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Abstract

We and others have proposed that coactivator binding inhibitors, which block the interaction of 

estrogen receptor and steroid receptor coactivators, may represent a potential class of new breast 

cancer therapeutics. The development of coactivator binding inhibitors has been limited, however, 

because many of the current molecules which are active in in vitro and biochemical assays are not 

active in cell-based assays. Our goal in this work was to prepare a coactivator binding inhibitor 

active in cellular models of breast cancer. To accomplish this, we used molecular dynamics 

simulations to convert a high-affinity stapled peptide with poor cell permeability into R4K1, a cell-

penetrating stapled peptide. R4K1 displays high binding affinity for estrogen receptor α, inhibits 

the formation of estrogen receptor/coactivator complexes, and distributes throughout the cell with 

a high percentage of nuclear localization. R4K1 represses native gene transcription mediated by 

estrogen receptor α and inhibits proliferation of estradiol-stimulated MCF-7 cells. Using RNA-

Seq, we demonstrate that almost all of the effects of R4K1 on global gene transcription are 

estrogen receptor-associated. This chemical probe provides a significant proof-of-concept for 

preparing cell-permeable stapled peptide inhibitors of the estrogen receptor/coactivator interaction.

Introduction

Approximately 75% of breast tumors are estrogen receptor (ER) positive, representing over 

170,000 new cases annually.[1] Patients with these tumors usually receive endocrine therapy, 

such as the selective ER modulator (SERM) tamoxifen to block ER activity and/or 

aromatase inhibitors to block estrogen production. By 10 years after diagnosis nearly 50% of 

ER+ tumors treated with endocrine therapy will relapse or recur [2, 3]. Of the ER+ tumors 

that recur following endocrine therapy, nearly 70% retain ER expression[4], but the function 

of ER has changed such that it no longer responds to endocrine therapies. Thus, effective 

treatment for women with resistant/recurrent ER+ cancer that has metastasized represents a 

major obstacle in the clinic.
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Because of its pathophysiological role in ER+ breast cancer, ERα is the target of many 

endocrine therapies, but it also regulates many physiological processes, including 

reproduction, proliferation, and development, among others.[5] Binding of estrogen 

agonists, like the native ligand 17β-estradiol (E2), to the ligand-binding domain induces 

folding of ERα into a conformation that allows the recruitment of coactivator proteins to 

activation function 2 when ER is bound to estrogen response elements, sequences of DNA 

within a gene promoter that bind to ER.[6] Coactivators, in turn, recruit other members of 

the basal transcription machinery, such as p300/CBP, and effect gene transcription. Selective 

estrogen receptor modulators, like 4-hydroxytamoxifen (the active metabolite of tamoxifen), 

oppose the action of 17β-estradiol in the breast by repressing many stimulated target genes. 

They do so by inducing a conformation of ERα that disfavors binding of coactivators and 

favors corepressors.[7, 8]

The most well-characterized coactivators are the steroid receptor coactivators (SRCs). These 

coactivators bind to ERα over two turns of an α-helix though an LXXLL motif, also known 

as a nuclear receptor box (NR-box).[9, 10] In addition to their effects at ERα, coactivators 

also regulate the activity of other transcription factors, including other members of the 

nuclear receptor superfamily. In particular, SRC3, also known as AIB1 (amplified in breast 

cancer 1), is upregulated in up to 60% of breast cancer cases[11] and is correlated with poor 

survival rates.

A mechanistic hypothesis in the breast cancer literature has been that directly blocking the 

ER/coactivator interaction may provide an alternative to antagonizing ER, and that this 

approach may be useful in treating ER+ breast cancers that have become refractory to 

current endocrine therapy.[12] A major limitation to testing this hypothesis has been in 

developing peptides and small molecules that are active in cellular models of ER+ breast 

cancer.[13–16] [17] With a notable exception, [18] many of the reported small molecule and 

peptide coactivator binding inhibitors show activity in in vitro assays of ER binding and 

activity but not in more advanced assays of native gene regulation or of ER+ breast cancer 

phenotypes.

A powerful method for blocking α-helical protein-protein interactions--like the ER/

coactivator interaction--employs “stapled” peptides, which are peptides that are constrained 

by linking sidechains through olefin metathesis[19]. Optimized by Verdine and 

coworkers[19], stapled peptides have been used to inhibit many different α-helical protein-

protein interactions[20–26]. Stapled peptides confer several benefits, including 

conformational stability, proteolytic stability, and, in some cases, cell permeability, [27] and 

they are being tested in the clinic for acute myeloid leukemia, peripheral T-cell lymphoma, 

and myelodysplastic syndrome (ClinicalTrials.gov ID: NCT02909972 and NCT02264613).

