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Abstract

Greater than 50% of estrogen receptor (ER)-positive breast cancers co-express the progesterone 

receptor (PR), which can directly and globally modify ER action to attenuate tumor growth. 

However, whether this attenuation is mediated only through PR-ER interaction remains unknown. 

To address this question, we assessed tumor growth in ER/PR-positive PDX models of breast 

cancer where both natural and synthetic progestins were found to antagonize the mitogenic effects 

of estrogens. Probing the genome-wide mechanisms by which this occurs, we documented that 

chronic progestin treatment blunted ER-mediated gene expression up to 2-fold at the level of 

mRNA transcripts. Unexpectedly, <25% of all ER DNA binding events were affected by the same 

treatment. The PR cistrome displayed a bimodal distribution. In one group, >50% of PR binding 

sites were co-occupied by ER, with a propensity for both receptors to coordinately gain or lose 

binding in the presence of progesterone. In the second group, PR but not ER was associated with a 

large fraction of RNA polymerase III (Pol III)-transcribed tRNA genes, independent of hormone 

treatment. Notably, we discovered that PR physically associated with the Pol III holoenzyme. 

Select pre-tRNA and mature tRNA that colocalized with PR and POLR3A at their promoters were 

relatively decreased in estrogen+progestin treated tumors. Our results illuminate how PR may 

indirectly impede ER action by reducing the bioavailability of translational molecules needed for 

tumor growth.
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Introduction

Progesterone receptors (PR) have been routinely measured in breast cancers since the 1970s 

and have been traditionally thought to signify functional estrogen receptor alpha (ER) and a 

positive response to endocrine therapy (1). However, PR itself exerts a wide array of 

autonomous activity in breast cancer cells including liganded and unliganded transcriptional 

activity, rapid activation through kinases, metabolic alterations, and increased cancer stem 

cell activity (reviewed in 2, 3–5). PR exerts paradoxical effects on breast cancer growth 

depending on the experimental conditions. In 2D cultures, progestins generally inhibit cell 

growth following a transient push through the cell cycle (6, 7). Conversely, in 3D culture 

progestins increase clonogenicity and mammosphere formation, and in some models 

increase tumor growth independent of estrogen (8–11). In addition, the two natural isoforms 

of PR differ in their activity: PR-B exerts more proliferative signals whereas the truncated 

PR-A isoform is trans-repressive on PR and other steroid receptors (12, 13). The dual nature 

of PR has also confounded clinical use of progestins. In some studies for advanced breast 

cancer treatment, high doses of the synthetic progestin medroxyprogesterone acetate (MPA) 

were as effective as tamoxifen (reviewed in 14). However, in postmenopausal hormone 

replacement trials synthetic progestins in combination with estrogens increased breast 

cancer incidence, and their use rapidly diminished (15, 16). There is presently a renewed 

interest in utilizing the natural hormone progesterone (P4) or new synthetic PR-specific 

ligands for breast cancer management. However, distinguishing which tumors will benefit 

from positively or negatively targeting PR may depend on its convergence with ER 

signaling, an equally complex subject.

PR is a direct estrogen-induced gene in most target tissues, and can synergize with or 

antagonize ER to influence downstream biological processes. In promoter interference 

assays PR represses ER transcriptional activity predominantly through PR-A (12, 17). 

Several groups have reported that PR physically associates with ER, which may facilitate 

receptor crosstalk (18–21). In fact, Mohammed et al used chromatin immunoprecipitation 

followed by sequencing (ChIP-seq) to discover that progestins can alter global DNA binding 

events of ER in breast cancer cell lines (21). In particular, in the presence of progestins a net 

gain of ER binding occurs at novel transcriptionally active loci, many of which coincide 

with nearby PR binding events, suggestive of a cooperative and functional ER-PR complex. 

In this study, progesterone abrogated estrogen-induced tumor growth and was additive with 

tamoxifen, prospectively due in part to movement of ER from mitogenic loci to PR-

controlled apoptotic and cell death genes (21). In a similar study, Singhal et al reported that 

estrogens or progestins alone regulate many of the same genes in the same direction in 

breast cancer cell lines or patient tumor explants, but that combined treatment led to 

decreased expression of oncogenic gene programs (22). In this study, ER genomic binding in 

the presence of estrogens and progestins resembled that of PR alone. Furthermore, a 
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selective PR antagonist was sufficient to abrogate estrogen-mediated tumor growth and 

showed functional synergy with tamoxifen (22). While these studies illustrate the potential 

for co-targeting PR with ER in select breast cancers, context and ligand choice remain 

unresolved, and comparable studies in heterogeneous preclinical breast tumor models are 

needed.

We have utilized highly ER+PR+ breast cancer patient-derived xenografts (PDX) whose 

estrogen dependent growth is inhibited by natural and synthetic progestins to probe the 

underlying mechanisms by which this occurs. Our data indicate that sustained progestin 

treatment alters up to half of the estrogen-dependent transcriptome, albeit with minimal 

alteration of the ER cistrome. Interestingly, PR DNA binding in PDX tumors was present in 

a substantial fraction of RNA Polymerase III (Pol III)-transcribed tRNA genes. Moreover, 

PR was physically associated with the Pol III complex, and levels of select tRNAs were 

decreased in progestin treated tumors. These data indicate that in chronically treated solid 

tumors, in addition to direct interference of ER transcription, progestins may regulate overall 

tumor growth by modifying Pol III-mediated transcription and downstream translation. 

