
Receptors & Clinical Investigation 2015; 2: e703. doi: 10.14800/rci.703; © 2015 by Ping Fan, et al. 

http://www.smartscitech.com/index.php/rci 
 

Page 1 of 5 
 

 

 

 

The function of membrane-associated molecules in acquired 

resistance to antiestrogens in breast cancer 
 

Ping Fan, V. Craig Jordan 

 
Department of Breast Medical Oncology, MD Anderson Cancer Center, Houston, Texas 77030 

 

Correspondence: Ping Fan 

E-mail: pfan@mdanderson.org or njfan71@gmail.com 

Received: March 09, 2015 

Published online: April 29, 2015 

 

 

Long-term clinical adjuvant antihormone therapy for breast cancer has significantly improved survival of 

estrogen receptor (ER)-positive breast cancer patients, but acquired resistance to antiestrogens is a major 

challenge in clinic. The evolution of acquired resistance to selective estrogen receptor modulators (SERMs) is 

unique because the growth of resistant tumors is dependent on SERMs. Thus, it appears that acquired resistance 

to SERMs is initially able to utilize either estrogen (E2) or a SERM as the growth stimulus in the ER-positive 

SERM-resistant breast tumors. However, no mechanism has been established to explain this paradox. Our newly 

established cell model MCF-7: PF, for the first time, replicates Phase I acquired resistance to SERMs in vitro. 

The cells are stimulated to grow robustly with E2 and SERMs through the ER which is confirmed by the 

evidence that pure antiestrogen ICI 182,780 (ICI) completely blocks the stimulation induced by E2 or SERMs. In 

contrast to E2 that activates classical ER-target genes, SERMs continue to function as effective antiestrogens to 

inhibit classical ER-target genes, even at the time of growth stimulation. A significant alteration of ER function 

observed in SERM-resistant cells is the enhancement of the non-genomic pathway of ER and the activation of 

multiple membrane function-associated molecules including focal adhesion molecules and adapter proteins to 

further increase phosphorylation of insulin-like growth factor-1 receptor (IGF-1R). Inhibition of 

membrane-associated signaling, IGF-1R and focal adhesion kinase (FAK), completely abolishes 

4-OHT-stimulated cell growth. Overall, the constant nuclear pressure causes broad activation of 

membrane-associated signaling to aid breast cancer cell survival during the selection process required for 

acquired SERM resistance. The targeting of these membrane function-associated pathways and seeking new 

unanticipated combination therapies may have further clinical potential to decipher and treat 

endocrine-resistant breast cancer. 
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Introduction 

The development of acquired resistance to SERMs 

treatment was discovered using MCF-7 tumors transplanted 

in athymic mice to mimic years of adjuvant treatment in 

patients [1-3]. Long-term therapy generates selection pressure 

for cell populations that evolve from acquired SERM 

resistance, ubiquitously observed in metastatic breast cancer, 

to eventually expose a vulnerability that is expressed as 

E2-induced apoptosis [3-5]. Laboratory observations further 

show that three phases of acquired SERM-resistance exist 

(Figure 1), which depend on the length of SERMs exposure 
[4, 6, 7]. Tumors with phase I resistance are stimulated by E2 

and SERMs, but inhibited by aromatase inhibitors (AIs) and 
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fulvestrant; tumors with phase II resistance are stimulated by 

SERMs, but are inhibited by E2 due to apoptosis; tumors 

with phase III resistance grow autonomously regardless of 

SERMs, but are inhibited by E2 with apoptosis [4, 6, 7]. The 

cell populations are clearly being modulated over years of 

therapy so that those cells that can adapt and grow in new 

environment [4, 6, 7]. Understanding this process provides an 

opportunity to save more lives. We will focus on the recent 

progress in the discovery of SERM-stimulated growth in 

phase I acquired resistance. 