In this work, we used molecular dynamics simulations to design a cell-permeable stapled 

peptide, R4K1, that inhibits the ER/coactivator interaction in vitro with low nanomolar 

potency. R4K1 is taken up by breast cancer cells, blocks ERα-mediated gene transcription, 

and inhibits the proliferation of breast cancer cells. We also examine the effects of R4K1 on 

global gene transcription using RNA-Seq. R4K1 provides a significant proof-of-concept for 

preparing cell-permeable stapled peptide inhibitors of the ER/coactivator interaction.
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Results

Molecular dynamics-guided design of cell-permeable “stapled” peptide coactivator 
binding inhibitors

Because the LXXLL motif of coactivators occurs over two turns of an α-helix, stapled 

peptides provide a good starting point for developing ERα/coactivator binding inhibitors. 

Indeed, a group at Pfizer used the LXXLL motif to design stapled peptides with nanomolar 

affinity for ERα.[28] Unfortunately, there are no reports of cellular activity associated with 

the Pfizer peptides, and we found that several stapled peptides reported by us [29] and 

Phillips, et al.[28] were unable to decrease expression of native genes that are under the 

control of ERα (Figures S1 and S2). This finding may be explained by poor cell penetration 

(see microscopy studies below). Guided by this hypothesis, we set out to design a high-

affinity stapled peptide that would also show cell-permeability.

Chu et al. recently published a comprehensive study aimed at understanding cell penetration 

by stapled peptides. They found that stapled peptides with a formal charge of +5 at pH 7.5 

can display high levels of cellular uptake.[30] To replicate this approach, we examined our 

previously reported crystal structure of ERα bound to stapled peptide SRC2-SP4 (PDB: 

5DXE) to decide where to place additional charged residues. ERα contains four surface-

exposed aspartate/glutamate residues near the N-terminal region of the SRC2-SP4 binding 

site (Figure 1A). We reasoned that this region of ERα may provide electrostatic 

complementarity for positively charged residues of SRC2 because three of six residues 

preceding the SRC2-Box2 LXXLL motif are lysines (-KEKHKILHRLL-). Replacement of -

KEKHK- with -RRRRK- would generate an SRC stapled peptide with a +5 formal charge 

that mimics the structural motif of primary amphipathic cell penetrating peptides[31] and 

contains a variation of the putative nuclear localization signal sequence.[32]

To provide evidence of electrostatic complementarity, we carried out a total of 1.5 μs of 

molecular dynamics simulations of ERα bound to either SRC2-SP4 (magenta in Fig. 1A/1B) 

or a version of SRC2-SP4 that contains four Arg residues (R4K1, beige in Fig. 1A/1B). The 

percentage of time in each simulation that SRC2-SP4 (magenta) or R4K1 (beige) formed at 

least one H-bond with negatively charged residues Glu380, Asp538, Glu542, or Asp545 is 

shown (Figure 1D). In the simulations, R4K1 showed a statistically significant increase in 

the number of H-bonds formed at three of four residues, although the effect seemed to be 

most pronounced at residue Glu542, part of the so-called “charge clamp.”[7] While arginine 

residues were incorporated to increase cell permeability, these data suggested that they may 

also contribute to higher binding affinity.

R4K1 is taken up by cells

We hypothesized that inclusion of the Arg4 sequence should increase cell permeability. To 

examine this, we carried out confocal microscopy studies of fluorescein isothiocyanate 

(FITC)-labeled peptides. MCF-7 cells were treated with 10 nM estradiol and 15 μM FITC-

SRC-WT, FITC-SRC-SP, or FITC-R4K1 for 4, 8, and 24 hours, and confocal images were 

obtained. FITC-R4K1 was taken up more substantially by MCF-7 cells than either FITC-

SRC-WT or FITC-SRC-SP (Fig. 2, S3 and S4).
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At 24 hours FITC-R4K1 was fully distributed throughout the cell, with enhanced 

accumulation in nucleoli, similar to previously reported results (Supporting Information 

Figure S12). By comparing overlap of Hoechst stain and FITC-R4K1, we quantitated the 

percentage of nuclear volume containing FITC-R4K1 as 78 ± 2%. We also quantitated the 

cytoplasmic volume that contained FITC-R4K1 by comparing brightfield images to FITC 

images. According to this analysis, 89 ± 5.6% of the cytoplasmic area also contained R4K1. 

