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Abstract

Although ErbB receptors have been implicated in prostate cancer progression, ErbB-directed 

drugs have not proven effective for prostate cancer treatment. The ErbB3-binding protein EBP1 

affects both ErbB2 and androgen receptor signaling, two components of the response to ErbB-

targeted therapies. We therefore examined the effects of EBP1 expression on the response to the 

ErbB1/2 tyrosine kinase inhibitor lapatinib. We found a negative correlation between endogenous 

EBP1 levels and lapatinib sensitivity in prostate cancer cell lines. We then overexpressed or 

inhibited expression of EBP1. Silencing EBP1 expression increased lapatinib sensitivity and 

overexpression of EBP1 increased resistance in androgen-containing media. Androgen depletion 

resulted in an increased sensitivity of androgen-dependent EBP1 expressing cells to lapatinib, but 

did not affect the lapatinib sensitivity of hormone resistant cells. However, EBP1 silenced cells 

were still more sensitive to lapatinib than EBP1-expressing cells in the absence of androgens. The 

increase in sensitivity to lapatinib following EBP1 silencing was associated with increased ErbB2 

levels. In addition, lapatinib treatment increased ErbB2 levels in sensitive cells that express low 

levels of EBP1, but decreased ErbB2 levels in resistant EBP1-expressing cells. In contrast, ErbB3 

and phospho ErbB3 levels were not affected by either changes in EBP1 levels or lapatinib 

treatment. The production of the ErbB3/4 ligand heregulin was increased in EBP1-silenced cells. 

EBP1-induced changes in AR levels were not associated with changes in lapatinib sensitivity. 

These studies suggest that the ability of EBP1 to activate ErbB2 signaling pathways results in 

increased lapatinib sensitivity.
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Introduction

ErbB receptors are critical regulators of prostate cancer progression. EGFR and ErbB2 are 

overexpressed in castration-resistant sublines of human prostate cancer xenografts [1, 2]. 

High nuclear ErbB3 predicts recurrences associated with castration-resistant prostate cancer 

(CRPC) [3]. Preclinical studies have indicated that inhibition of ErbB2/3 signaling potently 

suppresses the growth of CRPC xenografts [4–6]. Although the use of tyrosine kinase 

inhibitors (TKIs) such as lapatinib is still being evaluated in clinical trials [7, 8], initial 

results have been disappointing. A greater understanding of the complexities of ErbB 

signaling in prostate cancer is needed to design more effective ErbB-targeted therapies.

Part of the failure of ErbB2-directed agents may be due to the fact that ErbB signaling can 

also inhibit prostate cancer cell growth and AR expression and activity. For example, 

Heparin-binding EGF (HB-EGF), an ErbB1/4 ligand, decreases AR protein expression 

through activation of mTOR and decreased AR mRNA translation [9–11]. ErbB stimulation 

of AKT in LNCaP cells results in enhanced AR phosphorylation, leading to increased 

ubiquitination and degradation of AR by Mdm2 [12]. Activation of EGFR or ErbB2/3 via 

EGF or the ErbB3/4 ligand heregulin (HRG) decreases expression of endogenous AR and 

PSA due to enhanced AR mRNA degradation. This downregulation can be abrogated by 

EGFR/ErbB2 inhibitors [13].

We have demonstrated that EBP1, a protein isolated in our laboratory by its ability to bind 

ErbB3, is an AR corepressor that suppresses protein levels of AR and AR target genes and 

inhibits growth of prostate cancer cells both in vitro and in animal models [14, 15]. EBP1 

decreases transcription of AR-activated genes in part by recruiting the corepressors Sin3A 

and HDAC2 to AR-regulated promoters [16]. In addition to its DNA-binding properties, 

EBP1 has been demonstrated to be an RNA-binding protein by our group [17] and several 

others [18, 19]. We have found that EBP1 destabilizes AR mRNA in an HRG inducible 

manner [17]. In addition, EBP1 modulates ErbB2 expression at both the transcriptional and 

post-translational levels [20, 21]. As both AR and ErbB2 signaling play a role in 

determining lapatinib sensitivity, we postulated that the interplay of EBP1-driven changes in 

the AR and ErbB2 pathways may affect the cellular response to lapatinib. The purpose of 

this study was to test the effect of EBP1 on lapatinib sensitivity in prostate cancer cell lines.