SERMs consistently inhibit the function of nuclear ER 

The finding that the c-Src tyrosine kinase activity is 

increased in long-term E2-deprived MCF-7:5C cells [8] and 

inhibition of c-Src in short-term (7 days) experiments will 

reversibly block E2-induced apoptosis [8, 9], created an 

opportunity to determine what long-term inhibition of c-Src 

in the presence of E2 would do to the biological properties of 

the cell populations [10]. A two month period of selection 

pressure was chosen, as this is the time period used clinically 

to evaluate tumor response to therapy [10]. The cell 

populations (MCF-7: PF) that grow out under the pressure of 

E2 plus the c-Src inhibitor is particularly interesting as, for 

the first time, it replicates phase I acquired resistance to 

SERMs in vitro [10, 11]. Our recent publication “A molecular 

model for the mechanism of acquired tamoxifen resistance in 

breast cancer” [11] demonstrates that MCF-7: PF cells grow 

robustly with E2 but also SERMs will stimulate growth in 

vitro based on their individual intrinsic estrogenic efficacy as 

partial agonists [11]. Further investigation suggests that ER is 

a major driver of growth utilized by both E2 and SERMs in 

resistant models in vivo [1, 3] and in vitro [11]. The finding in 

laboratory model is consistent with the clinical observation 

that aromatase inhibitors (AIs) or fulvestrant (ICI) are 

equally effective in the treatment of acquired tamoxifen 

resistant patients [12, 13]. It therefore appears that ER remains 

fully functional in the acquired tamoxifen resistance. In 

support with these findings, global gene expression 

microarray in back-to-back article reveals a remarkable 

overlap in genes deregulated in the same direction by E2 and 

4-OHT in MCF-7: PF cells [14].  The deregulation of these 

genes by E2 or 4-OHT is able to be blocked by the pure 

antiestrogen ICI [14]. In contrast to E2 that activates classical 

ER-target genes, SERMs continue to act as effective 

antiestrogens to inhibit classical ER-target genes, even at the 

time of growth stimulation [11, 14]. This result is supported by 

our previous finding in vivo [15] that growth of tamoxifen or 

fulvestrant resistant tumors does not rely on classical ER 

transcriptional pathways, which is evidenced by suppression 

of E2-responsive genes [15]. Other groups have reported 

similar observations with tamoxifen suppressing classical 

ERE-regulated genes despite acquired resistance in vitro [16] 

or in vivo [17].  

SERMs increase the non-genomic activity of ER and 

activate membrane function-associated molecules 

A significant alteration of ER function observed in 

SERM-resistant cells is the enhancement of the non-genomic 

pathway of ER [11] which results in the activation of multiple 

membrane function-associated molecules including focal 

adhesion molecules, adapter proteins, and growth factor 

receptor [11]. In addition, the well known focal adhesion 

molecules FAK and p130CAS are activated by 4-OHT which 

participate in the non-genomic pathway of ER [11, 18]. Our 

pathway enrichment analysis also reveals a significant 

enrichment in a variety of genes associated with actin 

cytoskeleton remodeling, adaptor proteins, and other 

membrane-related functions activated by 4-OHT or E2 in 

MCF-7: PF cells [14]. For example, both E2 and 4-OHT 

up-regulated EH-domain containing 2 (EHD2) [14, 19], four 

and a half LIM domains 2 (FHL2) [14, 20], homer homolog 3 

(HOMER3) [14, 21], and Ras homolog family member F 

(RHOF) [14, 22]. EHD2 is found to regulate trafficking from 

the plasma membrane by controlling Rho GTPases activity 
[19]. EHD proteins also have the capacity to associate with 

phospholipids in plasma membrane [23, 24] and form 

complexes with IGF-1R to regulate downstream Akt 

pathway [25]. The LIM domain protein, FHL2, interacts with 

filamin A to remodel the cytoskeleton and acts as a novel 

coactivator in regulating target genes [20]. HOMER3 is a 

cytoplasmic scaffolding protein, which mediates 

protein-protein interactions [21]. RHOF, belonging to the Rho 

family GTPases, has a critical role in controlling the 

formation of filopodia [22]. It is unclear the biological 
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Figure 1. The development of acquired resistance to SERMs 
after long-term therapy. Phase I acquired resistance develops after 
a year or two of therapy of estrogen receptor (ER)-positive 

metastatic breast cancer. Phase II acquired resistance occurs after 5 
years of SERM treatment in the laboratory or potentially as occult 
disease during 5 years adjuvant tamoxifen therapy. Phase III 
acquired resistance potentially develops after indefinite therapy for 
ER positive breast cancer [4, 7]. Reprint with permission [7]. 
 