These data indicated that R4K1 was present in both nucleus and cytoplasm, so that it was 

available to bind either cytosolic- or nuclear-localized ER.

R4K1 binds tightly to estrogen receptor

In order to measure dissociation constants of SRC2-WT, SRC2-SP4 or R4K1 for ERα, we 

used a surface plasmon resonance (SPR) assay in which the ligand-binding domain of ERα 
was immobilized onto a CM5 chip. The Kd of R4K1 (19 nM) for ERα was 22-fold higher 

than that of SRC2-SP4 (420 nM) and 137-fold higher than the Kd of SRC2-WT (2600 nM) 

(Fig. 3). The only difference between the sequences of SRC2-SP4 and R4K1 were four 

additional arginines, implying that the enhanced binding affinity of R4K1 was mediated 

through the appended arginines, in agreement with the molecular dynamics simulations.

Stapled Peptides inhibit ER/SRC interaction

To provide evidence that the peptides would block the ER/coactivator interaction, we 

measured the ability of the peptides to block recruitment of a fluorescein-labeled SRC 

fragment to a terbium-labeled ERα ligand binding domain using time-resolved Förster 

resonance energy transfer (TR-FRET).[33] The IC50 value decreased from 1100 nM to 380 

nM as the ILXXLL motif of SRC2-WT (blue) was replaced by the S5LXXS5L motif of 

SRC2-SP4 (magenta, Fig. 4). The IC50 further decreased to 5.1 nM as the Arg sequence of 

R4K1 (beige) was appended. These data were in good agreement with the SPR assay and 

implied that the stapled peptides bind at the coactivator binding region and inhibit 

interaction of ER with coactivator.

Quantitation of Membrane Integrity after Treatment with R4K1

Appending positively charged residues onto a peptide is a commonly used procedure for 

enhancing uptake of peptides by cells;[34, 35] however, some groups have shown that 

incorporating many positively charged residues may lead to loss of membrane integrity.[36–

38] To guard against this possibility, we carried out lactate dehydrogenase release assays to 

determine safe concentrations to use in our cell-based experiments. In this assay, increased 

release of the cytoplasmic protein lactate dehydrogenase is indicative of membrane 

disruption and can be quantified relative to maximum lysis with sodium dodecylsulfate 

(SDS).

We carried out LDH release assays at one concentration (30 μM) after one-hour treatment of 

two ER+ breast cancer cell lines, MCF-7 and T47D, with peptides. None of the peptides 

showed release of LDH that was significantly different from vehicle (Supporting 

Information Figure S5).
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To guard against the potential for bias introduced by examining the conditions above, we 

measured lactate dehydrogenase release in a time vs. concentration vs. response mode. 

Specifically, we measured release of lactate dehydrogenase at four timepoints and at five 

concentrations (Figure 5). There was no significant lactate dehydrogenase release at 5, 10, 

and 15 μM, even at 24 hours. These data suggested that 15 μM R4K1, even at long time 

points, would not damage the membrane and would be a safe concentration to use to 

examine cellular effects of R4K1.

R4K1 inhibits transcription of ER-regulated, but not NFκB-regulated, native genes

Our central hypothesis was that blockade of coactivator recruitment with R4K1 should show 

repression of estradiol-mediated gene expression, similar to that of selective estrogen 

receptor modulators, like 4-hydroxytamoxifen. We further hypothesized that R4K1 would 

not show estrogenic activity.

We first carried out a screening assay to determine what anti-estrogenic benefit R4K1 might 

have over SRC2-WT or SRC2-SP4. We treated MCF-7 cells with 10 nM estradiol and 15 

μM SRC2-WT, SRC2-SP4, or R4K1 (Supporting Information Figure S6). For each of these 

treatment conditions, we measured transcript levels of five genes known to be stimulated by 

estradiol: PTGES, PR, PS2, EGR3, and IGFBP4. Treatment with estradiol showed 

upregulation of all genes. When cells were also treated with R4K1, all five genes showed a 

decrease in gene expression that was not seen with SRC2-SP4 or SRC2-WT, although only 

four reached statistical significance.