Pinpointing the tumors in which this occurs could provide appropriate contexts for 

prospective clinical use of progestins.

Materials and Methods

Tumor propagation

Development and transplantation of PDX tumors including UCD4 was as previously 

described (23). UCD65 was derived from a lymph node metastasis of a 41 year-old woman 

and was ER+PR+, Her2 unamplified. For the present experiments, tumors were partitioned 

into female NOD/SCID/ILIIrg−/− (NSG) mice supplemented with subcutaneous silastic 

pellets containing placebo (cellulose), 17β-estradiol (E2), E2+P4, E2+MPA, or MPA only 

(Sigma-Aldrich) as described previously (23, 24). Tamoxifen treatment was administered by 

intraperitoneal injection of 1 mg tamoxifen dissolved in peanut oil (vehicle) 3× weekly for 3 

weeks. Tumors were measured weekly with a digital caliper and volume was estimated by 

the formula lw2/2. Tumors were profiled by RNA sequencing (RNA-seq, described below) 

and Illumina CytoSNP Arrays; UCD4 contains the D538G ER mutation while UCD65 has 

amplification at the ER locus 6.25.q1. All animal experiments were performed under a 

protocol approved by the University of Colorado Institutional Animal Care and Use 

Committee.

Immunohistochemistry

Immunohistochemistry (IHC) was performed as previously described (23). Antibodies used 

were as follows: AR (AR441, 1:500, DAKO), ERα (SP1, 1:100, Thermo-Fisher), and PR 

(1294, 1:500, DAKO). Images were captured using the Aperio Digital Pathology system 

(Leica Biosystems), assembled in Adobe Photoshop CC, and percent positive 

immunoreactivity determined for triplicate samples using Imagescope software (Leica).
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Gene expression profiling

RNA was prepared from tumor fragments stored in Qiazol (Qiagen) and microarray 

expression profiling was performed on triplicate samples of UCD4 tumors treated with 

placebo, E2, E2+P4, or E2+MPA using Affymetrix Human Gene 1.1 ST Array Strips 

representing 28,875 genes as previously described (23). Microarray data were analyzed 

using Partek Genomics Suite® v6.6 and MetaCore™. Array data have been deposited in the 

Gene Expression Omnibus (GEO) database (GSE93109). For directional mRNA-seq, total 

RNA from triplicate PDX tumors treated with E2 or E2+MPA and the TruSeq Stranded 

Total Library kit were used to prepare libraries which were then sequenced using the 

Illumina HiSeq2500 System. Single-end 50nt reads were aligned to the human genome 

version GRCh37.64 using TopHat v2.0.4 and differential gene expression was analyzed 

using the Cufflinks Suite. Reads were normalized to FPKM values and student’s t-test 

performed to determine statistical significance (P<0.05).

ChIP-seq

For ChIP-seq experiments, biological triplicate tumors grown under continuous E2 or E2+P4 

were analyzed. Flash frozen tumor specimens were pulverized, homogenized, then 

crosslinked with formaldehyde prior to sonication; chromatin was sheared using an S220 

Focused Ultrasonicator (Covaris). ChIP was performed using ChIP-IT Express (Active 

Motif) using antibodies (5 ug per sample) to PR (Santa Cruz Biotechnology, sc-7208), ERα 
(Santa Cruz Biotechnology, sc-543), or a corresponding IgG negative control of the same 

species. Input DNA was also used as a control. For ChIP-seq, ER and PR ChIPseq reads 

were processed with cutadapt (https://code.google.com/p/cutadapt/; (25)) to remove 3’ 

adaptor sequences and 3’ bases with QUAL < 13. Trimmed reads were aligned to the human 

genome (grch37/hg19 build) using bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml; (26). Peaks were called on aligned reads using HOMER-IDR (https://

github.com/karmel/homer-idr), an implementation of the Irreproducible Discovery Rate 

(IDR) framework (https://sites.google.com/site/anshulkundaje/projects/idr; (27)) using the 

HOMER peak caller (http://homer.salk.edu/homer/index.html). Peak sets were compared 

using bedtools (https://github.com/arq5x/bedtools2; (28)), and visualized using deeptools 

(https://github.com/fidelram/deepTools; (29)). Motif enrichment analyses were performed 

using MEME suite (http://meme-suite.org/; (30)). Raw sequence data and peak calls have 

been deposited in the Gene Expression Omnibus (GEO) database (GSE93109).

Rapid immunoprecipitation and mass spectrometry of endogenous proteins (RIME)

UCD4 and UCD65 tumors grown under E2+MPA conditions were analyzed by Active 

Motif’s RIME service. Detailed methods of analysis of MS/MS samples are provided in 

Supplementary Methods.