Receptors & Clinical Investigation 2015; 2: e703. doi: 10.14800/rci.703; © 2015 by Ping Fan, et al. 

http://www.smartscitech.com/index.php/rci 
 

Page 3 of 5 
 

functions of these molecules in SERM-resistant model. 

Inhibition of tyrosine kinase activities of IGF-1R or c-Src is 

able to modulation the expression of these molecules [14], 

demonstrating functional interactions exist among these 

membrane function-associated molecules and growth 

pathways [14]. Quite interestingly, in contrast to the 

overlapping gene regulation by E2 or 4-OHT in MCF-7:PF 

cells [14], the gene regulation pattern of 4-OHT is distinct 

from that of E2 in wild-type MCF-7 cells [14], in which 

4-OHT acts primarily to antagonize these membrane 

function-associated molecules [14]. These findings suggest 

that the constant nuclear pressure by SERMs causes broad 

activation of membrane-associated signaling to aid breast 

cancer cell survival and creates new surviving cell 

populations during the selection process required for 

acquired SERM resistance. 

SERMs increase the crosstalk between ER and 

membrane function-associated molecules including 

growth factor receptors 

As mentioned above, SERMs widely activate 

membrane-associated molecules for the adaption to the 

nuclear ER suppression to promote cell growth. It is well 

known that cytoplasmic adapter proteins have the capacity to 

provide docking sites for the redistribution of a low 

percentage of ER [26] that functionally associates with the cell 

membrane, and facilitate the crosstalk between the ER and 

growth factor receptors [26, 27]. Accumulating evidence has 

suggested that growth factor receptors, such as epidermal 

growth factor receptor (EGFR) [27], IGF-1R [11, 28, 29], and 

HER-2 [30] are implicated in acquired SERM resistance, but 

its precise contributions are not well understood. In our 

SERM-resistant cell model, levels of IGF-1R are increased 

by E2 in an ER-dependent manner [10, 11]. In other aspect, 

IGF-1R cross talks with membrane-associated ER [11] and 

regulates cell growth signaling pathways resulting in 

progressive tumor growth [31]. In contrast, 4-OHT functions 

as an antiestrogen to suppress the gene expression of IGF-1R 

to reduce the amount of receptor [11]. Interestingly, 4-OHT is 

able to simultaneously enhance the non-genomic activity of 

ER and activates focal adhesion molecules to increase 

phosphorylation of IGF-1R [11, 32]. Our observations precisely 

define the mechanisms underlying the paradoxical finding in 

vivo that acquired resistance to tamoxifen is associated with 

lower levels of total IGF-1R [11, 17, 28, 33] but keep [33] or gain 
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Figure 2. Signal transduction pathways in tamoxifen-resistant model. Estrogen (E2) and 

tamoxifen (TAM) have differential functions on nuclear estrogen receptor (ER). E2 activates classical 
ER-target genes but TAM functions to block gene activation. Both E2 and TAM increase the 
non-genomic activity of ER through membrane-associated molecules, such as extracellular matrix 
(ECM), c-Src, insulin-like growth factor-1 receptor beta (IGF-1Rβ), and focal adhesion kinase (FAK) 
to enhance downstream signaling cascades. Reprint with permission [11]. 
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of phosphorylated IGF-1R [11, 17, 28]. Together, these results 

demonstrate that 4-OHT exerts distinct functions on nuclear 

ER and membrane-associated ER, which differentially 

affects the function of IGF-1R. Cross-talk between 

membrane-associated ER and IGF-1R appears to reinforce 

one another to stimulate breast cancer cell growth [11]. 

