rpS6 

activity could help guide the course of treatment and improve outcome in targeted breast 

cancer therapies for HER2-overexpressing breast cancer.

Material and methods

Cell culture and resistance sublines generation

Two trastuzumab-sensitive HER2+breast cancer cell lines SKBR3 and BT474 obtained from 

American Type Culture Collections (ATCC, Manassas, VA) were maintained in McCoy-5A 

and Hybri-Care (ATCC, Manassas, VA) growth medium plus 10% fetal bovine serine 

(Invitrogen, Carlsbad, CA), 50 units/mL penicillin and 50 μg/mL streptomycin in a 37 °C 

humidified incubator with 5% CO2. Subcultures were carried out when the cells were ~90% 

confluent.

To select resistant sublines, SKBR3 and BT474 cells were cultured in the presence of 200 

μg/ml of trastuzumab (Genentech, San Francisco, CA) for over 12 months with medium 

refreshed every 3–4 days to allow the formation of resistant colonies.

Trastuzumab susceptibility and IC50 value determination

During the process of establishing and maintaining trastuzumab-resistant sublines, 

trastuzumab sensitivity (of selected clones and parental cells) was routinely monitored by 

MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma, Sigma-Aldrich Corp., St. Louis, MO) 

assay. Briefly, log phase growing cells were seeded at 3000 cells/well in 96-well culture 

plates in quadruplicate for 24 h, then exposed to serial dilutions of trastuzumab (0.025–400 

μg/ml) for 7 days, followed by an incubation with 5 mg/ml of MTT (Sigma-Aldrich, St. 

Yang-Kolodji et al. Page 3

Biomarkers. Author manuscript; available in PMC 2020 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Louis, MO) in growth medium for 2 h. The optical densities (ODs) at 570 nm were detected 

with a microplate reader (BioTek Instruments, Winooski, VM), background was subtracted 

using the 690 nm OD readings. IC50 values were calculated using prism 5.0 (GraphPad 

Software, La Jolla, CA). A resistant subline was defined when its IC50 value surpassed 100 

μg/ml (the IC50 values of the parental lines are ~1 μg/ml). Resistant sublines (BT474R and 

SKBR3R) were maintained in 20 μg/ml trastuzumab and were cultured in the absence of 

trastuzumab for two passages before each characterization experiment.

Cell proliferation assay

Cell proliferation was analysed by EdU (5-ethynyl-2′-deoxyuridine) incorporation following 

manufacture’s instruction (Life technologies, Carlsbad, CA). Briefly, cells were seeded onto 

chamber slides and were treated or untreated with trastuzumab for 24 h, then incubated with 

EdU for 60 min, fixed, and the Click-it cocktail was added. EdU incorporated cells were 

counted and recorded with a fluorescent microscope (Nikon, Melville, NY). Experiments 

were repeated at least three times. For each treatment, three fields were randomly chosen 

and 300 cells/field were counted. Percentages of EdU+cells were compared among different 

treatments.

Cell cycle analysis

G0/G1 arrest was examined by cell cycle analysis. Briefly, cells were treated or untreated 

with trastuzumab for 24 h, followed by trypsinization, cold 70% ethanol fixation, propidium 

iodide plus RNaseA staining (Sigma-Aldrich), and then read on a FACSCalibur cytometer 

(BD Biosciences, San Jose, CA). Quantitative analysis of the percentage of cells in the 

G0/G1, S or G2/M phases of the cell cycle was carried out using the Cell Quest Software 

(BD Biosciences) at the University of Southern California Flow Cytometry Core.

Immunoblotting

Immunoblotting was carried out to investigate key gene expression alterations of HER2 and 

downstream signalling pathways. Pelleted cells were washed with cold PBS and lysed with 

RIPA buffer with proteinase and phosphatase inhibitors (Thermo Scientific Pierce, 

Rockford, IL). Protein concentrations were determined by Bradford Dye Reagent (BioRad, 

Hercules, CA). About 10–20 μg/lane of whole cell lysates were separated by a gradient Tris–

glycine gel (Life Technologies Corp, Grand Island, NY). Bands were transferred to a 

nitrocellulose film (BioRad), blocked and probed with targeted primary antibodies 

(Supplementary Table S1). After binding with secondary antibodies (LiCOR Biosciences), 

bands were visualized with an Odyssey CLx system and analysed by Image Studio version 

2.0 (LiCOR Biosciences).