Materials and methods

Cell culture and reagents

The generation and maintenance of LNCaP EBP1-silenced C13 and control A16 cells and 

the C81 vector and FLAG-tagged EBP1-transfected cell lines were previously described 

[15]. The derivation and maintenance of the GFP vector and GFP-EBP1-transfected C4-2B 

cells have also been described [22]. HRGβ1 was purchased from R&D Systems (Mpls, MN), 

lapatinib from LC Labs (Woburn, MA), and the synthetic androgen R1881 from Sigma (St. 

Louis, MO).
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Transfection of A16 cells

Subconfluent A16 cells in 100-mm tissue culture dishes were transfected with 10 μg of 

EGFP or ERBB2-ECFP expression plasmids (AddGene, Cambridge, MA) using an Amaxa 

Nucleofector™ (Lonza, Walkersville, MD) according to the manufacturer’s protocol. Cells 

were selected in G418 (800 μg/ml).

Cell growth assays

Cells (2 × 103) were plated in 96-well plates in medium containing 2 % FBS and lapatinib at 

the indicated concentrations. Relative live cell numbers were determined at day 5 using a 

Promega Proliferation Reagent (Promega, Madison, WI) as per manufacturer’s instructions 

with absorbance being read at 490 nm in a Thermo Multiskan Ascent plate reader (Thermo-

Fisher, Pittsburgh, PA). For experiments determining lapatinib sensitivity in the absence of 

androgens, cells were grown in RPMI 1640 phenol red-free media and 10 % charcoal-

stripped serum (CSS) for 4 days prior to being used in the growth assay. Growth assays were 

performed in phenol red-free RPMI 1640 media and 5 % CSS.

Western blotting analysis

Western blot analysis was performed as described previously [23]. The EBP1 antibody was 

from Millipore (Billerica, MA), the monoclonal anti-GADPH antibody was from Sigma, the 

polyclonal antibody against ErbB2 and monoclonal antibodies to ErbB3 and phospho ErbB3 

(Tyr 1289) were from Cell Signaling (Danvers, MA), and the monoclonal anitbody against 

GFP was from Clontech (Palo Alto, CA). The monoclonal antibody against AR was from 

Santa Cruz Biotechnology (Santa Cruz, CA).

Measurement of heregulin levels

Cells were grown to approximately 80 % confluency in 100 mm3 dishes in complete media. 

Cells were washed once in PBS and serum starved in RPMI 1640 media and 0.5 % serum 

overnight. Medium was harvested and cell debris was pelleted at 1500 rpm for 5 min. The 

conditioned medium was then concentrated 10-fold using Millipore Amicon Ultra (3 K) 

centrifugal filters at 4000×g for 40 min. HRG levels were determined using a NRG ELISA 

kit from R&D (Mpls, MN) as described by the manufacturer.

Statistical analysis

Western blotting assays were repeated three times. All data presented represent one 

individual experiment. Where appropriate, data were analyzed using a two-tailed Students t 

test. Differences with a p < 0.05 were deemed significant.

Results

Effect of EBP1 expression on lapatinib sensitivity

We first determined lapatinib sensitivity of a panel of AR positive prostate cancer cell lines 

with varying levels of expression of endogenous EBP1. Lower expression of EBP1 was 

associated with increased sensitivity to lapatinib (r = 0.87 p = 0.03) (Fig. 1).
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To provide more mechanistic insight into the regulation of lapatinib sensitivity by EBP1, we 

overexpressed or inhibited expression of EBP1. We found that EBP1-silenced LNCaP cells 

(C13 cells) were more sensitive to lapatinib in androgen-containing media than the shRNA 

controls (A16) (Fig. 2 top panel, left). The IC50 for A16 cells was 11.3 and 6.5 μM for C13 

cells. Conversely, overexpression of EBP1 in the androgen-independent LNCaP derivatives 