Based on the results of the screening assay, we compared estrogenic and anti-estrogenic 

activities of R4K1 to 4-hydroxytamoxifen in two different breast cancer cell lines. MCF-7 

and T47D cells were treated with vehicle, 4-hydroxytamoxifen (4OHT) or R4K1 in the 

presence or absence of estradiol (E2) (Fig. 6). Estradiol induced expression of each of the 

five genes from above. This effect was reversed by co-treatment with estradiol plus 4OHT or 

estradiol plus R4K1, although the magnitude of the effect of R4K1 was smaller than that of 

4OHT. There was no statistically significant difference in gene expression between cells 

treated with vehicle alone (i.e., no estradiol) and those that were treated with 4OHT or R4K1 

alone. These effects were similar in a second ER+ breast cancer cell line (Fig. S7), 

suggesting that R4K1 can broadly inhibit ER activity and is not acting in a cell-specific 

manner. Taken together, these data supported our hypothesis that blocking the ER/

coactivator interaction represses estrogen-stimulated gene expression.

We also tested whether R4K1 had effects on genes regulated by a different transcription 

factor, NFκB, which is also coactivated by SRC3.[39] We measured expression of NFκB-

regulated genes RelB, ICAM1, and TNFα in the presence or absence of NFκB-stimulating 

cytokine, TNFα. There was little, if any, difference in expression between those genes that 

were treated with vehicle versus those treated with R4K1 (Figure 6F–H). These data implied 

that R4K1 did not non-specifically repress the activity of all transcription factors.

R4K1 reverses estradiol-stimulated proliferation of MCF-7 cells

Proliferation of ER+ breast cancer cell lines is enhanced by treatment with estradiol. We 

treated the ER+ breast cancer cell line MCF-7 with 15 μM R4K1 in the presence or absence 
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of 10 nM estradiol and measured proliferation of these cells (Figure 7). Estradiol stimulated 

proliferation of MCF-7 cells, but R4K1 alone had no effect on proliferation of MCF-7 cells. 

Administering R4K1 with estradiol decreased proliferation to vehicle-treated levels. These 

data implied that blocking the ER/coactivator complex can repress proliferation that is 

stimulated by estradiol.

R4K1 has little, if any, estrogen receptor-degrading activity

Tamoxifen is a selective estrogen receptor modulator (SERM). It induces a conformation of 

ER that recruits a distinct set of coactivators and corepressors, so that it has both agonist and 

antagonist properties, depending on context and tissue type. Another class of ER ligands are 

referred to as selective estrogen receptor degraders (SERDs), which include the breast 

cancer drug fulvestrant. SERDs cause degradation of ER, but SERMs do not.

We were curious whether the mechanism-of-action of R4K1 would more closely resemble 

that of SERMs or SERDs. We measured protein levels of ER in the presence or absence of 

R4K1 and with or without estradiol in both MCF-7 and T47D cells (Figure 8). R4K1 

showed no significant difference from vehicle-treated cells in the presence or absence of 

estradiol. There was a statistically significant decrease in ER levels in vehicle-treated T47D 

cells in the absence of estradiol, but this effect disappeared in the presence of estradiol. 

These data implied that, if R4K1 has SERD activity, it is only modest at best.

R4K1’s effects on global gene expression

To more fully understand a ligand’s effects on transcription mediated by ER, it is necessary 

to look at global gene expression, rather than individual genes. We used RNA-Seq to analyze 

the transcriptome of MCF-7 cells to compare the global effects of R4K1 with those of 4-

hydroxytamoxifen.

MCF-7 cells were treated under six different conditions, shown as columns in the heatmap 

of Figure 9: 1) 10 nM 17β-estradiol (E2), 2) 1 μM 4-hydroxytamoxifen (4OHT), 3) 10 nM 

E2 + 1 μM 4OHT, 4) 15 μM R4K1, 5) 10 nM E2 + 15 μM R4K1 and vehicle alone. Across 

the five experimental conditions, 1,041 transcripts were expressed at levels that were at least 

2-fold different from vehicle control (FDR<0.05, Figure 9A). These genes clustered into 

nine sets, depicted by rows in the heatmap of Figure 9A: 1) genes up-regulated similarly by 

E2, 4OHT, and to a lesser extent by R4K1; 2 and 3) genes down- or up-regulated by E2 that 

were fully reversed by 4OHT and partially by R4K1; 4) genes down-regulated similarly by 

E2 and 4OHT, and, to a lesser extent, by R4K1; 5) genes up-regulated by E2 that were 

reversed by 4OHT and not R4K1; 6) genes up-regulated by 4OHT that were not affected by 

E2 or R4K1; 7) genes repressed by R4K1 that were reversed by E2; 8) genes repressed by 

4OHT that were reversed by E2; and 9) genes up-regulated by R4K1 that were reversed by 

E2.