Immunocytochemistry-immunofluorescence (ICC-IF)

To study the expressions of p-rpS6 and Ki67, ICC-IF was used. Primary antibodies p-rpS6 

(cell signalling, Cat# 2211, 1:500 dilution) and Ki67 (Santa Cruz, Cat# sc23900, 1:200 

dilution) were incubated with the cells on slides overnight at 4 °C. Stained cells were 

visualized with a fluorescent microscope (Nikon) and fluorescence intensities were 

quantified by ImageJ (imagej.nih.gov).
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Statistical analysis

Student’s t-test was used to compare the differences of trastuzumab treated and untreated 

cells in cell proliferation and cell cycle studies. The association between the expression of 

key effectors in HER2 signalling pathway and HER2-targeted drugs leading to growth 

inhibition was examined using a Spearman’s correlation. A p value <0.05 was considered 

statistically significant.

Results

Trastuzumab-resistant breast cancer sublines BT474R and SKBR3R tolerated higher 
concentrations of trastuzumab treatment compared to parental cells

Two trastuzumab-resistant sublines, designated as BT474R and SKBR3R were derived from 

the HER+breast cancer cell lines BT474 and SKBR3, respectively, after 1 year of exposure. 

These cell lines were selected in our study to represent either ER/PR positive (BT474) or 

negative (SKBR3) breast cancers.

The resistant sublines were first compared to their parental cell counterparts for growth 

inhibitory response to trastuzumab. Figure 1(a) displays the dose response curves of 

BT474R, SKBR3R and their parental cell lines, BT474 and SKBR3, to trastuzumab after 7 

days of exposure to trastuzumab. BT474R, SKBR3R demonstrated resistance to increasing 

concentrations of trastuzumab treatments relative to BT474 and SKBR3. The IC50 values for 

the resistant lines (BT474R=905±105 μg/ml; SKBR3R=1412±206 μg/ml) are >100-fold 

higher than their corresponding parental lines (BT474=1±0.5 μg/ml; SKBR3=2±0.8 μg/ml) 

(Figure 1b, Table 1).

To determine whether the development of resistance in BT474R and SKBR3R is specific to 

trastuzumab, we treated these cell lines with two common small molecule inhibitors 

targeting the HER2 pathway, rapamycin (mTOR/TORC1 inhibitor) and lapatinib (dual 

EGFR1 and HER2 kinase inhibitor). The dose response curves showed that the resistant 

cells responded to lapatinib and rapamycin in a near identical manner as the parental cells 

(Supplementary Figure S1) and had similar IC50 values (Table 1).

We show that the BT474R and SKBR3R sublines acquired trastuzumab resistance after a 

year under selective pressure from trastuzumab treatment. It has been reported that patients 

with HER2+breast cancers that initially responded to trastuzumab eventually develop 

clinical resistance or progression after a medium duration of 7–12 months (Hayashi et al., 

2012; Nahta & O’Regan, 2010). Therefore, the time frame in which we used to generate the 

in vitro trastuzumab resistance models is concordant with what has been clinically reported 

for the development of trastuzumab resistance.

Increased percentage of proliferating cells and an unaltered cell cycle in the resistant 
sublines after trastuzumab treatment

When cancer recurs or progresses, the clinical course is usually more aggressive. We 

therefore assessed the proliferation rate of the resistant cell lines using EdU DNA 

incorporation. BT474R and SKBR3R cells exhibited an increased DNA synthesis rate 
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compared to their parental BT474 and SKBR3 counterparts (Figure 2a and b). Following 

treatment with trastuzumab, the parental lines showed a significant reduction in cell 

proliferation that was not seen in the resistant lines.