C4-2B or C81 cells, which express low endogenous levels of EBP1, made cells more 

resistant to lapatinib (Fig. 2 middle and bottom panels, left). The IC50 for C4-2B vector 

control cells was 4 and 8.0 μM for C4-2B EBP1 transfectants. Similarly, the IC50 for C81 

vector control cells was 6.7 and 11 μM for C81 EBP1 transfectants. Finally, overexpression 

of EBP1 in androgen-independent PC3 cells, which do not express AR and express low 

levels of EBP1 [22], resulted in an increased resistance to lapatinib (Suppl. Fig. 1).

The complex interplay between AR and ErbB levels might factor into lapatinib sensitivity. 

For example, androgens increase EGFR levels and decrease ErbB2 and ErbB3 levels [24–

26]. Therefore, lapatinib sensitivity in the absence of androgens was also examined. EBP1 

expressing LNCaP A16 cells were slightly more sensitive to lapatinib in the absence of 

androgens (IC50 = 9.7 μM in the absence of androgens vs. 11.3 μM in the presence of 

androgens) in keeping with previous findings [26]. This increase in sensitivity has been 

postulated to be due to increased reliance on the ErbB pathway upon androgen depletion in 

these AR responsive cells. The sensitivity of C13 cells to lapatinib in the absence of 

androgens was approximately the same as that found in the presence of androgens (IC50 = 

6.9 vs. 6.5 μM in the presence of androgens). However, C13 cells remained more sensitive 

to lapatinib than A16 cells in androgen-free conditions (Fig. 2 top panel, right). Androgen 

withdrawal did not affect the sensitivity of C4-2B control cells to lapatinib (IC50 = 4 μM in 

both the absence and presence of androgens), which might be expected as these cells have 

lost responsiveness to androgens [27]. EBP1 overexpressing C4-2B transfectants were more 

sensitive to lapatinib in androgen-depleted media than in androgen-containing media (IC50 = 

6.1 vs. 8.0 μM). However, the EBP1 transfectants remained more resistant to lapatinib than 

C4-2B controls in androgen-depleted media (Fig. 2 middle panel, right). Similarly, the 

lapatinib sensitivity of androgen-independent C81 control cells was only slightly changed by 

androgen withdrawal (IC50 = 5.4 vs. 6.7 μM in androgen-containing media). The sensitivity 

of C81 EBP1-overexpressing cells, which are more androgen responsive than C81 controls 

[15], to lapatinib was increased in androgen-depleted media (IC50 = 7.8 μM in the absence 

of androgens vs. 11 μM in the presence of androgens (Fig. 2 bottom panel, right). C81V 

cells were still more sensitive to lapatinib than EBP1 transfectants in the absence of 

androgens. The IC50 values in androgen complete and androgen-depleted media are 

summarized in Table 1 and indicate that the absence of androgen renders EBP1-expressing 

cells more sensitive to lapatinib. EBP1 expression was not affected by androgen withdrawal 

in any of the cell lines tested (Suppl. Fig. 2).

To determine a mechanism for the changes in lapatinib responsiveness in cells in which 

EBP1 expression has been altered, we first examined ErbB2 expression. We have previously 

reported that EBP1 regulates ErbB2 expression at both the transcriptional [20] and post-

transcriptional levels [21]. We found that ErbB2 expression was increased in C13 EBP1-

silenced cells as compared with A16 cells (Fig. 3a, left panel) in keeping with our previous 
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findings [15]. Ectopic expression of EBP1 in C81 cells did not change ErbB2 expression 

(Fig. 3a, middle panel). In C4-2B cells, overexpression of EBP1 decreased ErbB2 

expression (Fig. 3c, right panel). Thus, changes in lapatinib responsiveness were related to 

EBP1 regulation of ErbB2 levels in 2/3 cell lines.

To determine if the increased sensitivity of C13 EBP1-silenced cells was only due to higher 

levels of ErbB2, we transfected A16 cells with ErbB2. There was no significant change in 

lapatinib sensitivity in these cells as compared to controls (Fig. 3b).