Similar observations have shown that the non-genomic 

activity of ER is enhanced by tamoxifen which facilitates the 

association with growth factor receptors, HER2 or EGFR to 

promote cell growth [27, 30]. The ER and growth factor 

receptors are two major growth pathways to promote breast 

cancer cell growth through their own receptors or via cross 

talk with each other [27, 30, 34]. Evidence has demonstrated that 

adapter protein c-Src is a crucial molecule to mediate the 

crosstalk between ER and growth factor receptors [27]. More 

data have shown that c-Src is activated and promotes cellular 

capacity of invasion and motility in acquired tamoxifen 

resistant models [35, 36]. These observations demonstrate that 

multiple membrane function-associated molecules including 

IGF-1R and membrane-associated ER are tightly linked to 

subvert long-term nuclear suppression by SERMs (Figure 2).  

Challenges and conclusions 

All together, over the past four decades, long-term 

tamoxifen treatment has significantly improved the 

survivorship of the ER-positive breast cancer patients [37, 38]. 

Although extensive studies have advanced the understanding 

of the mechanisms underlying acquired SERM-resistance, 

acquired resistance to SERMs is not one-dimensional with a 

simple solution. Resistant cell populations are in constant 

evolution depending upon selection pressure and the 

availability of growth stimuli that enhances population 

plasticity and survival of new clones [7]. Breast cancer cells 

have the potential to integrally modulate a variety of 

membrane-associated molecules to subvert long-term nuclear 

pressure exerted by SERMs (Figure 2). This results in the 

promotion of cell growth. These functional alterations lead to 

acquired SERM resistance. As a result, the strategic 

definition of molecular mechanisms driving the development 

of endocrine resistance is an important and proactive first 

step to improve therapy. How to prioritize and advance 

individualized treatment is another challenge to improve the 

therapeutic efficacy of antihormone therapy [39]. 

Conflicting interests  

  The authors have declared that no competing interests 

exist. 

Acknowledgement  

VCJ is supported by the Department of Defense Breast 

Program under Award number W81XWH-06-1-0590 Center 

of Excellence; subcontract under the SU2C (AACR) Grant 

number SU2C-AACR-DT0409; the Susan G Komen For The 

Cure Foundation under Award number SAC100009; The 

views and opinions of the author(s) do not reflect those of the 

US Army or the Department of Defense. 

References 

1. Gottardis MM, Jordan VC. Development of tamoxifen-stimulated 

growth of MCF-7 tumors in athymic mice after long-term 

antiestrogen administration. Cancer Res 1988;48:5183-5187. 

2. Gottardis MM, Wagner RJ, Borden EC, Jordan VC. Differential 

ability of antiestrogens to stimulate breast cancer cell (MCF-7) 

growth in vivo and in vitro. Cancer Res 1989;49:4765-4769. 

3. Yao K, Lee ES, Bentrem DJ, et al. Antitumor action of 

physiological estradiol on tamoxifen-stimulated breast tumors 

grown in athymic mice. Clin Cancer Res 2000;6:2028-2036. 

4. Jordan VC. The 38th David A. Karnofsky lecture: the paradoxical 

actions of estrogen in breast cancer--survival or death? J Clin 

Oncol 2008;26:3073-3082. 

5. Ariazi EA, Cunliffe HE, Lewis-Wambi JS, Slifker MJ, Willis AL, 

Ramos P, et al. Estrogen induces apoptosis in estrogen 

deprivation-resistant breast cancer through stress responses as 

identified by global gene expression across time. Proc Natl Acad 

Sci U S A 2011;108:18879-18886. 

6. Jordan VC. Selective estrogen receptor modulation: concept and 

consequences in cancer. Cancer Cell 2004;5:207-213. 

7. Fan P, Jordan VC. Acquired resistance to selective estrogen 

receptor modulators (SERMs) in clinical practice (tamoxifen & 

raloxifene) by selection pressure in breast cancer cell populations. 

Steroids 2014;90:44-52. 

8. Fan P, Griffith OL, Agboke FA, Anur P, Zou X, McDaniel RE, et 

al. c-Src modulates estrogen-induced stress and apoptosis in 

estrogen-deprived breast cancer cells. Cancer Res 

2013;73:4510-4520. 

9. Fan P, McDaniel RE, Kim HR, Clagett D, Haddad B, Jordan VC. 

Modulating therapeutic effects of the c-Src inhibitor via oestrogen 

receptor and human epidermal growth factor receptor 2 in breast 

cancer cell lines. Eur J Cancer 2012;48:3488-3498.  