Of particular relevance were clusters 2 and 3, which contained E2-regulated genes that were 

reversed by R4K1 (Fig. 9B/C). Cluster 2 contained 226 E2-stimulated genes that were 

reversed fully by 4OHT and partially by R4K1. Cluster 3 contained 87 E2-repressed genes 

that were reversed fully by 4OHT and partially by R4K1. These data indicated that R4K1 

reversed E2-regulated genes, but not to the same extent as 4OHT. R4K1 also showed gene 
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regulation that was distinctly different from 4OHT but was reversed by E2, as seen in 

clusters 7 and 9 (Fig. 9D/E), suggesting that these genes may be related to ER activity.

DISCUSSION

R4K1 is among the first stapled peptides that block the action of ER in cellular models of 

breast cancer. There have been several other peptides and small molecules that block the ER/

coactivator interaction in vitro, but, generally, the extant studies are limited in nature. Much 

of the characterization for these molecules has been restricted to in vitro studies (see [17, 40] 

for reviews of the literature), and of those molecules that have cellular characterization, there 

are several common features: many are active in reporter gene and mammalian two-hybrid 

assays, but whether they can repress the activity of native genes or breast cancer phenotypes 

regulated by ER is unknown. [41] [42] There are a few exceptions, including peptides 

synthesized by Brunsveld and coworkers, [13] as well as Li and coworkers[43], although 

even these most advanced examples have been characterized using only one native gene.

The most well-characterized molecule for inhibiting the ER/coregulator interaction comes 

from Raj et al. who recently described ERX-11, a small molecule that is active in several 

different models of ER+ breast cancer, including a tumor xenograft model.[18] ERX-11 is 

an oligoamide that was designed to bind to ER at the coregulator-binding region, but even 

after careful experimentation and design, the precise binding site and mode of action is not 

fully understood for ERX-11, demonstrating the difficult nature of designing inhibitors of 

this protein-protein interaction.

To address the lack of cell-permeable, well-characterized ER/coactivator binding inhibitors, 

we redesigned a cell-impenetrant stapled peptide so that it would show cell permeability and 

activity in cell-based models of ER function. The computationally informed placement of 

arginine residues led to an increase in binding affinity as a result of enhanced hydrogen 

bonding to negatively charged residues. This finding is in agreement with with strategies that 

have been previously used to prepare high affinity peptides for ER via proline-primed 

helices, isoaspartic-acid cyclized peptides, and lysine-to-arginine substituted peptides. In this 

work, we have been guided by the principle of linking a thorough understanding of the 

molecular basis of ER/stapled peptide binding with in vitro and cellular studies. The product 

of this work, R4K1, represents a significant proof-of-principle molecule for the future design 

of cell-permeable stapled peptides to inhibit the ER/coactivator interaction.

Our studies suggest that R4K1 is taken up by cells, and that relatively long incubation times 

may be required for R4K1 to distribute throughout the cell so that it can have its effects at 

the nucleus. These studies also indicate that, for this molecule, the arginine sequence that we 

have used is necessary for cell penetration, as poor cell penetration was seen with both 

SRC2-WT and SRC2-SP. Mechanistically, R4K1 acts more similarly to selective estrogen 

receptor modulators (SERMs) rather than selective estrogen receptor degraders (SERDs) in 

that it does not cause ER degradation. Based on our understanding of R4K1 binding, R4K1 

does not expose hydrophobic residues, nor does it cause exposure of hydrophobic ER 

residues. Exposure of hydrophobic residues could lead to degradation, so that this finding is 
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in keeping with our understanding of the mechanism of action of blocking coactivator 

binding.