Lapatinib sensitivity has also been correlated with decreases in ErbB2 levels after lapatinib 

treatment [28]. In addition, androgen withdrawal affects ErbB2 levels, which also can affect 

lapatinib sensitivity [6, 26]. Therefore, we measured changes in ErbB2 levels in the presence 

and absence of lapatinib and androgens in cells with different levels of EBP1 expression. 

ErbB2 levels were decreased by androgen treatment alone in A16 cells in agreement with 

previous findings [24]. Lapatinib treatment decreased ErbB2 levels in the absence of 

androgens and resulted in a 33 % increase in the presence of androgens. In EBP1-silenced 

C13 cells, androgens decreased the levels of ErbB2 in the presence and absence of lapatinib. 

Lapatinib increased ErbB2 levels in C13 cells in both the absence (70 %) and presence (100 

%) of androgens (Fig. 3c). A somewhat similar pattern was observed for C81V and C81 

EBP1-transfected cells. In C81 EBP1 transfectants, androgens decreased ErbB2 expression 

in the absence of lapatinib and had little effect in the presence of lapatinib. As in A16 cells, 

lapatinib increased ErbB2 expression 30 % in the presence of androgens, but had little effect 

on ErbB2 expression in the absence of androgens. In C81V cells, androgens decreased 

ErbB2 expression in the presence and absence of lapatinib. Lapatinib increased ErbB2 

expression in both the presence (236 %) and absence (60 %) of androgens (Fig. 3d). Thus, a 

more robust increase in ErbB2 expression was observed in lapatinib-sensitive lines as 

compared with lapatinib-resistant lines following lapatinib treatment.

Basal phosphorylation of ErbB3 has been associated with sensitivity to lapatinib [29]. In 

addition, androgen withdrawal has been demonstrated to increase ErbB3 levels [26], which 

might also affect the response to lapatinib. We therefore first examined basal and HRG-

stimulated activation of ErbB3 in cells which express different levels of EBP1. Basal 

activation of ErbB3 was not observed in either A16 control or C13 EBP1-silenced cells. 

ErbB3 was activated to an equal extent in response to HRG in A16 and C13 cells. Total 

ErbB3 levels were unaffected by EBP1 silencing (Fig. 4a) in keeping with our previous 

findings in breast cancer cell lines [30]. Similarly, ErbB3 was not basally phosphorylated in 

either C81V or C81 EBP1-transfected cells. ErbB3 was phosphorylated in response to HRG 

in both cell lines to an equal extent (Fig. 4b). Total ErbB3 expression in C81V and C81 

EBP1-transfected cells was not changed by overexpression of EBP1. A similar pattern was 

observed in C4-2B GFP and EBP1-overexpressing cells (Fig 4c).

We also determined if lapatinib sensitivity in EBP1-silenced cells was associated with a 

change in ErbB3 levels after lapatinib treatment. A small (30 %) increase in ErbB3 

expression was observed in the presence of androgens alone in C13 cells and a small 

decrease (20 %) in A16 cells. Lapatinib treatment in the absence or presence of androgens 

did not significantly affect ErbB3 expression. Similarly, neither androgens nor lapatinib 
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affected ErbB3 expression in hormone-independent C81V cells. Androgen treatment 

resulted in a small (30 %) decrease in ErbB3 only in the presence of lapatinib (Fig. 5).

To further explore the mechanism of the increased lapatinib sensitivity in cells expressing 

low levels of EBP1, we examined HRG secretion in cells with different levels of EBP1 

expression. Recent data show that increased production of HRG is associated with increased 

sensitivity of non-ErbB2 amplified cells to lapatinib [29]. Levels of HRG in conditioned 

media were quantified by ELISA assay. We found that silencing EBP1 in C13 cells resulted 

in increased levels of HRG in conditioned media as compared to A16 controls. Conversely, 

overexpression of EBP1 in C4-2B and C81 cells resulted in a small decrease in secreted 

HRG (Fig. 6).