10. Fan P, Agboke FA, McDaniel RE, Sweeney EE, Zou X, Creswell 

K, et al. Inhibition of c-Src blocks oestrogen-induced apoptosis 

and restores oestrogen-stimulated growth in long-term 

oestrogen-deprived breast cancer cells. Eur J Cancer 

2014;50:457-468.  

11. Fan P, Agboke FA, Cunliffe HE, Ramos P, Jordan VC. A 

molecular model for the mechanism of acquired tamoxifen 

resistance in breast cancer. Eur J Cancer 2014;50:2866-2876. 

12. Osborne CK, Pippen J, Jones SE, Parker LM, Ellis M, Come S, et 

al. Double-blind, randomized trial comparing the efficacy and 

tolerability of fulvestrant versus anastrozole in postmenopausal 

women with advanced breast cancer progressing on prior 

endocrine therapy: results of a North American trial. J Clin Oncol 

2002;20:3386-3395. 

13. Howell A, Robertson JF, Quaresma Albano J, Aschermannova A, 

Mauriac L, Kleeberg UR, et al. Fulvestrant, formerly ICI 182,780, 



Receptors & Clinical Investigation 2015; 2: e703. doi: 10.14800/rci.703; © 2015 by Ping Fan, et al. 

http://www.smartscitech.com/index.php/rci 
 

Page 5 of 5 
 

is as effective as anastrozole in postmenopausal women with 

advanced breast cancer progressing after prior endocrine 

treatment. J Clin Oncol 2002;20 :3396-3403. 

14. Fan P, Cunliffe HE, Griffith OL, Agboke FA, Ramos P, Gray JW, 

Jordan VC. Identification of gene regulation patterns underlying 

both E2- and tamoxifen-stimulated cell growth through global 

gene expression profiling in breast cancer cells. Eur J Cancer 

2014;50:2877-2886. 

15. Osipo C, Meeke K, Cheng D, Weichel A, Bertucci A, Liu H, et al. 

Role for HER2/neu and HER3 in fulvestrant-resistant breast 

cancer. Int J Oncol 2007;30:509-520. 

16. Hutcheson IR, Knowlden JM, Madden TA, Barrow D, Gee JM, 

Wakeling AE, et al. Oestrogen receptor-mediated modulation of 

the EGFR/MAPK pathway in tamoxifen-resistant MCF-7 cells. 

Breast Cancer Res Treat 2003;81:81-93. 

17. Massarweh S, Osborne CK, Creighton CJ, Qin L, Tsimelzon A, 

Huang S, et al. Tamoxifen resistance in breast tumors is driven by 

growth factor receptor signaling with repression of classic 

estrogen receptor genomic function. Cancer Res 2008;68:826-833. 

18. Riggins RB, Thomas KS, Ta HQ, Wen J, Davis RJ, Schuh NR, et 

al. Physical and functional interactions between Cas and c-Src 

induce tamoxifen resistance of breast cancer cells through 

pathways involving epidermal growth factor receptor and signal 

transducer and activator of transcription 5b. Cancer Res 

2006;66:7007-7015. 

19. Daumke O, Lundmark R, Vallis Y, Martens S, Butler PJ, 

McMahon HT. Architectural and mechanistic insights into an 

EHD ATPase involved in membrane remodelling. Nature 

2007;449:923-927. 

20. McGrath MJ, Binge LC, Sriratana A, Wang H, Robinson PA, 

Pook D,  et al. Regulation of the transcriptional coactivator 

FHL2 licenses activation of the androgen receptor in 

castrate-resistant prostate cancer. Cancer Res 2013;73:5066-5079.  

21. Brakeman PR, Lanahan AA, O'Brien R, Roche K, Barnes CA, 

Huganir RL,  et al. Homer: a protein that selectively binds 

metabotropic glutamate receptors. Nature 1997;386:284-288. 

22. Pellegrin S, Mellor H. The Rho family GTPase Rif induces 

filopodia through mDia2. Curr Biol 2005;15:129-133. 

23. Blume JJ, Halbach A, Behrendt D, Paulsson M, Plomann M. EHD 

proteins are associated with tubular and vesicular compartments 

and interact with specific phospholipids. Exp Cell Res 

2007;313:219-231. 