Immunoprecipitation (IP) and immunoblotting

For IP, 100–200 mg of flash frozen tumor was pulverized and homogenized in lysis buffer 

(50mM Tris pH 7.4, 140 nM NaCL, 2mM EGTA, 1.0% Tween-20). IP was performed 

overnight by combining 750 ug precleared lysate with 5 ug of antibody prebound to protein 

G Dynabeads (Thermo Fisher). Antibodies for IP were to PR (Santa Cruz Biotechnology, 
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sc-7208, sc-166169; DAKO, 1294), and ERα (sc-543). Each IP was coupled with a 

corresponding IgG negative control of the same species. Beads were washed with wash 

buffer (50mM Tris pH 7.4, 140 nM NaCL, 2mM EGTA, 0.1% Tween 20), then boiled at 

100°C for 10 min in 30 uL of 1× SDS loading buffer.

Antibodies for immunoblots were PR (sc-7208; DAKO, 1294), ERα (sc-56836), POLR3A 

(Abcam, 12825), and POLR3B (sc-515362). For imaging, the Odyssey Infrared Imaging 

System (Li-Cor Biosciences) was used, with secondary antibodies IRDye800CW Goat-Anti-

Mouse-IgG and IRDye680LT Goat-Anti-Rabbit-IgG (Li-Cor Biosciences).

ChIP and qPCR

ChIP was performed as described above using antibodies to PR (sc-7208) and POLR3A 

(Abcam, 12825). qPCR was performed on ChIP DNAs or RNA prepared from tumor tissue 

as described above and normalized to β-actin using the Verso cDNA kit and ABsolute Blue 

Sybr Green (Thermo-Fisher Scientific). Primers for ChIP and qPCR are provided in 

Supplementary Table 1.

Northern blot

For Northern blots, 1 ug of total tumor RNA was run on a 14% acrylamide/urea gel, 

transferred to charged nylon membrane, UV crosslinked, and probed using biotinylated 

DNA oligonucleotide probes targeting specific tRNA families (sequences provided in 

Supplementary Table 2). Oligo probes were biotinylated using the PHOTOPROBE® Biotin 

Labeling Kit (Vector Labs). Hybridizations were performed overnight at 42°C. The Ambion 

NorthernMax system (Life Technologies) was used for washes; blocking and detection were 

performed with Odyssey Blocking Buffer and IRDye800CW Streptavidin (Li-Cor 

Biosciences). Membranes were stripped between each subsequent hybridization. Mature 

tRNA expression was analyzed using Image Studio (Li-Cor Biosciences) and normalized to 

5.8S rRNA staining.

Statistics

Statistics were performed using Graphpad Prism 7.0. Two-tailed Student’s t-tests, or one-

way ANOVA followed by Tukey post hoc multiple comparison tests were used as indicated. 

P<0.05 were considered significant.

Results

Progestins antagonize estrogen-induced growth of breast cancer PDX

Our group has generated a collection of ER+ breast cancer PDX in which to study steroid 

hormone and receptor interactions (23, 31). Two PDX, UCD4 and UCD65, express robust 

ER and PR stably over multiple passages. We assessed levels of ER, PR, and androgen 

receptor (AR) by IHC in UCD4 and UCD65 tumors grown in mice supplemented with E2 

alone, E2 plus P4, or E2 plus the synthetic progestin MPA (Fig. 1A; quantification in 

Supplementary Fig. S1A). UCD4 tumors given E2 had high ER and PR (>80% 

immunoreactive cells) and AR (>50%) expression; PR was partially downregulated with 

progestin treatment (45–50% PR+ cells). UCD65 tumors showed consistent high expression 
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of ER (>95% of cells), PR positivity in ~42% of cells which increased with progestins (to 

52–72% PR+ cells), and lower AR levels (<10% positive cells). UCD4 and UCD65 each 

expressed both natural PR isoforms, with PR-A:PR-B ratios of 1.4 and 1.1, respectively 

(Supplementary Fig. S1B).

We next assessed the consequence of co-supplementation with progestins on estrogen 

dependent growth of UCD4 and UCD65. Established tumors were partitioned into female 

NSG mice supplemented with placebo, E2 alone, E2+P4, or E2+MPA. UCD4 tumors grew 

modestly in placebo animals with a 3.5-fold increase in tumor size with E2 (Fig. 1B), while 

UCD65 tumors grew robustly only the presence of estrogens with no observable residual 

tumors in placebo treated animals (Fig. 1C). Both P4 or MPA given chronically at tumor 

implantation together with E2 significantly suppressed E2-dependent growth of both tumors 

(1.9- and 2.0-fold decrease for P4 and MPA in UCD4; 2.1- and 2.5-fold decrease for P4 and 

MPA in UCD65). MPA given after tumor establishment in UCD4 significantly reduced E2-

dependent tumor growth to a similar degree as tamoxifen (3.1-fold decrease for MPA 

compared to 2.6-fold decrease for tamoxifen) (Fig. 1D). Final tumor mass confirmed tumor 

volume data in each experiment (Supplementary Fig. S2A– C). Progestins did not decrease 

E2-dependent tumor growth in two additional ER+ PDX tumors, both of which have low PR 

levels (<5% PR+ cells) (Supplementary Fig. S3A and B). We therefore chose to further 

investigate the mechanisms by which progestins suppress E2-driven tumor growth in UCD4 

and UCD65.