Due to the importance of the AR in prostate cancer cell proliferation, we examined the 

regulation of AR by lapatinib in control and EBP1-silenced or overexpressing cells. Cells 

were treated with lapatinib in the presence or absence of androgens. In A16 cells, androgens 

increased AR protein expression as has been reported for parental LNCaP cells [31]. 

Lapatinib treatment resulted in a small decrease in AR expression in the absence of 

androgens and an increase in AR expression in the presence of androgens as has been 

previously published [13]. This increase in AR levels in the presence of lapatinib and 

androgens has been postulated to be due to the fact that ErbB2 kinase activity can destabilize 

AR mRNA. A similar pattern was observed in EBP1-silenced C13 cells. Androgen 

treatment increased AR levels in the presence or absence of lapatinib (Fig. 7a). Lapatinib 

treatment decreased AR levels in androgen-free media, but increased AR levels in androgen-

containing media. In C81-EBP1-overexpressing cells, R1881 stabilized AR levels as 

expected as these cells have become more androgen responsive [15]. Lapatinib resulted in a 

small decrease of AR in androgen-free media as observed for A16 cells and a moderate 

increase in AR levels in androgen-containing media. In C81V cells, lapatinib treatment 

resulted in a small increase in AR levels in the absence of androgens and a larger increase in 

AR levels in the presence of androgens as observed for C13 EBP1-silenced cells (Fig. 7b). 

Thus, changes in AR levels after lapatinib treatment were the same in both lapatinib-

sensitive (EBP1 silenced) and resistant (EBP1 expressing) cell lines.

Discussion

The ErbB family of tyrosine kinases has been implicated in the progression of prostate 

cancer. However, the clinical response to ErbB-directed therapies such as pertuzumab [32] 

and lapatinib [7] has been disappointing. Thus, there is a need for a better understanding of 

the factors that contribute to the response to ErbB-directed therapies in prostate cancer. We 

have previously demonstrated that the ErbB3-binding protein EBP1 represses AR activity 

[33], decreases transcription of AR [14], and lowers steady-state levels of AR mRNA [17]. 

EBP1 also regulates ErbB2 levels via transcriptional and post-transcriptional mechanisms 

[20]. The activity of EBP1 is regulated by the ErbB3 ligand HRG [17, 34] placing it in a 

downstream ErbB2/3 pathway. Thus, we postulated that EBP1 may be involved in the 

cellular response to lapatinib via its ability to mediate signals from the ErbB2/3 heterodimer 

to AR, ultimately resulting in changes in cell growth. We demonstrate in this paper that the 
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response to lapatinib is associated with EBP1 expression. The effects of EBP1 on lapatinib 

response appear to be mediated in part by changes in expression of ErbB2 and HRG.

We first demonstrated that the sensitivity to lapatinib in a series of androgen receptor-

expressing prostate cancer cell lines inversely correlated with endogenous EBP1 expression. 

To provide a more mechanistic basis for this effect, we silenced EBP1 expression and found 

that this resulted in increased sensitivity to lapatinib. Conversely, transfection of EBP1 into 

cells that express low endogenous EBP1 levels resulted in decreased responsiveness to 

lapatinib. We postulated that the increased sensitivity of C13 EBP1-silenced cells or cells 

which express low endogenous levels of EBP1 (C4-2B, C81) may be due to the increased 

reliance on a HRG-driven pathway for cell proliferation. We [15] and others [35] have 

previously shown that HRG inhibits growth of LNCaP parental cells. Suppression of EBP1 

expression in these cells results in HRG enhancing cell growth [15]. Similarly, 

overexpression of EBP1 in C81 and C4-2B cells which express low endogenous levels of 

EBP1 results in HRG decreasing, rather than increasing, cell growth [15] (Suppl. Fig. 3). 

Thus, ablation of EBP1 results in HRG promoting growth, making cells vulnerable to 

lapatinib.

