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Abstract

To identify new pathways of estrogen action and novel estrogen receptor α (ERα) biomodulators, 

we performed high throughput screening and used follow on assays and bioinformatics to identify 

small molecule ERα inhibitors with a novel mode of action. These studies led to identification of 

rapid extranuclear activation of the endoplasmic reticulum stress sensor, the unfolded protein 

response (UPR), as a new pathway of estrogen-ERα action. Moreover, increasing evidence 

indicates that the mechanism underlying anticipatory activation of the UPR is shared among 

steroid and peptide hormones and is conserved from insects to humans. It is likely that this newly 

unveiled extranuclear pathway is used by diverse mitogenic hormones to prepare cells for the 

increased protein folding load that will occur during subsequent cell proliferation. Demonstrating 

biological relevance, elevated expression of a UPR gene signature in ERα positive breast cancer is 

a powerful new prognostic marker tightly correlated with subsequent resistance to tamoxifen, 

tumor recurrence and poor survival. In addition, overexpression of epidermal growth factor 

receptor and HER2/neu is positively correlated with increased UPR activation in breast cancer. 

This review describes recent research that demonstrates the importance of anticipatory UPR 

activation in therapy resistant tumors and discusses a promising small molecule biomodulator that 

inhibits tumor growth by tuning this UPR signaling pathway.
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1. Introduction

The endoplasmic reticulum (EnR) plays a key role in synthesis, folding and transport of 

nascent peptides. Protein maturation in the EnR is a critical step in normal cell function and 

in cell survival. Modest changes in the cellular environment, such as changes in the 

intracellular Ca2+ level in the lumen of the EnR, nutrient availability, redox state, or in the 

rate of protein synthesis, can cause accumulation of misfolded or unfolded proteins. The 

resulting EnR stress [1, 2] leads to activation of the EnR stress response pathway, the 

unfolded protein response (UPR). The UPR consists of three main branches that together 

balance the synthesis of new proteins with the availability of chaperones and other proteins 

to help fold and transport proteins within cells. EnR stress activates autophosphorylation of 

the transmembrane kinase PERK (protein kinase RNA-like endoplasmic reticulum kinase) 

[2, 3]. Activated p-PERK phosphorylates eukaryotic initiation factor 2α (eIF2α), resulting 

in transient inhibition of most protein synthesis and increased translation of p58IPK and 

GADD34. If the stress is moderate, the p58IPK binds PERK, inhibiting PERK activation, and 

the GADD34 dephosphorylates eIF2α. This ultimately reverses PERK activation and protein 

synthesis is restored [4, 5]. The other arms of the UPR initiate with activation of the 

transcription factor ATF6α, leading to increased protein folding capacity and activation of 

the splicing factor IRE1α, which alternatively splices the transcription factor XBP1, leading 

to production of active spliced XBP1 (sp-XBP1), increased protein folding capacity and 

altered mRNA decay and translation (Fig. 1) [1–3].

Diverse mitogenic hormones, acting via their respective receptors, stimulate cell 

proliferation and tumor growth [6–11]. Enhanced cell proliferation requires increased 

protein production, potentially leading to insufficient protein folding capacity and EnR 

stress. Although UPR activation has been described in multiple cancers [2, 12–15], until 

recently, it has not been a major research focus in hormone-dependent cancers. This review 

focuses on the pathophysiological importance of anticipatory UPR activation in hormone 

signaling as an early component of the cellular proliferation program and discusses the 

preclinical promises of targeting the UPR.

2. Steroid/peptide hormone activation of the UPR

Steroid and peptide hormones execute their biological functions through direct interaction 

with hormone-specific receptors [8, 9]. These include binding of mitogenic steroid 

hormones, 17β-estradiol (E2; estrogen), dihydrotestosterone (DHT; androgen) and ecdysone 