Progestins alter mRNA levels of a subset of estrogen regulated genes

ER and PR crosstalk at the transcriptional level can be synergistic or antagonistic. We 

therefore determined the extent to which progestins impact E2-regulated genes in PDX 

tumors. We first utilized UCD4, which forms small tumors in the absence of exogenous 

estrogens and large tumors in the presence of estrogens, allowing assessment of E2-

regulated genes. Gene expression profiles of placebo, E2, E2+P4, or E2+MPA treated UCD4 

tumors were determined using Affymetrix Human Gene 1.1 ST Arrays. A total of 1158 

mRNAs were significantly upregulated and 1281 mRNAs downregulated in E2 compared to 

placebo treated tumors (P<0.05) (Fig. 2A). Addition of P4 reversed 21% of E2 up- and 40% 

of E2 down-regulated transcripts, while MPA reversed 50% and 43% of E2 up- and 

downregulated transcripts, respectively. The majority of P4 reversed genes were shared by 

MPA; the additional MPA affected genes are likely due to its higher PR binding affinity, 

slower rate of metabolism, or androgenic activity. Progestins also altered a significant 

number of genes independent of E2 regulation, and it is likely these additionally impact 

tumor phenotype.

UCD4 and UCD65 tumors treated with E2 alone or E2+MPA were subsequently assessed in 

triplicate by directional mRNAseq (Fig. 2B). Compared to E2 alone, the addition of MPA 

significantly altered a similar number of transcripts in both tumors. Collectively, these data 

indicate that progestins significantly affect estrogen gene regulation at the transcript level in 

breast cancer PDX. Relative mRNA expression levels (by microarray) of representative 

genes that were E2-dependent and increased or decreased with progestins, or were altered 

only by progestins in UCD4 are depicted in Fig 2C. Genes with increased or decreased 
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mRNAs with E2+MPA compared to E2 alone in UCD4 and UCD65 (by RNA-seq) are 

depicted in Fig 2D. Among E2-regulated mRNAs altered by progestins include those 

involved in ER and PR signaling, Notch signaling, and apoptosis (Fig. 2E).

Progesterone modestly alters ER binding sites in chronically treated solid tumors

To explore the hypothesis that progestins redirect global ER binding events in PDX tumors 

as a means to disrupt tumor growth akin to that observed in breast cancer cell lines (21, 22), 

we performed ChIP-seq for ER in triplicate samples of UCD4 treated with E2 or E2+P4. ER 

bound to a similar number of genomic locations in E2 and E2 plus P4 tumors (5001 and 

4651 binding sites, respectively) (Fig. 3A and B). The majority (76.8%) of the ER peaks 

were conserved between both hormone treatments. The addition of P4 caused a loss of ER 

binding at 1158 sites (23.2% of total E2/ER binding sites) and a gain of ER binding at 808 

sites (17.4% of E2+P4/ER sites) (Fig. 3A and 3B)). Representative genes with conservation, 

loss, or gain of ER peaks with P4 treatment are indicated in Fig. 3C. The main sequence 

associated with ER binding events in all three groups (ER conserved, lost, or gained with 

P4) was a consensus estrogen response element (Fig. 3D). One third of genes regulated by 

E2 at the transcript level contained ER binding peaks (nearest gene in a window of 2.0 kb, 

Fig. 3E). The majority of E2 regulated genes affected by P4 at the transcript did not contain 

ER binding events. Among those that did have ER binding events, most were conserved and 

<10% showed a gain or loss with P4 (Fig. 3E). Taken together, these data suggest that 

redirection of ER binding sites by P4 is likely not the only mechanism by which tumor 

growth rate is decreased.

PR genomic binding is distributed between ER co-occupied and ER unoccupied sites

We speculated that progestins influence E2-dependent growth through additional 

mechanisms that don’t involve changes in ER binding events. To assess PR occupation of 

chromatin, we performed ChIP-seq for PR in triplicate in the same E2 and E2+P4 treated 

UCD4 tumors utilized for ER ChIP-seq. PR binding events were less robust than ER and 

showed a net loss of binding with E2 vs. E2+P4 (715 and 368 binding sites respectively) 

(Fig. 4A and B). Loss of PR binding with P4 could be partially due to PR downregulation 

(Fig. 1A). PR binding events were categorized as those lost, conserved, or gained with P4 

treatment. Notably, ER co-occupied a majority of PR binding sites that were lost (64.4%) 

and gained (56.8%), and ER was similarly lost and gained at these sites (Fig. 4A). The 

presence of PR at binding sites in the E2 only group suggests that PR is localized on 

chromatin through direct or indirect interaction in the absence of exogenously added ligand, 

but that P4 is required for potent transcriptional regulation (Fig. 2). Representative genes 

with conservation, loss, or gain of PR peaks with P4 treatment are indicated in Fig. 4C.