One of the proposed mechanisms of trastuzumab activity is through inhibition of signal 

transduction that ultimately leads to G0/G1 arrest and prevents entry into S-phase. Figure 

2(c) displays flow-cytometry data showing the cell cycle distribution of trastuzumab-

resistant sublines with no significant changes observed in G0/G1 or S fractions after 24 h of 

trastuzumab treatment (G0/G1 and S, after versus before: 77.8 and 14.6% versus 76.0 and 

15.4% in BT474R, 63.6 and 29.0 % versus 62.0 and 29.5% in SKBR3R). In contrast, when 

the parental BT474 and SKBR3 cells were treated with trastuzumab, the G0/G1 fractions 

increased (from 71.7 to 87.0% in BT474 and 62.5 to70.2% in SKBR3) and the S1 fractions 

decreased (from 21.8 to 8.5% in BT474 and 29.4 to 23.3% in SKBR3) (Figure 2c).

Phosphorylated (p-rpS6) was constitutively expressed in BT474R and SKBR3R cells 
regardless of exposure to trastuzumab

Preclinical and clinical investigations have suggested that deregulation of the HER2 

downstream signalling pathways is a principle mechanism of trastuzumab resistance in 

breast cancers (Chung et al., 2013; Nahta & O’Regan, 2010; Mohd Sharial et al., 2012). In 

our preclinical cell models, we observed that key proteins in the Akt/mTOR branch of HER2 

signalling were differentially expressed (Figure 3a, Supplementary Figure S2). SKBR3 cells 

expressed less phospho-HER2 (pHER2) than BT474 cells yet the amount of total HER2 was 

relatively consistent between the lines (Figure 3a). There was no difference in total Akt 

between the resistant and the parental lines, but phosphorylated Akt (pAkt) expression 

decreased after 24 h treatment with trastuzumab in parental and resistant cells (Figure 3a), 

suggesting that pAkt or upstream mediators may not be major effectors in trastuzumab 

resistance in this model.

rpS6 is one of the downstream effectors of HER2 signalling. It serves as a distal mediator of 

regulating protein synthesis that leads to cell division, proliferation and growth. In our study, 

we observed higher expression levels of p-rpS6 in the resistant cells compared to the 

parental cells (Figure 3a, Supplementary Figure S2). In addition, the levels of p-rpS6 

expression remained unchanged in BT474R and SKBR3R cells following trastuzumab 

treatment. However, in the parental BT474 and SKBR3 cells, p-rpS6 expression was 

significantly suppressed by trastuzumab treatment (Figure 3a, b, and Supplementary Figure 

S2).

To further confirm our observation, we performed immunocytochemistry and incubated the 

parental and resistant cells with a p-rpS6 (s235/236) antibody. In concordance with the 

immunoblotting results detailed above, we observed more p-rpS6 positive cells with higher 

florescent intensity among the BT474R and SKBR3R resistant sublines compared to the 

parental lines (Figure 3b). ICC also confirmed treatment with trastuzumab did not decrease 

p-rpS6 expression in BT474R and SKBR3R cells, but did so in the parental BT474 and 

SKBR3 cells (Figure 3b).
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Levels of p-rpS6 expression correlated with Ki67 status when these two markers were 
examined simultaneously

Uncontrolled cell proliferation is a hallmark of malignancy and usually measured by Ki67 

antigen staining in both the research and clinic settings (Jalava et al., 2006). Therefore, we 

were interested in whether p-rpS6 expression levels correlated with Ki67 antigen levels in 

our models.

Figure 4 shows dual immunofluorescent staining of Ki67 and p-rpS6 in BT474R and 

SKBR3R and parental BT474 and SKBR3 cells pre- and post-trastuzumab treatment. The 

expression of p-rpS6 correlated with Ki67 expression in all cells and treatment conditions. In 

the resistant cells, both p-rpS6 and Ki67 levels remained high regardless of exposure to 

trastuzumab. Before trastuzumab exposure, the fluorescence intensity of p-rpS6 expression 

in BT474R was 27.0 and the percentage of Ki67 positive cell was 57.8%. After 24 h of 

trastuzumab treatment, the numbers did not significantly change: 23.0% for p-rpS6 and 

57.0% for Ki67. The same trend was seen in SKBR3R, the numbers were 17.0 and 66.9% 

before treatment, 17.5 and 69.0% after treatment. However, in BT474 and SKBR3 cells, p-

rpS6 and Ki67 expression decreased significantly after treatment (Figure 4).