(Ec) to their respective nuclear receptors (ERα, AR and EcR) and of the peptide hormones 

epidermal growth factor (EGF) and vascular endothelial growth factor (VEGF) to their 

receptors (EGFR and VEGFR). Steroid hormones exert their molecular functions by 

regulating gene expression in the nucleus and cross-talking with diverse extranuclear signal 

transduction pathways. In the classical genomic action of steroid hormones, here illustrated 

using estrogen, estrogens bind to ERα; this results in receptor dimerization. Estrogen-ERα 
binds directly to genomic response elements and interacts with DNA indirectly through 

tethering to other proteins. This results in activation of a genomic program that alters the 

expression of thousands of genes and plays an important role in promoting the proliferation 

of ERα positive cancer cells [16–18].
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While the genomic actions of steroid hormones are initiated rapidly, they play out over many 

hours. A disparate set of rapid extranuclear actions of steroid receptors, often initiated at or 

near the plasma membrane, influence diverse cell functions and also play a pivotal role in 

modulating the receptors genomic program [19–21]. While much attention focused on rapid 

effects of steroid hormones on established signal transduction pathways, rapid effects of 

estrogen and other steroid hormones on activation of the UPR were largely unexplored. We 

recently showed that, within 1 minute, estrogens, acting via ERα, activate phospholipase C 

gamma (PLCγ), producing inositol triphosphate (IP3). The IP3 binds to and opens the EnR 

inositol triphosphate receptor (IP3R) calcium channels allowing rapid efflux of calcium from 

the lumen of the EnR into the cytosol (Fig. 1). This rapid calcium efflux activates the UPR, 

inducing chaperones (Fig. 1). Notably, inhibition or knockdown of pathway components 

strongly inhibits estrogen stimulated cell proliferation and nearly abolishes subsequent 

estrogen-ERα induction and repression of gene expression (Fig. 1) [22]. Moreover, analysis 

of data from approximately 1,000 ERα positive breast cancers shows that elevated 

expression of a UPR gene signature at diagnosis is a powerful new prognostic marker tightly 

correlated with subsequent resistance to tamoxifen, tumor recurrence and poor survival [22].

The well-studied oncogenic mitogen EGF, acting through EGF receptors, rapidly activates 

the ERK and AKT signaling pathways and alters gene expression. EGF-EGFR activation of 

these pathways promotes tumor growth and invasion, and is antiapoptotic [23–25]. Although 

EGF is a peptide hormone and EGFR is a plasma membrane receptor, EGF-EGFR and E2-

ERα share the same general pathway for rapid anticipatory activation of the UPR (Fig. 1; 

see Section 2 above) [26]. Activation of the anticipatory UPR pathway is a newly described 

action of EGF, and it facilitates EGF stimulated cell cycle progression in different ways [26]. 

We find that EGF-EGFR activation of the anticipatory UPR pathway is required for EGF 

induced immediate early gene expression. Notably, while blocking UPR activation abolishes 

EGF regulated immediate early gene expression, it has no effect on EGF activation of the 

ERK and AKT pathways. This indicates that at early times, the anticipatory UPR pathway 

and the ERK pathway are independent regulators, which converge at the level of gene 

expression [26]. EGF induced chaperone production also contribute to cell proliferation; 

knocking down the chaperone producing arms of the UPR inhibits EGF stimulated cell 

proliferation [26].

Tumor growth and metastasis depends on new growth in the vascular network [27]. In 

endothelial cells, vascular endothelial growth factor (VEGF), acting through VEGF 

receptors, promotes cell viability and angiogenesis, the formation of new blood vessels [27–

29]. Recently, anticipatory activation of the UPR has been identified as a new mode of action 

in VEGF signaling. In a notable difference between the estrogen and VEGF pathways, the 

activation mechanism is reported to be independent of the PLCγ-IP3-calcium pathway [30]. 

In the absence of EnR stresses, VEGF primes cells by activating the ATF6α and PERK arms 

of the UPR and anticipates the needs for subsequent VEGF-induced vascularization [30].