As there are complex interactions between AR and ErbB signaling, we further examined the 

effects of androgens on the differential response to lapatinib. We first found that androgen 

withdrawal resulted in increased sensitivity of androgen-dependent LNCaP cells (A16) to 

lapatinib. Withdrawal of androgens also resulted in increased lapatinib sensitivity in the 

EBP1-transfected cell lines, which have become more androgen dependent [15]. Similarly, 

Chen et al. [26] showed that androgen-dependent LNCaP cells do not respond to ErbB 

inhibitors in the presence of androgens. Androgen withdrawal results in enhanced sensitivity 

to a combination of ErbB1 and 2 inhibitors, similar to what we observed for more hormone-

dependent A16, C4-2B EBP1, and C81 EBP1 cells. Interestingly, in our study, androgen 

withdrawal resulted in increased ErbB2 levels in hormone-dependent cells as has been 

previously noted [24, 25]. Chen et al. [26] postulated cells become vulnerable to ErbB 

inhibition after androgen withdrawal due to increased expression of ErbB2. Androgen 

withdrawal did not affect lapatinib sensitivity of vector control hormone-independent C81 

and C4-2B cells in our study. Similarly, withdrawal of androgens had no effect on the 

responsiveness of androgen-insensitive cells to dual ErbB inhibitors in earlier studies [4, 

26].

One obvious cause for the greater sensitivity to lapatinib would be the increased expression 

of ErbB2 observed when EBP1 is silenced. In the present study, silencing EBP1 resulted in 

increased expression of ErbB2. We have found that in breast cancer cells, EBP1 

downregulates ErbB2 levels via both transcriptional [20] and post-translational [21] 

mechanisms. However, transfection of ERBB2 alone did not enhance the sensitivity of A16 

cells, which express low levels of ErbB2, to lapatinib. In addition, we found that 

endogenous ErbB2 expression did not correlate with lapatinib sensitivity in a series of AR-

expressing prostate cancer cell lines (Suppl. Fig. 4). Thus, the increased expression of ErbB2 

might be necessary but not sufficient to cause the increase in lapatinib sensitivity in the 

absence of EBP1. Lapatinib sensitivity has also been correlated with decreases in ErbB2 

levels in response to lapatinib treatment [28]. However, lapatinib treatment in our study 
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generally resulted in a more robust increase in ErbB2 levels in lapatinib-sensitive cell lines 

expressing low levels of EBP1 as compared with lapatinib-resistant cells. Thus, EBP1 

appears to prevent the increase in ErbB2 observed when cells were treated with lapatinib. 

Lapatinib also targets the EGFR tyrosine kinase, but EBP1 expression has no effect on 

EGFR levels or kinase activation [30, 34]. In addition, EBP1 does not physically interact 

with EGFR [34].

We also examined the expression and phosphorylation status of ErbB3 as basal 

phosphorylation of ErbB3 is associated with increased sensitivity to ErbB2-directed 

inhibitors [29]. We did not find any differences in either total ErbB3 levels, basal ErbB3 

phosphorylation, or the tyrosine phosphorylation of ErbB3 in response to HRG in cells with 

varying levels of EBP1 expression. However, EBP1 decreases ErbB3 function [35]. If active 

ErbB3 is needed for lapatinib sensitivity, EBP1-induced decreases in ErbB3 activity might 

result in increased resistance. In keeping with the possibility that EBP1 prevents 

downstream signaling, we have previously shown that silencing EBP1 results in activation 

of AKT in LNCaP cells, while overexpressing EBP1 in C81 cells decreases AKT activity 

[15]. Thus, in our study, lapatinib sensitivity was increased under circumstances where AKT 

was activated. This is in contrast to findings indicating sensitivity of prostate cancer cells to 

lapatinib was associated with decreased activity of the AKT pathway [36]. However, 

inhibition of AKT has been shown to result in increased AR activity leading to cell survival 

[37]. It is possible that increased reliance of EBP1-silenced cells on AKT signaling makes 

them more vulnerable to ErbB2-directed drugs.