Interestingly, PR binding events occurred at a large fraction (214 and 180 in E2 and E2+P4 

tumors, respectively) of tRNA genes that are transcribed by Pol III (Fig 4D). PR binding at 

tRNAs was found almost exclusively in the conserved group, occurring under both E2 and 

E2+P4 conditions. By contrast, less than 1% of ER binding events occurred near tRNA 

genes. Motif enrichment analysis also revealed significant differences in PR binding patterns 

across the lost, conserved, and gained binding site cohorts (Fig. 4E). PR binding sites in the 

presence of E2 that were lost with P4 tended to be near FOX factor sequence motifs, 
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suggesting that PR is indirectly associated with chromatin and is redirected upon P4 

addition. This is supported by the P4-mediated gain in PR binding events at sequences 

resembling a progesterone response element (PRE). Interestingly, motif sequences near PR 

binding differed in the conserved group between non-tRNA and tRNA genes. While PR was 

present at non-tRNA genes near a PRE, PR binding at tRNA genes was not associated with a 

PRE, but instead with a motif (AGGTCANNAGGTCA) typical of retinoic acid receptor 

(RAR) and other nuclear receptor 2 family (NR2F) members (Fig. 4E). These data suggest 

that PR genomic binding patterns in solid tumors is complex. Liganded PR are redirected 

from non-PRE associated to PRE-associated chromatin binding sites, often in conjunction 

with ER, at a majority of loci. However, constitutive PR binding at tRNA sites occurs in the 

absence of ER or PRE-like sequences and may involve crosstalk with other transcription 

factors at these sites.

PR associates with RNA Polymerase III subunits in breast tumors

We speculated that the diverse actions of PR may be due to unique protein-protein 

interactions in breast cancer PDX. To assess this, we determined the global PR and ER 

interactome in duplicate samples of UCD4 and UCD65 tumors treated with E2+MPA using 

rapid immunoprecipitation of endogenous proteins followed by mass spectrometry (RIME). 

Interestingly, in both UCD4 and UCD65 tumors, multiple subunits of the Pol III holoenzyme 

immunoprecipitated with PR (Fig. 5A and Supplementary Table 3). PR also demonstrated a 

detectable interaction with ER. In contrast, ER was not associated with any Pol III subunits, 

but instead was associated with multiple coactivators and transcription factors previously 

described by Mohammed et al in MCF7 cells (i.e. GREB1, GATA3, NRIP1, STAT3) (Fig. 

5B) (32); this also included an association with PR, albeit one that was less robust than the 

other coactivators.

To confirm the interaction between PR and Pol III, we performed co-immunoprecipitation 

(IP) on lysates from E2, E2+P4, and E2+MPA treated UCD4 and UCD65 tumors using three 

different PR antibodies. In E2 treated tumors, IP for PR confirmed an interaction between 

PR and the POLR3A and POLR3B subunits of the Pol III holoenzyme in both UCD4 and 

UCD65 tumors (Fig. 5C). This was reproduced using two additional PR antibodies to 

confirm the interaction (Fig. 5D, Supplementary Fig. S4). We could not detect a PR-ER 

association in UCD4 or UCD65 tumors even though we could observe this interaction in 

T47D cells under the same conditions (Supplementary Fig. S5). Overall, these data 

demonstrate that PR associates with the Pol III complex in PDX breast tumors through 

direct or indirect interactions, and implies PR could influence Pol III activity and tumor 

growth.

PR co-occupies tRNAs with POLR3A and progestins decrease tRNA levels

RNA Pol III transcription provides critical translational machinery necessary for robust 

tumor growth (33). To explore the hypothesis that progestins decrease Pol III-mediated 

transcription, we evaluated POLR3A and PR co-occupancy at several tRNA genes, and 

assessed specific tRNA levels under different hormone conditions. ChIP for POLR3A and 

PR was performed in UCD4 tumors treated with placebo, P4, E2, or E2 plus P4 and UCD65 

tumor samples treated with E2 or E2 plus P4. In UCD4, PR and POLR3A were present at 
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two tRNA genes identified as having PR peaks via ChIP-seq (Fig. 6A), and this association 

occurred under all hormone conditions. Neither PR nor POLR3A were present at a tRNA 

gene that was absent for PR by ChIP-seq. In UCD65, PR and POLR3A co-occupied at all 

three tRNA genes tested (Fig. 6B). Pre-tRNA levels were measured by qPCR in UCD4 and 

UCD65 tumors treated with E2, E2+P4, or E2+MPA (UCD4 only). In UCD4, levels of five 

individual pre-tRNAs that showed PR occupancy were decreased by both progestins, with a 

trend towards more robust reduction with MPA compared to P4 (Fig. 7A). By contrast, 

levels of a pre-tRNA unoccupied by PR by ChIP-seq (Tyr-GTA-5-3) were unchanged in the 

presence of progestins. Five of the six pre-tRNAs tested were also downregulated in E2+P4 

compared to E2 treated UCD65 tumors (Fig. 7B). Progestins also decreased 5S rRNA in 

both tumors, suggesting a potential broader influence on Pol III directed transcription. 

Levels of six mature tRNA families were measured by Northern blot. Five mature tRNAs 

decreased in E2+P4 compared to E2 treated tumors (Fig. 7C). Collectively, these data 

indicate that progestins suppress expression of tRNA genes with nearby PR binding events 

in PDX tumors, and could provide a mechanism, independent of direct ER transcriptional 

antagonism, by which PR modulates tumor cell growth.