Prostate cancer is a leading cause of cancer in men. Androgens, such as testosterone and 

dihydrotestosterone (DHT), exert their biological functions through the androgen receptor 

and play a pivotal role in proliferation of prostate cancer [31, 32]. At early time points, DHT 

did not rapidly induce sp-XBP1 and BiP mRNA (Fig. 2). As a control, in the AR-positive 
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LNCaP and LAPC4 human prostate cancer cell lines, prostate-specific antigen (PSA), which 

is a classic DHT inducible gene, is rapidly and robustly induced (8 hours; Fig. 2). Thus, 

rapid UPR activation is not part of DHT signaling pathway. However, activation of the UPR 

was observed at later times (e.g. 24 to 48 hours) [33]. Together, these data suggest DHT may 

activate the UPR through a reactive UPR mechanism, in which UPR activation is stimulated 

by accumulation of misfolded and unfolded proteins as the cells proliferate, or through a 

nuclear gene expression program that induces UPR-related mRNAs. Although the exact 

molecular mechanism underlying DHT activation of the UPR requires further exploration, 

pharmacological inhibition of IRE1α significantly reduces prostate tumor growth [33]. This 

supports the biological significance of activation of the UPR pathway in prostate cancer 

progression.

The transformation of insects from larvae to adults is commonly known as metamorphosis. 

Neuronal remodeling is a crucial process for development of both vertebrates and 

invertebrates but is particularly critical for metamorphosis. During this process, axons and 

dendrites undergo a precisely controlled program of pruning via cell death followed by 

regrowth [34]. This remodeling of axons and dendrite events ultimately depends on the 

molecular function of Ec-EcR [34]. As a part of rapid extranuclear action of Ec-EcR, Ec 

regulates the cytosolic calcium level through a PLCγ-IP3-calcium dependent pathway, 

resulting in phosphorylation and activation of protein kinase C that modulates transcriptional 

activity of ultraspircle in the lepidopteran insect Helicoverpa armigera [35]. Depletion of 

PLCγ leads to metamorphosis defects and blocks induction of Ec regulated genes [35].

Although the mechanisms underlying anticipatory UPR activation vary among different 

hormone-mediated signaling pathways, an important consequence of anticipatory UPR 

activation is the induction of molecular chaperones that primes cells to mitigate damage due 

to future cell stress that may occur during proliferation, or under various physiological 

conditions. Activation of the UPR before the cellular stress and before the accumulation of 

unfolded protein is the key feature that distinguishes the anticipatory UPR pathway from the 

well-studied reactive UPR pathway.

3. The UPR acts as a double-edged sword to control cell fate

Anticipatory UPR activation is protective; deletion or inhibition of UPR components is an 

emerging therapeutic strategy that reduces tumor growth and increases susceptibility of 

cancer cells to therapeutic agents [33, 36, 37]. Recently, we described a novel strategy to 

target cancer cells, not by inhibiting the UPR, but by toxic hyperactivation of the UPR. 

Through high throughput screening follow on assays and bioinformatics, we identified a 

clinically promising small molecule ERα biomodulator, BHPI [38, 39]. BHPI binds non-

competitively to ERα and distorts and exaggerates the normal estrogen-ERα pathway for 

anticipatory activation of the UPR [39]. Comparing the cytotoxic actions of BHPI to the 

protective anticipatory activation of the UPR by estrogen, BHPI induces hyperactivation of 

PLCγ, which leads to greatly increased production of IP3 and a massive efflux of calcium 

stored in the lumen of EnR into the cytosol. Because of this massive release of calcium into 

the cytosol, the magnitude and duration of UPR activation by BHPI is much larger than what 

is seen with estrogens [22, 39]. This leads to strong activation of the PERK arm of the UPR, 
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resulting in extensive eIF2α phosphorylation and near quantitative inhibition of protein 

synthesis [39]. Cytosolic calcium levels are tightly regulated because high levels of calcium 

in the cytosol are toxic [40–43]. To maintain cellular calcium homeostasis, the cell activates 

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps, which catalyze ATP-dependent 

transfer of calcium from the cytosol into the lumen of the EnR [44–46]. Since the IP3R 

calcium channels are still open, the calcium pumped into the EnR leaks back out to cytosol 

creating a futile cycle that rapidly depletes cellular ATP. This ATP depletion results in 

increased AMP, which activates the metabolic sensor AMPK [39]. Together, high levels of 

cytosolic calcium and AMPK activation activate the Ca2+/calmodulin-dependent kinase, 

eukaryotic elongation factor 2 kinase (CAMKIII/eEF2K). This results in phosphorylation 

and inactivation of eukaryotic elongation factor 2 (eEF2), inhibiting protein synthesis at a 

second site [39, 47, 48]. Anticipatory UPR activation by estrogen is weak and transient 

because the induced expression of UPR molecular chaperones helps resolve UPR stress and 

ultimately reverses UPR activation [1, 4, 12]. In contrast, since BHPI blocks global protein 

synthesis including synthesis of UPR-induced molecular chaperones such as p58IPK, 

GADD34, and BiP, BHPI activation of UPR is unresolvable.