Clearly, trastuzumab treatment markedly suppressed p-rpS6 expression and simultaneously 

decreased the number of proliferating cells in trastuzumab-sensitive BT474 and SKBR3 

cells; in trastuzumab-resistant BT474R and SKBR3R cells, the drug failed to suppress p-

rpS6 expression as well as Ki67 expression.

Decreased p-rpS6 expression after drug treatments indicates drug response; constitutive 
p-rpS6 expression indicates drug resistance in BT474R and SKBR3R cells

We assessed the role of p-rpS6 as a predictive biomarker for sensitivity to HER2-targeted 

therapy using a panel of agents (Selleck Chemicals, Houston, TX) that target HER2 and 

downstream signalling pathway (Table 2). We first assessed the expression of p-rpS6 and 

other mediators in BT474R and SKBR3R treated with the drugs listed in Table 2. 

Immunoblotting showed differential expressions of these proteins associated with different 

drug treatments and responses (Figure 5a and c). We then tested the growth inhibition of 

these drugs after 5 days of treatment (Figure 5b and c).

The drugs that caused the greatest degree of growth inhibition in the trastuzumab-resistant 

cell sublines, such as lapatinib, rapamycin and BEZ235, also significantly suppressed p-rpS6 

expressions in these cells with a tighter correlation than other pathway markers (Figure 5, 

Supplementary Figure S3). Those that did not inhibit BT474R and SKBR3R growth 

(trastuzumab, erotinib, MK2206 and OSI-906[linsitinib]) also failed to suppress p-rpS6 

expression. The correlation between p-rpS6 expression and cell viability after drug treatment 

is statistically significant in both BT474R and SKBR3R cells (Table 3, r = 0.78, p = 0.013 

for BT474R and r = 0.88, p = 0.002 for SKBR3R). These results point to p-rpS6 as the most 

predictive downstream biomarker of drug response in trastuzumab-resistant cells.

Yang-Kolodji et al. Page 7

Biomarkers. Author manuscript; available in PMC 2020 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Synergistic effect of trastuzumab and lapatinib was observed with growth inhibition as 
well as p-rpS6 expression in trastuzumab-resistant cell models

Lapatinib (Tykerb, GlaxosSmithKline, Philadelphia, PA) is a dual EGFR/HER2 adenosine 

triphosphate competitive, small molecule tyrosine kinase inhibitor (Rusnak & Gilmer, 2011). 

It was hypothesized that dual blockade of HER2 with trastuzumab and lapatinib is more 

effective than either single therapy alone. Indeed, clinical data has shown combinatorial 

benefit from using trastuzumab and lapatinib in HER2-overexpressing breast cancers, 

exhibiting synergistic or additive effects (Baselga et al., 2012; Blackwell et al., 2012; 

Scaltriti et al., 2012).

In our preclinical models, we observed the combined growth inhibition of trastuzumab and 

lapatinib in the trastuzumab-resistant BT474R and SKBR3R cells (Figure 6). In BT474R 

cells, 7 days of trastuzumab treatment resulted in ~15% growth inhibition while lapatinib 

caused ~28% growth inhibition. However, when trastuzumab and lapatinib treatment were 

combined, the growth inhibition rate rose to ~51%. By using the formula developed by 

Colby (Colby, 1967), synergy was shown [(expected growth inhibition (E, 39%) < actual 

inhibition (A, 51%)]. The synergistic effect between trastuzumab and lapatinib was seen in 

SKBR3R cells as well (E, 49% < A, 61%). p-rpS6 expression levels in BT474R cells and 

SKBR3R cells remained unchanged following trastuzumab treatment, decreased slightly 

with lapatinib, and was significantly reduced with the combined treatment (Figure 6a and b); 

again, demonstrating an inverse correlation between the degree of growth inhibition when 

targeting HER2.