24. Simone LC, Caplan S, Naslavsky N. Role of phosphatidylinositol 

4,5-bisphosphate in regulating EHD2 plasma membrane 

localization. PLoS One 2013;8:e74519. 

25. Rotem-Yehudar R, Galperin E, Horowitz M. Association of 

insulin-like growth factor 1 receptor with EHD1 and SNAP29. J 

Biol Chem 2001;276:33054-33060. 

26. Song RX, Barnes CJ, Zhang Z, Bao Y, Kumar R, Santen RJ. The 

role of Shc and insulin-like growth factor 1 receptor in mediating 

the translocation of estrogen receptor alpha to the plasma 

membrane. Proc Natl Acad Sci USA 2004;101:2076-2081. 

27. Fan P, Wang J, Santen RJ, Yue W. Long-term treatment with 

tamoxifen facilitates translocation of estrogen receptor alpha out 

of the nucleus and enhances its interaction with EGFR in MCF-7 

breast cancer cells. Cancer Res 2007;67:1352-1360. 

28. Fagan DH, Uselman RR, Sachdev D, Yee D. Acquired resistance 

to tamoxifen is associated with loss of the type I insulin-like 

growth factor receptor: implications for breast cancer treatment. 

Cancer Res 2012;72:3372-3380.  

29. Knowlden JM, Hutcheson IR, Barrow D, Gee JM, Nicholson RI. 

Insulin-like growth factor-I receptor signaling in 

tamoxifen-resistant breast cancer: a supporting role to the 

epidermal growth factor receptor. Endocrinology 

2005;146:4609-4618. 

30. Shou J, Massarweh S, Osborne CK, Wakeling AE, Ali S, Weiss 

H, Schiff R. Mechanisms of tamoxifen resistance: increased 

estrogen receptor-HER2/neu cross-talk in ER/HER2-positive 

breast cancer. J Natl Cancer Inst  2004;96:926-935. 

31. Becker MA, Ibrahim YH, Cui X, Lee AV, Yee D. The IGF 

pathway regulates ERα through a S6K1-dependent mechanism in 

breast cancer cells. Mol Endocrinol 2011;25:516-528. 

32. Shin DH, Lee HJ, Min HY, Choi SP, Lee MS, Lee JW, et al. 

Combating resistance to anti-IGFR antibody by targeting the 

integrin β3-Src pathway. J Natl Cancer Inst 2013;105:1558-1570.  

33. Drury SC, Detre S, Leary A, Salter J, Reis-Filho J, Barbashina V, 

et al. Changes in breast cancer biomarkers in the IGF1R/PI3K 

pathway in recurrent breast cancer after tamoxifen treatment. 

Endocr Relat Cancer 2011;18:565-577. 

34. Nicholson RI, Gee JMW. Oestrogen and growth factor cross-talk 

and endocrine insensitivity and acquired resistance in breast 

cancer. Br J Cancer 2000;82:501-513. 

35. Hiscox S, Morgan L, Green TP, Barrow D, Gee J, Nicholson RI. 

Elevated Src activity promotes cellular invasion and motility in 

tamoxifen resistant breast cancer cells. Breast Cancer Res Treat 

2006; 97:263-274. 

36. Zhao Y, Planas-Silva MD. Mislocalizaion of cell-cell adhesion 

complexes in tamoxifen-resistant breast cancer cells with elevated 

c-Src tyrosine kinase activity. Cancer Lett 2009;275:204-212. 

37. Jordan VC. Tamoxifen: a most unlikely pioneering medicine. Nat 

Rev Drug Discov 2003;2: 205-213. 

38. Jordan VC, Obiorah I, Fan P, Kim HR, Ariazi E, Cunliffe H, et al. 

The St. Gallen Prize Lecture 2011: evolution of long-term 

adjuvant anti-hormone therapy: consequences and opportunities. 

Breast 2011;20:S1-11.  

39. Jordan VC. A century of deciphering the control mechanisms of 

sex steroid action in breast and prostate cancer: the origins of 

targeted therapy and chemoprevention. Cancer Res 2009;69: 

1243-1254. 