Most importantly, our studies suggest that essentially all gene regulatory actions of R4K1 

are ER-associated. First, RNA-seq data suggest that R4K1 acts similarly to 4OHT on both 

up- and down-regulated genes (Clusters 1–5), albeit with lower magnitude. Given our 

mechanism of blocking coactivator recruitment, understanding how R4K1 reverses E2-

stimulated genes is straightforward, but the mechanism by which R4K1 reverses E2-

repressed genes is unclear. One explanation is that coregulators may directly have dual 

activating and repressive functions. Some coregulators (e.g., PELP-1 [44], RIP140 [45]) are 

known to have different activities at different transcription factors, but the extent to which 

they repress or stimulate gene expression at a single transcription factor is not completely 

understood, so that an improved version of R4K1 could be used to shed light on this 

problem. Second, there are essentially no R4K1-specific effects that are not reversed by E2 

(Clusters 7 and 9). If R4K1 were non-selective for ER and able to affect other transcription 

factors, we might expect to see up- or down-regulation of gene expression that is not 

reversed by E2. This is further supported by the lack of R4K1 effect on NFκB target genes. 

The mechanism by which R4K1 regulates genes in the presence of unliganded ER is unclear. 

One possible explanation for these activities could be that R4K1 shows a preference for 

binding to folded, liganded ER, but that, in the absence of folded, liganded ER, R4K1 may 

bind to a subset of transcription factors and block coactivator recruitment, which could also 

help to explain how R4K1 reverses E2-repressed genes. This explanation is similar to the 

“squelching” hypothesis in the coactivator literature, wherein binding of a limited pool of 

coactivators at one transcription factor may lead to repression of genes regulated by other 

transcription factors. [46] [47] Overall, the work here could lay the groundwork for 

providing tools to probe incompletely understood mechanisms of coregulators, including the 

dual-function and squelching mechanisms.

In conclusion, we have described a cell-permeable stapled peptide, R4K1, that modulates the 

activity of estrogen receptor in breast cancer cell lines. These studies are informed by a 

detailed molecular understanding of inhibiting the estrogen receptor/coactivator interaction. 

R4K1 provides a proof-of-concept that cell-permeable stapled peptides may be used to 

inhibit the estrogen receptor/coactivator interaction and that this disruption may prove 

advantageous in models of ER+ breast cancer. While R4K1 is a promising proof-of-principle 

probe, these studies also suggest that future cell-permeable stapled peptides need to show 

higher efficacy, which could come from increased uptake and/or higher affinity for estrogen 

receptor.

Experimental Methods

General Considerations

Peptide synthesis was accomplished using a literature procedure.[48] The TR-FRET assay 

protocol was carried out as previously described.[29, 49] Molecular dynamics simulations 

were performed using XSEDE resources [50] as previously described [29] with some 

exceptions that are fully explained in the SI. Unless otherwise noted, cell culture 

experiments were carried out in the presence of charcoal-dextran-stripped 5% fetal bovine 
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serum (FBS). Lower concentrations of FBS resulted in low estrogen-responsiveness (data 

not shown).

Surface Plasmon Resonance (SPR)

The SPR assay protocol was based on previously reported conditions, [28] with the 

following changes: SPR analysis was performed on a BiacoreT200; ERα ligand binding 

domain construct contained amino acids 299–554, including N-terminal 6His-tag; final ERα 
surface density was ~9500 RU; stapled peptide solutions at a series of increasing 

concentrations were applied to flow cells at a 30 μL/min flow rate using a contact time of 60 

s and a dissociation time of 120 s; KD values were determined by fitting reference subtracted 

data to a steady-state affinity equation embedded in the Biacore T200 evaluation software 

3.0; and kinetic fittings were done using the two state reaction binding equation embedded 

in the Biacore T200 evaluation software 3.0 (Figure S8).

Confocal Microscopy

Breast cancer cells were cultured as previously described. [51] For microscopy studies, cells 

were incubated with 15 μM FITC-conjugated stapled peptides for 4, 8, or 24 hr. Hoechst dye 

was used for nuclear staining, at a concentration of 4 mg/mL for 30 minutes (Life 

Technologies). Images were taken with a Zeiss confocal LSM 710 microscope. The 

percentage of stapled peptide in the nucleus was determined by FITC and Hoechst co-

localization, and the percentage cytoplasmic stapled peptide relied on FITC and brightfield 

overlap. Corrected total cell fluorescence was evaluated using Image J software with the 

SEM for each treatment group.

Lactate Dehydrogenase Assay

Cytotoxicity was measured according to the manufacturer’s instructions (CytoTox 96, 

Promega). Absorbance was read at 490 nm on a BioTek Synergy HT plate reader. A 

maximum release LDH reagent (provided with the kit) was used as a positive control. All 

samples were evaluated as a percentage of LDH released relative to maximum.