Discussion

Predictive biomarkers are used to assess the probability that a patient will benefit from a 

particular treatment (Sawyers, 2008). The ones that best define of responsiveness to newer 

HER2-targeted agents and combinations need to be identified and validated to better select 

those likely to be successful for HER2+treatment-refractory breast cancers in the clinic. 

Mechanisms of resistance to growth factor pathway-targeted drugs are diverse and poorly 

understood but appear to involve bypass loops. Therefore, distal pathway readouts that 

correlate to cell proliferation and survival may represent the optimal pre- and post-treatment 

biomarkers to inform the development of novel targeted agents. In this report, we generated 

trastuzumab-resistant cell lines to better understand the mechanisms leading to resistance to 

targeted therapies in HER2+breast cancer. We further demonstrated that p-rpS6 most 

strongly corresponds with treatment response of trastuzumab and is a downstream effector 

of the HER2 signalling pathway. This is consistent with its key role as a master switch of 

protein synthesis regulation, a fundamental process that leads to cell division, proliferation 

and growth (Chaudhuri & Lieberman, 1968; Hagner et al., 2010; Holz 2012; Nielsen et al., 

1982).

A deregulated HER2/Akt/mTOR pathway has been reported to be one of the major drivers 

of trastuzumab resistance (Chung et al., 2013). With our models, we were able to 

demonstrate altered protein expressions of key effectors in this pathway (Figure 3a, 

Supplementary Figure S2), especially the phosphorylated proteins, such as p-mTOR, 

p70S6K. p-rpS6, p-4EPB1, pHER2, the indicators of HER2 signalling activation. In fact, 
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studies have shown activation of signalling pathways including HER2/PI3K/mTOR pathway 

often confers resistance to drugs. In breast cancer, PI3K/Akt/mTOR is the most frequently 

activated signalling pathway (Ciruelos Gio, 2014), supportive our observation that the 

increased expressions of phosphorylated proteins in this branch of HER2 signalling. 

Furthermore, using selected HER2 targeting drugs to treat the resistant cells, we found that 

drugs that remained potent to these cells are the ones targeting the mTOR and its effectors, 

such as rapamycin and BEZ235 (Figure 5). Considering the regulatory role of mTOR in cell 

growth, proliferation and survival, it is not hard to comprehend the benefit of targeting this 

branch of HER2 signalling. New clinical data has provided evidences (Ciruelos Gio, 2014; 

Jerusalem et al., 2014). As a direct effector of mTOR pathway, p-rpS6 holds the potential for 

being used clinically with further preclinical and clinical validation.

When HER2+breast cancer patients develop trastuzumab resistance, dual targeting thought 

to be a strategy to improve the effectiveness of trastuzumab or target cells that have 

developed resistance. Reported preclinical and clinical evidence demonstrated that dual 

blockdale has great advantage over trastuzumab alone (Lavaud & Andre, 2014; Kontzoglou 

et al., 2013; Kiimler et al., 2013). However, certain population of patients did not benefit 

from this regime. Therefore, there is an urgent need for better biomarkers to identify patients 

who will benefit from this therapy (Kümler et al., 2013). Our study showed that p-rpS6 

expression was decreased as trastuzumab-resistant cells experiencing growth inhibition 

when they were treated with the combination of trastuzumab and lapatinib to target both 

intra and inter cellular domains of HER2 (Figure 6), exemplified the potential feasibility of 

p-rpS6 as an indicator for dual targeting therapy in trastuzumab resistant, HER2+breast 

cancers.

HER2-targeted therapies have made personalized medicine a reality in breast cancer 

management. However, the discorrelation of pathway alterations and outcome/treatment 

responses adds a layer of difficulty in consideration for patient and inhibitors selection 

(Ciruelos Gio, 2014). It is largely due to the disconnection of pathway alteration measures 

and response measures. Current common measures for pathway alteration are biomarkers at 

the molecular level, while outcome and treatment responses are majorly based on clinical 

data such as PCR, OS, PFS, etc. These measurements are taken over the course of months in 

which patients with de novo resistance may be exposed to unnecessary side effects and miss 

an earlier opportunity to change therapy—a paradigm that is currently being tested in the 

clinic.