Discussion

Here we used solid tumor PDX models in which progestins suppress estrogen stimulated 

breast cancer growth to investigate the underlying mechanisms. This occurs in a bimodal 

fashion: First, liganded PR potently impacts ER transcriptional activity; however, redirection 

of ER was minimal compared to that seen in breast cancer cell lines (21, 22). Second, we 

show that PR exerts its own pleiotropic effects independent of ER. These occur by 

constitutive localization of unliganded PR at Pol III transcribed tRNA genes, followed by 

their negative regulation upon progestin treatment (P4 or MPA). Thus, we provide evidence 

that PR employs both direct and indirect mechanisms to hinder the growth-promoting 

functions of ER. The association of PR with the Pol III complex implies that PR, and 

perhaps other nuclear receptors, have a broader role in regulating transcription beyond that 

of Pol II directed genes. Importantly, alterations in translational control can trump elevated 

transcription, providing a powerful prospective new role for PR in global regulation of 

cancer cell growth.

There is currently revived interest in utilizing the natural hormone P4 or new synthetic PR 

ligands in conjunction with endocrine therapies in ER+ breast cancer (4). This is based on 

two premises: First, the historical efficacy of synthetic progestins, mostly MPA or its 

derivatives, in reducing breast tumor growth (reviewed in 14). Second, recent genome-wide 

studies describing that liganded PR impinges on ER mitogenic chromatin interactions, 

leading to a growth inhibitory phenotype (21, 22). However, the antithesis to these notions 

are longstanding observations that P4 and progestins exert autonomous proliferative effects 

in breast cancers under some contexts (reviewed in 3), and more recent discoveries that P4 

expands cancer stem cells (reviewed in (5)). Progestin-mediated proliferation tends to occur 

when progestins are acting in the absence of estrogens, and is especially notable in 3D 

models (8–10). Unliganded PR may cooperate with ER to induce proliferative signals (20). 

P4 expansion of cancer stem cells occurs in the absence or presence of estrogens (9, 10, 24). 

Other reservations are based on the surprising observation that synthetic progestins (mostly 
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MPA) in combination with estrogens in postmenopausal hormonal therapies are tumorigenic 

in the breast (15, 16). However, use of the natural hormone P4 in postmenopausal therapies 

has not been statistically linked to breast tumor incidence (discussed in 4). At present, a 

precise delineation of the mechanisms by which P4 is growth-suppressive vs. growth-

stimulating, and the resulting phenotype of P4-treated tumors, is still needed to advise 

appropriate clinical use.

Our data in solid tumors underscores the complexity of PR action under different contexts. 

Here we tested conditions under which tumors were chronically exposed to estrogens plus 

progestins (several months) and demonstrate both phenotypic similarities to short term co-

treatment with both ligands in cell lines and explant cultures (21, 22), as well as some 

mechanistic differences. First, PR association with chromatin was more robust in the 

absence of added ligand (E2 only) (Fig. 4A and B). The majority of these sites were near 

sequences for FOX pioneering factors, suggesting a possible indirect association (Fig. 4E). 

In the presence of exogenous P4, PR was redirected to more conventional PREs in a cohort 

of genes. Second, the majority of the PR cistrome was co-occupied by ER, confirming 

significant cross-talk between the two receptors in gene regulation. Interestingly, only a 

small fraction of E2 regulated genes that significantly changed with P4 had ER or PR 

binding sites (Fig. 3E), suggesting indirect means of transcript regulation. Third, an ER-PR 

association was detected (although weakly) in the two PDX tumors tested (by RIME only) 

similar to that observed in breast cancer cell lines (Fig. 5A and B). Conversely, we could not 

detect a PR-Pol-III association in T47D cells similar to that observed in our PDX tumors (by 

co-IP). We speculate that an intermediary factor required for this interaction may be missing 

in vitro. In support of this theory, ChIP-seq PR binding events were found at only a small 

subset of tRNA genes (19, or 3% of annotated tRNA genes) in T47D cells (34). Of note, 

progestins effectively suppressed ER-mediated transcription and growth in tumors with 

genomic ER alterations (UCD4 contains the ESR1 D538G mutation and UCD65 has 

amplification/ overexpression of ER), and thus could be beneficial in endocrine refractory 

and/or ER abnormal tumors that retain PR expression.

Dysregulation of Pol III transcribed tRNAs is linked to increased transformation and cell 

proliferation in a variety of cancers including breast (35). Pol III and tRNA synthesis can be 

regulated by a variety of oncogenic signaling pathways (reviewed in 36); however their 

regulation by nuclear receptors has not been described. There is, however, precedence for 

steroids affecting tRNA pools. A 1968 paper by O’Malley et al described an estrogen-

induced increase in tRNA levels in the chick oviduct (37). In addition, P4 and 

dihydrotestosterone directly bound to aminoacyl-tRNAs to inhibit protein synthesis in an in 

vitro system (38). Analysis by tRNA-scan-SE has identified 610 tRNA genes in the hg19 

reference human genome (39); these encode 49 redundant tRNA isoacceptors for translating 

61 sense codons. We describe the presence of PR at a large proportion (40%) of tRNA genes 

in a breast tumor (Fig. 4D); its presence coincided with a P4-mediated reduction in 

expression of select pre- and mature tRNAs (Fig. 7). Interestingly, PR occupied the highest 

proportion (70%) of initiator methionine (tRNAi
Met) loci in UCD4. Overexpression of 

tRNAi
Met increases cell proliferation and metabolic activity of epithelial cells (40). Thus, the 

reduction of mature tRNAi
Met (Fig. 7C) would prospectively impede proliferation through 

stalling mRNA translation at the ribosome. In fact, codon usage can be related to specific 
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transcriptional programs including cellular proliferation in cancer cells (41, 42), such that 

alterations in tRNA pools can support selective translation and potentially also affect mRNA 

stability.