RNA and RT-qPCR

Total RNA was isolated and RT-qPCR was performed as previously described. [52] 36B4 or 

GAPDH were used as internal controls, and fold change was calculated using the ΔΔCt 

method. qPCR primers are listed in Table S3.

Western Blot

Whole cell extracts were prepared using radioimmunoprecipitation assay buffer (RIPA) 

buffer; proteins were denatured and separated by SDS-PAGE using a 5–12% gradient gel 

(Invitrogen) and then transferred to nitrocellulose membranes. The membranes were blocked 

for 1 hr in 5% non-fat dry milk. Membranes were incubated overnight at 4 °C with 

appropriate primary antibody (ERα [Cell Signaling #8644] or β-actin [Sigma #A5441]. The 

next day, membranes were washed and incubated in horseradish peroxidase conjugated 

secondary antibodies. The signal was visualized using Chemi-doc XRS (Bio-Rad 
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laboratories) following incubation with the Pierce Supersignal West Pico Chemiluminescent 

Substrate.

Proliferation Assay

Cell counts were determined using an imaging cytometer (Celigo) on the brightfield channel 

following 24 hr of treatment. Fold change was calculated relative to vehicle control.

RNA-seq Experimental Design and Data Analysis

RNA isolated for qPCR was provided to the Genomics Core Facility, RRC at UIC, for RNA-

Seq analysis. Libraries were prepared from two biological replicates per condition. 

Sequencing libraries were prepared using magnetic beads similar to described previously 

using barcoded adapters (NextFlex, Bioo Scientific). [53] RNA was sequenced on an 

Illumina HiSeq 2000 according to the manufacturer’s instructions. RNA-Seq results were 

trimmed and aligned to the hg19 assembly using ELAND allowing up to 2 mismatches. 

Differential gene expression was determined using edgeR as a component of the HOMER 

software suite.[54] Detailed instructions for analysis can be found at http://homer.ucsd.edu/

homer/. Genes were considered differentially regulated if fold change >2 and p-value <0.05 

compared to vehicle treatments. Heatmaps were generated using CLUSTER and visualized 

using JavaTreeView software [55] Box-and-whiskers plots were prepared using Graphpad 

Prism 7.03. A paired t-test was used to calculate statistical significance. All data are publicly 

available through GEO (accession # TBD).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) The ligand-binding domain of estrogen receptor α (gray) contains four negatively 

charged residues (red) at the N-terminal region of our previously reported stapled peptide 

SRC2-SP4 (magenta, PDB: 5DXE). (B) Snapshot of an MD simulation showing hydrogen 

bond interactions between arginine residues of R4K1 (beige/magenta) and nearby acidic 

residues E380, D538, E542, and D545 (cyan) of estrogen receptor. C) Sequences of the 

nuclear receptor interacting box 2 of steroid receptor coactivator 2 (SRC2-box2) and 

peptides R4K1, SRC2-SP4, SRC2-wt used in this study.  indicates the position of stapling 

amino acid S5. (D) MD simulations were carried out for 3 × 250 ns using estrogen receptor 

ligand-binding domain and either R4K1 (beige) or SRC2-SP4 (magenta). The mean 

percentage of simulations in which E380, D538, E542, or D545 formed a hydrogen bond 

with a residue from R4K1 or SRC2-SP4 is shown. Each simulation was carried out starting 

from distinct peptide conformations. Error bars represent the standard deviation; *, p < 0.05.
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Figure 2. MCF-7 cells show enhanced uptake of R4K1
MCF-7 cells were treated for 24 hours with 15 μM fluorescein isothiocyanate (FITC)-

labeled SRC2-WT (top), SRC2-SP (center), or R4K1 (bottom). Images from left to right 

include FITC channel, Hoechst stained nucleus and FITC/Hoechst overlay at 63× 

magnification.
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Figure 3. Stapled peptides bind to estrogen receptor
A surface plasmon resonance (SPR) assay using immobilized estrogen receptor α ligand 

binding domain was used to determine Kd for R4K1 (beige, A), SRC2-SP2 (magenta, B), 

and SRC2-WT (blue, C). Data were analyzed using a steady-state fit.
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Figure 4. 
R4K1 inhibits the ER/coactivator interaction with high potency. Interaction of estrogen 

receptor α ligand-binding domain, labeled with a long lifetime time-resolved fluorescence 

resonance energy transfer (TR-FRET) donor (terbium), and a steroid receptor coactivator 

fragment, labeled with TR-FRET acceptor fluorescein, was inhibited with increasing 

concentrations of R4K1 (beige), SRC2-SP4 (magenta), or SCR2-WT (blue). The ratio of 

fluorescent emissions of fluorescein acceptor and terbium donor is plotted along the y-axis 