A molecular marker, Ki67, is commonly used clinically to measure drug responses. Besides 

technical challenges, such as fixation and tissue storage, which make it difficult to accurately 

measure Ki67 expression in tissue (Kontzoglou et al., 2013), the nuclear antigen Ki67 is a 

proliferation marker. Its change can be a result of a variety of cellular processes. Here we 

suggest a more specific molecule, p-rpS6, a distal effector of HER2 signalling pathway, 

whose activity is directly related to cellular response of pathway inhibition. Furthermore, 

changes in p-rpS6 happen on a much shorter time scale, which makes it an ideal marker for 

tracking a patient’s response. In our preclinical cell line models, we were able to resolve 

expression changes within 24 h post-treatment (Supplementary Figure S4). p-rpS6 can be 

detected using immunoblotting techniques, which tend to have fewer issues with sample 
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processing, analysis, standardization and interpretation. A recent report used IHC techniques 

to probe for p-rpS6 in mouse tissue to examine a connection between rpS6 phosphorylation, 

DNA damage, and tumour suppression during the development of pancreatic cancer 

(Khalaileh et al., 2013). This work supports the technical feasibility of measuring p-rpS6 as 

a predictive readout of cancer treatment response.

Conclusion

Our characterization of the trastuzumab-resistant BT474R and SKBR3R cell lines revealed 

(i) constitutive p-rpS6 expression in both pre- and post-trastuzumab treated resistant cells; 

(ii) an inverse correlation between p-rpS6 expression and cell viability after treatment with 

several HER2-targeted signalling drugs; (iii) a synergistic effect between trastuzumab and 

lapatinib combination therapy that resulted in stronger growth inhibition and suppression of 

p-rpS6 expression than was detected with either agent alone; and (iv) a correlation between 

p-rpS6 expression levels and the proliferation marker, Ki67. These results suggest that the 

expression level of p-rpS6 is an accurate indicator of response to HER2-targeted drugs 

whereby decreased p-rpS6 level indicates drug response and unchanged p-rpS6 predicts drug 

resistance.

Using our cell line models, we provide empirical evidence to better understand trastuzumab 

resistance mechanisms in HER2-overexpressing tumours. Furthermore, our models represent 

both ER/PR hormone receptor positive and negative breast cancers that will allow for p-rpS6 

to be used as a marker in a broader cohort of patients. This work has identified a novel 

marker that could greatly improve clinical benefit from HER2-targeted treatment strategies, 

although it will require further validation using in vivo animal models and/or patient tissue 

samples before its application in the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Trastuzumab sensitivities of BT474R, SKBR3R and their parental cell lines BT474 and 

SKBR3. (a) Dose response curves of the four cell lines after 7 days trastuzumab treatments. 

Cell viability is the percentage of viable cells with respect to cells untreated with 

trastuzumab. (b) GraphPad Prism 5 modelled IC50 values of the resistant sublines BT474R 

and SKBR3R and their parental cells BT474 and SKBR3 to trastuzumab (μg/ml). Bars are 

means of three independent experiments and standard deviations.

Yang-Kolodji et al. Page 14

Biomarkers. Author manuscript; available in PMC 2020 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Trastuzumab-resistant cells BT474R and SKBR3R expressed more aggressive phenotypes 

than parental BT474 and SKBR3. (a) Cell proliferation measured by EdU incorporation. 