We also interrogated whether lapatinib sensitivity was associated with increased production 

of the ErbB3/4 ligand HRG. Wilson et al. [29] demonstrated that sensitivity of a large panel 

of human cancer cell lines derived from multiple tissue types was related to neuregulin 

(HRG) secretion which drove an ErbB3-regulated pathway. They suggested that a subset of 

cancer patients which do not have amplification of the ERBB2 gene may still benefit from 

ErbB-directed therapies. In contrast, they found in other cases that addition of ligands such 

as HRG resulted in increased resistance to ErbB2-directed therapies [38]. We found that low 

levels of EBP1 were associated with increased expression of secreted HRG and lapatinib 

sensitivity. As EBP1 has been shown to be a transcriptional repressor for a number of genes 

[39–41], future studies should determine EBP1’s effect on HRG transcription. One caveat 

was that basal ErbB3 phosphorylation was not observed in EBP1-silenced cells, suggesting 

that the levels of secreted HRG were too low to increase phosphorylation of the receptor or 

that the secreted HRG may have been inactivated by post-translational modification such as 

nitration [42].

Due to the importance of AR in prostate cancer cell growth and the ability of EBP1 to affect 

AR expression [14], we questioned whether lapatinib differentially affected AR expression 

in cells with varying expression of EBP1. Increased expression of AR has been associated 

with a decreased sensitivity to ErbB1/2 inhibitors [26]. We found that lapatinib increased 

AR expression in both A16 and C13 and C81V and C81 EBP1-transfected cells in the 

presence of androgens. This was somewhat surprising as ErbB2 can stimulate AR 

transcription in LNCaP cells [43] and inhibition of ErbB2 kinase activity by lapatinib has 

been found to increase AR levels. However, ErbB2 kinase activity has been demonstrated to 
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destabilize AR mRNA [13] and lapatinib enhances levels of endogenous AR expression. 

Therefore, in our studies, ErbB2-mediated destabilization of AR mRNA in androgen-

containing media may have been more important for maintenance of AR protein levels than 

ErbB2 activation of AR transcription. In contrast, lapatinib decreased AR levels in both 

C13, A16, and C81V cells in the absence of androgens. Thus, cells may be more dependent 

on the ErbB2 transcriptional activation of AR in the absence of androgen. However, overall 

changes in AR levels after lapatinib treatment exhibited a similar pattern in lapatinib-

sensitive cells with low levels of EBP1 expression and lapatinib-resistant cells with higher 

levels of EBP1 expression.

In conclusion, EBP1 expression affects the sensitivity of prostate cancer cells to lapatinib. In 

the presence of EBP1, AKT activity and ErbB2 expression are decreased and HRG 

decreases cellular proliferation. This is associated with lapatinib resistance. In the absence of 

EBP1, AKT activity and ErbB2 expression are increased and HRG promotes growth. This is 

associated with lapatinib sensitivity. Thus, our results suggest that this increased sensitivity 

to lapatinib may be due to EBP1-modulated changes that result in a greater reliance on ErbB 

signal transduction pathways. We suggest that prostate cancer cells with low expression of 

EBP1 may be more vulnerable to ErbB-directed therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Relationship between EBP1 expression and lapatinib sensitivity. a Lysates of 

logarithmically growing prostate cancer cell lines were collected and analyzed by Western 

blotting with antibodies to EBP1 or GAPDH as indicated. ND not detected. The numbers 

below the blots indicate the relative densities of EBP1 normalized to GAPDH. b The 

indicated cell lines were treated with lapatinib at concentrations varying from 0.5 to 8.0 μM 

in androgen-containing media. Cell number was determined 5 days later as described in the 

“Materials and Methods” section. IC50 values were calculated using Prism software. IC50 

values from three independent experiments for each cell line were averaged. Bars represent 

mean ± SEM
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Fig. 2. 
Effect of EBP1 expression on lapatinib sensitivity in androgen-containing and androgen-

depleted conditions. Cells were treated with lapatinib at the indicated concentrations in 

either androgen-containing (+And, left panel) or androgen-depleted (−And, right panel) 

media. Cell number was determined 5 days later as described in the “Materials and 

Methods” section. Each data point represents the Mean ± SD of 6 wells. Similar results were 

observed in two independent experiments. A16 and C13 cells are LNCaP derivatives in 

which EBP1 is expressed (A16) or silenced (C13). The EBP1 overexpressing (E) and vector 

control (V) C4-2B and C81 cells are indicated. Insets indicate EBP1 expression as 

determined by Western blotting using EBP1 (LNCaP and C81) or GFP (C4-2B) and 

GAPDH antibodies as indicated. *p < 0.05; **p < 0.01 EBP1-silenced or EBP1-transfected 

cells versus vector control cells
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Fig. 3. 
Changes in ErbB2 levels in EBP1-silenced and overexpressing cells and relationship to 

response to lapatinib. a Expression of ErbB2 in EBP1-silenced or overexpressing cells. 