(F520/F495), and the log of molar concentration of inhibitor is plotted along the x-axis. Error 

bars represent the standard deviation.
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Figure 5. 
R4K1 does not cause loss of membrane integrity at efficacious concentrations. MCF-7 cells 

were treated with 5, 10, 15, 30 or 50 μM stapled peptide R4K1. Release of lactate 

dehydrogenase (LDH) was measured at 1, 2, 4, or 24 hours after treatment. %LDH release is 

plotted vs. time and concentration, relative to maximum lysis with sodium dodecyl sulfate.

Speltz et al. Page 18

ACS Chem Biol. Author manuscript; available in PMC 2019 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
R4K1 inhibits transcription of ER-regulated native genes, but not NFκB-regulated genes. 

mRNA levels for ER-regulated genes PTGES (A), PR (B), PS2 (C), EGR3 (D), and IGFBP4 

(E) were examined in MCF-7 cells by RT-QPCR. Cells were pretreated with R4K1 (15 μM, 

24 hrs), 4OHT (1 μM, 2 hrs) or DMSO control, followed by 10 nM 17β-estradiol (E2) 

treatment for 2 hrs. Data were normalized to 36B4 (A–E) or GAPDH (F–H) internal 

controls and presented as fold change relative to DMSO vehicle. Error bars represent the 

standard deviation. n.s., not statistically significant; *, p<0.05; **, p<0.01; ***, p<0.001; 

****, p<0.0001.
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Figure 7. 
R4K1 reverses estradiol-stimulated proliferation. MCF-7 cells were treated with vehicle or 

15 μM stapled peptide R4K1 in the presence or absence of 10 nM estradiol (E2). Treatment 

was initiated on Day 3 and cell numbers were measured 24 hours later. Fold change was 

determined relative to vehicle control for three independent experiments. Error bars 

represent the standard deviation. n.s., not statistically significant; ***, p<0.001.
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Figure 8. 
R4K1 has little, if any, estrogen receptor-degrading activity. MCF-7 (top) or T47D (bottom) 

cells were pretreated with R4K1 (15 μM, 24 hrs), 4OHT (1 μM, 2 hrs) or DMSO control, 

followed by 10 nM 17β-estradiol (E2) treatment for 2 hrs. Western blot was performed for 

ERα. β-actin was used as loading control. Vehicle-treated sample value was used as one 

arbitrary unit. Error bars represent the standard deviation from three independent 

experiments. n.s., not statistically significant; *, p <0.05.
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Figure 9. 
(A) RNA-Seq heatmap for 1,041 mRNA transcripts differentially expressed in MCF7 cells 

treated with 10 nM estradiol (E2), 1 μM 4-hydroxytamoxifen (4OHT), 10 nM E2 + 1 μM 

4OHT, 15 μM R4K1, and 10 nM E2 + 15 μM R4K1. Data are normalized to vehicle 

treatment. Blue bars represent transcripts that are repressed relative to vehicle, and red bars 

represent transcripts that are stimulated relative to vehicle. Genes were grouped into 9 

clusters using the k-means algorithm embedded within Gene Cluster 3.0 (B) Box-and-

whiskers plot for cluster 2, mRNA transcripts repressed by E2 (green) that are reversed by 

co-treatment with either 4OHT (purple) or R4K1 (beige). (C) Box-and-whiskers plot for 

cluster 3, mRNA transcripts stimulated by E2 that are repressed by co-treatment with either 

4OHT or R4K1. (D) Box-and-whiskers plot for cluster 7, mRNA transcripts repressed by 

R4K1 that are reversed by co-treatment with E2. (E) Box-and-whiskers plot for cluster 9, 

mRNA transcripts stimulated by R4K1 that are repressed by co-treatment with E2. In panels 

B, C, D, and E, the box represents the first through third quartiles, and the vertical 

“whiskers” represent the range. n.s., not statistically significant; ****, p<0.0001.
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