EdU incorporated cells are shown in green. Cell nuclei were stained blue (DAPI). A: BT474, 

B: BT474+T, C: BT474R, D: BT474R+T, E: SKBR3, F: SKBR3+T, G: SKBR3R, H: 

SKBR3R+T. (b) Quantification of the data from a Student’s t-test were used to process the 

data. [* significant (t<0.05); ** most significant (t<0.01)]. Experiments were repeated at 

least three times. Bars represent mean and standard deviation values. Ctl: control untreated; 

T: trastuzumab treated. (c) FACS data demonstrates the G0/G1 fraction of the cell cycle was 

increased and S-phase was decreased after exposing to trastuzumab in BT474 and SKBR3 

cells; in the trastuzumab-resistant BT474R and SKBR3R cells, neither G0/G1 or S-phase 

was affected by trastuzumab exposure.
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Figure 3. 
p-rpS6 expression was not suppressed by trastuzumab treatment in trastuzumab-resistant 

BT474R and SKBR3R cells, but it was decreased in parental BT474 and SKBR3 cells. (a) 

Immunoblotting of whole cell lysate of key effectors in HER2 signalling pathway 

demonstrating altered expression of some markers in response to trastuzumab treatment. (b) 

Immunocytochemistry staining of p-rpS6 in BT474, SKBR3 and trastuzumab-resistant 

BT474R and SKBR3R cells. P-rpS6 was stained green in the cytoplasm, cell nuclei were 

stained with DAPI (blue lighter).
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Figure 4. 
Higher intensity of p-rpS6 stain is correlated with a higher percentage of Ki67 positive cell 

numbers. (a) Dual staining of p-rpS6 (green in the cytoplasm) and Ki67 (red in the nuclei) of 

BT474R, SKBR3R treated or untreated with trastuzumab in comparison with their parental 

cells BT474 and SKBR3. (b) Quantified fluorescence intensity data from a fluorescence 

intensity of p-rpS6 was measured with imageJ, Ki67 positive cells were manually counted.
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Figure 5. 
Decreased p-rpS6 expression correlates with the sensitivity of cells to HER2 signalling 

targeted drugs in BT474R and SKBR3R cells (r=0.8). (a) Immunoblotting of key proteins of 

HER2 signalling pathway in BT474R cells. (b) Growth inhibition of BT474R by HER2 

signalling targeted drugs. Ctl: untreated; T: trastuzumab; R: rapamycin; A: AZD2014; B: 

BEZ235; E: erotinib; L: lapatinib; M: MK2206; O: OSI-906 (linsitinib). (c) Immunoblotting 

of key proteins of HER2 signalling pathway in SKBR3R cells. (d) Growth inhibition of 

SKBR3R by HER2 signalling targeted drugs.
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Figure 6. 
Synergistic effect of trastuzumab and lapatinib on growth inhibition (cell viability shown 

with bars) as well as p-rpS6 expression (shown with western blot bands on the top) of 

BT474R (a) and SKBR3R (b). Synergism was determined by Colby methods (Colby, 1967). 

T: trastuzumab; L: lapatinib; TL: trastuzumab +lapatinib.
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Table 1.

IC50 values of trastuzumab-sensitive and resistant cells to trastuzumab, rapamycin and lapatinib.

Cell lines IC50–T (μg/ml) IC50–R (nM) IC50–L (nM)

BT474 1.1±0.5 3.5±1.2 48.5±1.1

BT474R 904.7±104.6 5.5±1.2 68.0±1.1

SKBR3 1.9±0.8 4.5±1.2 75.1±1.2

SKBR3R 1412.7±206.1 4.6±1.3 79.4±1.1

T: trastuzumab; R: rapamycin; L: lapatinib.
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Table 3.

Correlation between marker expression and cell viability post-HER2 pathway-targeted drug treatment in 

trastuzumab-resistant cell models.

Cell model Marker Correlation coefficient
a

p Value

pERK1/2  0.13  0.73

pAkt  0.17  0.67

BT474R p-rpS6  0.78  0.013

pS6K1  0.73  0.025

p-mTOR  0.60  0.088

pHER2  0.067  0.86

p4EBP1  0.20  0.61

pERK1/2   −0.05    0.9

pAkt  0.35  0.36

SKBR3R p-rpS6  0.88  0.002

pS6K1  0.64  0.061

p-mTOR  0.62  0.077

pHER2   <0.01  0.99

p4EBP1  0.72  0.030

a
Spearman correlation coefficient.
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