Lysates of logarithmically growing C13 or A16 cells, C81 vector control or EBP1-

overexpressing cells and C4-2B vector (C4V) or EBP1-transfected (C4E) cells were 

immunoblotted for ErbB2 or GAPDH as indicated. Representative of 3 experiments. The 

numbers below the blots indicate the relative densities of ErbB2 and AR normalized to 

GAPDH. b Effects of ErbB2 levels on the response to lapatinib. A16 cells were transfected 

with ErbB2. Growth was assessed 4 days later using a Promega Cell Proliferation assay as 

described in the “Materials and Methods” section. Each data point represents the Mean ± SD 

of 6 wells. Representative of two experiments. Inset Western blot for ErbB2 expression. c, d 
A16 and C13 (c) and C81V and C81E (d) cells were grown in androgen-depleted media for 

3 days. R1881 (10−9) M and lapatinib (1 μM) were added as indicated 24 h prior to 

harvesting cells. Western blotting was performed for ErbB2 and GAPDH as shown. 

Representative of 3 experiments. The numbers below the blots indicate the relative densities 

of ErbB2 normalized to GAPDH. The value of each untreated cell line was set at 1
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Fig. 4. 
Effects of EBP1 expression on ErbB3 levels and phosphorylation of ErbB3 in response to 

HRG. a A16 and C13 cells b C81 vector control or EBP1-transfected cells and c C4-2B 

vector control and GFP-EBP1-transfected cells were serum starved overnight and then 

treated with HRG (20 ng/ml) for 1 hour. Cell lysates were immunoblotted with antibodies to 

phospho ErbB3, total ErbB3, and GAPDH as indicated

Awasthi et al. Page 16

Mol Cell Biochem. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Effects of EBP1 expression on ErbB3 levels after lapatinib treatment. A16 and C13 (a) and 

C81V and C81E (b) cells were grown in androgen-depleted media for 3 days. R1881 (10−9) 

M and lapatinib (1 μM) were added as indicated 24 h prior to harvesting cells. Western 

blotting was performed for ErbB3 and GAPDH as indicated. Representative of 2 

experiments. The numbers below the blots indicate the relative densities of ErbB3 

normalized to GAPDH. The value of each untreated cell line was set at 1
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Fig. 6. 
Effect of EBP1 expression on secreted levels of HRG. The levels of HRG in conditioned 

media of A16 (control) and C13 (EBP1 silenced) and EBP1 or vector control-transfected 

C4-2B (C4E, C4V) and C81 (C81E, C81V) cells were measured by ELISA as described in 

the “Materials and Methods” section. The results represent the average of three independent 

experiments. #p < 0.01 compared to untreated control *p < 0.05 compared to untreated 

control
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Fig. 7. 
Effect of EBP1 and lapatinib on AR expression. A16 and C13 cells (a) or C81V and C81 

EBP1 cells (b) were grown in androgen-depleted media for 3 days. R1881(10−9 M) and 

lapatinib (1 μM) were added 24 h prior to harvesting cells. Western blotting was performed 

for AR and GAPDH as indicated. Representative of 3 experiments. The numbers below the 

blots indicate the relative densities of AR normalized to GAPDH. The value of each 

untreated cell line was set at 1
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Table 1

IC50 concentrations of lapatinib in the presence and absence of androgens

Cell line +And −And

A16 11.3 9.7

C13 6.5 6.9

C4-2B vector 4.0 4.0

C4-2B EBP1 8 6.1

C81 vector 6.7 5.4

C81 EBP1 11 7.8
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