We therefore speculate that a progestin mediated alteration in tRNA pools could affect 

specific gene sets at the translational level. That a typical PRE sequence was not well 

represented at tRNA loci implicates that PR is associated through other mechanisms. The 

presence of a direct repeat (DR)2 RARE near the PR bound tRNA genes is intriguing, and 

we speculate that PR may be associated through RAREs or through interaction with RARs. 

There is some data to support this theory. RARα is a common and necessary co-factor at 

many ER transcribed genes in breast cancer cells (43). Furthermore, we have observed co-

recruitment of PR and RARα at sequences resembling PREs and RAREs in breast cancer 

cells (44). Our results also imply that PR has a general impact on Pol III transcription and 

could possibly affect ribosome function since 5S rRNA abundance was depressed by P4 and 

MPA (Fig. 7A and B).

In summary, we provide provocative new insight into PR action in solid breast tumors. Our 

data describe PR autonomous (of ER) influence on solid tumors through interference with 

RNA Pol III directed transcription; in addition to corroborating recent works that describe 

PR repositioning of ER in breast cancer genomes. This opens up exciting possibilities for PR 

targeted therapies. However, targeting PR can be tricky. Analysis of TCGA data has revealed 

loss of heterozygosity at the PR locus in 20–40% of ER+ breast tumors (21, 45). 

Concordantly, up to half of ER+ breast cancers show loss or underexpression of PR (46). 

Still, we speculate that ~25% of ER+ tumors would have adequate PR levels to confer tumor 

suppressive effects. There are currently no biomarkers that delineate which ER+PR+ breast 

cancers may be P4 responsive; and indeed P4 could be harmful in some situations 

underscoring this gap in our knowledge. While this study focused on PR-ER interactions, it 

is becoming more evident that individual steroids and steroid receptors rarely act in 

isolation. AR and GR also modulate ER action within ER+ breast cancers (47–49) and there 

is a growing interest in co-targeting multiple nuclear receptors in breast cancer (50). 

Therefore, a global understanding of the collective cacophony of steroid receptor activity at 

both the transcription and translation level is necessary to pinpoint the subset of tumors 

appropriate for steroidal intervention, and which combinations of steroids/antisteroids are 

required to achieve therapeutic efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Progestins inhibit the estrogen-dependent growth of ER+PR+ breast cancer PDX. A, Tumors 

UCD4 and UCD65 were grown in mice supplemented with continuous E2, E2+P4, or 

E2+MPA. Sections were stained by IHC for ER, PR, and AR under each of the conditions as 

indicated. Scale bars, 200 um. Scale bars for insets, 60 um. Quantitation of IHC is in 

Supplementary Fig. S1A. B and C, Tumors were grown in mice either in the absence of 

exogenously added hormones (placebo), or in the presence of continuous E2, E2+P4, or 

E2+MPA. Tumor volumes were measured weekly and plotted versus the number of days of 

incubation ± SEM. Tumor volumes at the final time point were compared using ANOVA 

followed by a Tukey post-hoc multiple comparison test. Significance (P values) is indicated. 

n=6–8 tumors per condition. Experiments were performed a minimum of two times with the 
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same statistically significant results. D, UCD4 tumors were grown in mice supplemented 

with E2 until they reached an average volume of 300 mm3, then either implanted with an 

MPA pellet, or treated 3 times weekly with tamoxifen (E2+TAM) or vehicle (E2+Veh). 

Tumor volumes at the final time point were compared using one-way ANOVA followed by a 

Tukey post-hoc multiple comparison test. n=6 tumors per condition. Significance is 

indicated; bars represent mean ± SEM.
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Figure 2. 
Progestins reverse a subset of estrogen-regulated genes at the transcript level. A, The gene 

expression profiles of PDX UCD4 grown with placebo, E2, E2+P4, or E2+MPA were 

determined using Affymetrix human gene 1.1 ST arrays. An n of 3 tumors were profiled for 

all groups. Venn diagrams depict E2 up- or downregulated genes (E2 vs. placebo, P<0.05) 

compared to those comparatively up- and downregulated by P4 or MPA (E2+P4 or E2+MPA 

vs. E2, P<0.05). Total genes in each category are indicated in parentheses. B, Triplicate 

UCD4 and UCD65 tumors treated with E2 or E2+MPA were analyzed by RNA-seq. The 

number of genes significantly increased (up) or decreased (down) by the addition of MPA 
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and the sum of genes changed in both directions (total) are indicated (P<0.05). C, 