BHPI is exceptionally effective as a new preclinical anticancer drug. It works in ERα 
positive cancer cells that do not require estrogens or ERα for growth and also in cells that 

are therapy-resistant [39]. Importantly, at nanomolar concentrations, BHPI does not only 

stop cancer cell growth, but also kills many breast and endometrial cancer cell lines. In the 

mouse xenograft model of breast cancer in which BHPI treatment was initiated when tumors 

reached about 45 mm2, control and BHPI treated tumors were both continuously exposed to 

estrogen. BHPI, at the reasonable dose of 15 mg/kg daily for 10 days, rapidly stopped tumor 

growth and induced substantial regression of 48 out of 52 tumors [39]. Moreover, BHPI was 

well tolerated by the mice [39].

An intriguing question to ask is, since BHPI hyperactivates the UPR converting it from 

protective to toxic, why is BHPI not toxic to normal ERα positive cells? The UPR is nearly 

off in most normal cells. We hypothesize that since UPR expression is already elevated as 

part of the mechanism that protects cancer cells [39], it is actually easier for BHPI 

hyperactivation of the UPR to push the already activated UPR from cytoprotective to 

cytotoxic in a cancer cell than it is in a normal cell that starts with a much lower level of 

UPR activation.

In summary, BHPI is the first example of an ERα biomodulator that targets the UPR 

pathway and converts it from cytoprotective to cytotoxic.

4. Conclusion

Steroid and peptide hormones play key roles in normal cell physiology and in pathology. 

The ability to tolerate various cellular stresses is crucial for cell survival, especially in the 

tumor microenvironment. Anticipatory UPR activation is an emerging rapid extranuclear 

signaling pathway that is activated by different mitogenic hormones to resolve future cellular 

stresses. These rapid responses and early events can also lead to downstream genomic 

effects and are important in cross-talk, leading to reciprocal regulation of the nuclear and 
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extranuclear pathways. Identification of the players that communicate molecular messages, 

especially elevated intracellular calcium and increased chaperone levels from the UPR 

pathway to the nucleus is essential to understanding how the UPR pathway influences the 

gene regulation network. Moreover, disruption or strong enhancement of the UPR offers a 

new approach to cancer therapy and to overcoming resistance to current therapies.
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Abbreviations

AR androgen receptor

CAMKIII/eEF2K eukaryotic elongation factor 2 kinase

Ec ecdysone

EcR ecdysone receptor

EGF epidermal growth factor

EGFR epidermal growth factor receptor

eIF2α eukaryotic initiation factor 2 α

EnR endoplasmic reticulum

ERα estrogen receptor α

IP3 inositol triphosphate

IP3R inositol triphosphate receptor

PERK protein kinase RNA-like endoplasmic reticulum kinase

PLCγ phospholipase C gamma

SERCA sarco/endoplasmic reticulum Ca2+-ATPase

UPR unfolded protein response

VEGF vascular endothelial growth factor
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Fig. 1. 
Model for activation of the UPR by steroid or peptide hormones.
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Fig. 2. 
DHT does not induce rapid activation of the IRE1α and ATF6α arms of the UPR in prostate 

cancer cells. qRT-PCR time course comparing the effect of DHT on DHT-AR induction of 

spliced-XBP1 (sp-XBP1), BiP and prostate-specific antigen (PSA) in AR positive LNCaP 

and LAPC4 cells. The qRT-PCR procedures have been described previously [22, 39]. 

Briefly, the cells were plated in RPMI growth medium with 10% charcoal stripped fetal 

bovine serum for three days prior to treating the cells with 10 nM DHT at the indicated 

times. (n=3; 0 h set to 1). Data are mean ± s.e.m. ***P < 0.001.
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