Representative microarray genes in UCD4 that were E2-regulated and increased or 

decreased by P4 and MPA, or increased by P4 and MPA independent of E2. D, 

Representative RNA-seq genes increased or decreased in UCD4 and UCD65 tumors with 

E2+MPA compared to E2 only (P<0.05). E, Metacore enriched gene process networks in 

UCD4 tumors co-treated with E2 plus either P4 and MPA vs. E2 alone.
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Figure 3. 
Progesterone modestly alters the ER cistrome. ChIP-seq was performed for ER in triplicate 

UCD4 tumors grown in mice supplemented with E2 or E2+P4. A, Heat map depicts 

intensity of ER binding events at loci that did not change between E2 and E2+P4 (ER 

conserved), that were lost with P4 (ER loss), and that were gained with P4 (ER gain). The 

heat map is shown in a horizontal window of ± 2 kb. B, Venn diagram depicts overlap 

between ER binding events in E2 and E2+P4 treated tumors. C, Representative ER peaks 

that were conserved, lost, or gained in E2+P4 compared to E2 tumors. D, The major 

enriched motif in all three groups (ER conserved, ER loss, and ER gain) resembles a classic 
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estrogen responsive element (ERE). E, Comparison of E2 regulated transcripts (by 

microarray) with ER binding events (ChIP-seq). Left two circles, number of E2 regulated 

genes (placebo vs. E2, up or down) vs. number of genes with ER binding. Right two circles, 

number of E2 regulated genes reversed by P4 (down or up) that showed no ER binding 

events, or conservation (E2 and E2+P4), loss (E2 only) or gain (E2+P4 only) of ER binding.

Finlay-Schultz et al. Page 20

Cancer Res. Author manuscript; available in PMC 2018 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
The PR cistrome is distributed between ER co-occupied binding sites and RNA Pol III-

regulated genes. ChIP-seq was performed for PR in triplicate UCD4 tumors grown in mice 

supplemented with E2 or E2+P4. A, Heat map depicts intensity of PR binding events at 

genomic loci with loss (PR loss), conservation (PR conserved), or gain (PR gain) in tumors 

treated with E2+P4 compared to E2 alone (blue). ER binding events at the same loci are 

depicted on the right (red). Percent of ER co-occupancy with PR is indicated for each group. 

The heat map is shown in a horizontal window of ± 2 kb. B, Venn diagram depicts overlap 

between PR binding events in E2 and E2+P4 treated tumors. C, Representative PR peaks 
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that were conserved, lost, or gained with E2+P4 compared to E2 alone. D, Pie charts depict 

number of total PR or ER binding sites localized near tRNA vs. non-tRNA genes in E2 and 

E2+P4 treated tumors. E, Enriched sequence motifs in the PR loss, conserved, and gain 

groups.
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Figure 5. 
PR is associated with the RNA Pol III complex in ER+PR+ breast cancer PDX. A and B, PR 

and ER associated proteins were determined by RIME for UCD65 tumors grown in mice 

supplemented with E2 or E2+MPA. Peptide coverage (highlighted in green) of PR (A) or ER 

(B) associated proteins with percent coverage indicated. C, Co- IP of PR with RNA Pol III 

subunits POLR3A and POLR3B in UCD4 and UCD65 tumors treated with E2, E2+P4, or 

E2+MPA. IP was performed with PR Ab sc-7208, and immunoblots (IB) performed with 

antibodies to PR (A and B isoforms indicated), POLR3A, POLR3B, or ER(α). Molecular 
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weights are indicated. D, Co-IP of PR with POLR3A in UCD4 and UCD65 E2 and E2+P4 

treated tumors using IP with a different PR antibody (mAb F-4).
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Figure 6. 
Co-localization of PR and POLR3A at tRNA genes in tumors independent of hormone 

treatment. A and B, ChIP-qPCR analysis of PR and POLR3A at three tRNA genes in UCD4 

tumors grown in mice supplemented with placebo, E2, E2+P4, or P4 (A) and UCD65 tumors 

grown in mice supplemented with E2 or E2+P4 (B). ChIP was performed from three 

independent biological replicates. Peaks at the corresponding loci are indicated. Bars 

represent mean ± SEM. Significance was determined comparing each ChIP to IgG control 

using a Student’s t-test.
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Figure 7. 
P4 decreases pre- and mature tRNA levels in ER+PR+ PDX breast tumors. A and B, qPCR 

analysis of primary tRNA levels in UCD4 (A) and UCD65 (B) tumors grown in mice 

supplemented with E2, E2+P4, or E2+MPA (UCD4 only). Three independent biological 

replicates were used for analysis. Bars represent mean ± SEM. Significance was determined 

using one-way ANOVA followed by Tukey post-hoc multiple comparison tests (A) or 

Students t-test (B). C, Northern blot analysis of mature tRNA families (i.e. all Arg-TAT 

species) in UCD 4 tumors grown in mice supplemented with E2 or E2+P4. Three 

independent biological replicates were used. Quantified was normalized to RNA Pol I-
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regulated 5.8S rRNA. Quantification is graphed on the right as mean ± SEM. Significance 

was determined using a Student’s t-test for each tRNA group.
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