
Article Not peer-reviewed version

PIM Kinases Regulate Estrogen

Receptor α Signaling in Luminal A

Breast Cancer Cells

William B. Eccleshall , Kwan Long Mung , Iida-Maria Laiho , Cecilia M. Sahlgren , Päivi J. Koskinen *

Posted Date: 11 September 2024

doi: 10.20944/preprints202409.0907.v1

Keywords: PIM kinases; estrogen receptor α; luminal A breast cancer; targeted therapy resistance

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/3840730
https://sciprofiles.com/profile/3840094
https://sciprofiles.com/profile/2660349


 

Article 

PIM Kinases Regulate Estrogen Receptor α Signaling 
in Luminal A Breast Cancer Cells 
William B. Eccleshall 1,2,3, Kwan Long Mung 1, Iida-Maria Laiho 2,3, Cecilia M. Sahlgren2,3,4,5  
and Päivi J. Koskinen1,* 

1 Department of Biology, University of Turku, Turku, FI-20500 Turku, Finland 
2 Faculty of Science and Engineering, Biosciences, Åbo Akademi University, FI-20500 Turku, Finland 
3 Turku Bioscience, University of Turku and Åbo Akademi University, FI-20500 Turku, Finland 
4 Department of Biomedical Engineering, Institute for Complex Molecular Systems, Eindhoven University of 

Technology, 5600 MB Eindhoven, The Netherlands 
5 InFlames Flagship, Åbo Akademi University, FI-20500 Turku, Finland 
* Correspondence: paivi.koskinen@utu.fi, Tel. +358 29 450 4218 

Abstract: Estrogen receptor α (ERα) is a nuclear hormone receptor that mediates the biological effects of 
estrogen and is known to be phosphorylated at multiple sites. Despite several reports highlighting serine-167 
(S167) of ERα as a common phosphorylation site for various kinases, there have been contradictory data 
regarding its relevance in the context of ERα-expressing luminal A breast cancer. In this study, we show that 
S167 is targeted by the oncogenic PIM family kinases in these cells. Loss of PIM expression or catalytic activity 
reduces S167 phosphorylation and restricts ERα signaling, while PIM overexpression has the opposite effect. 
Nonetheless, we found no evidence that PIMs protect breast cancer cells from ERα blockade, as both PIM 
protein levels and ERα S167 phosphorylation levels were substantially lower in populations of cells that had 
developed tamoxifen resistance as compared to untreated cells. However, this does not rule out the possibility 
that PIMs provide protection against ERα-targeting therapies in such breast cancer cells in which they are 
overexpressed, warranting further investigations. 
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1. Introduction 

The proviral integration site for Moloney murine leukemia virus (PIM) kinase family consists of 
three serine/threonine kinases, PIM1, PIM2 and PIM3. PIM substrates identified by us and others 
include multiple types of proteins, such as the transcription factors NFATC1 [1], RUNX1 [2] and 
FOXP3 [3], the cell surface signaling proteins Notch1 [4] and Notch3 [5], the metabolic enzymes 
GSK3B [3], LKB1 [6] and LDHA [7], the translational inhibitor AKT1S1 [8], the pro-apoptotic protein 
BAD [9], the chemokine receptor CXCR4 [10], and the CAPZ actin capping proteins [11]. Effects of 
PIM-dependent phosphorylation depend both on the substrate and the physiological context, but 
multiple studies, including our own, have shown that via phosphorylation, PIMs enhance cancer cell 
survival and motility in both hematologic and solid cancers, such as breast and prostate cancer [12]. 
Moreover, PIMs promote chemo- and radioresistance of cancer cells [13–15], suggesting that PIM 
inhibition may restore therapy sensitivity. Despite a slight reduction in size, triple knockout (TKO) 
mice lacking expression of all PIM family members are viable and fertile [16], suggesting that PIMs 
would be a rational pharmacological target in cancer, with a favorable safety profile. However, while 
PIM inhibition has proven to be well-tolerated in patients, their efficacy in clinical trials has been 
underwhelming [17], prompting a shift of interest towards the idea of using PIM inhibitors in 
combination with other treatments [18]. 

Estrogen signaling via estrogen receptor α (ERα) is essential for female reproductive maturation 
and the development of female secondary sex characteristics, but some breast tumors exploit the 
receptor for growth and progression [19]. Approximately 80% of breast tumors express ERα [20]. 
These ERα-expressing (ER+) tumors can usually be treated effectively with endocrine therapies that 
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work by blocking ERα signaling [19]. However, the efficacy of estrogen blockers is limited in some 
patients due to intrinsic or acquired therapy resistance. There are numerous reports highlighting the 
relevance of genetics [21–23], epigenetics [24,25], the cistrome [26–31] and DNA damage repair [32] 
in therapy-resistant tumors, while other studies have pointed to mechanisms involving signal 
rewiring [33–39] and post-translational modifications (PTMs) [40–44]. Endocrine therapy resistance 
is therefore complex and the molecular mechanisms that facilitate this phenotype appear to be 
context-dependent and should be handled on a case-by-case basis. 

In MCF-7 luminal A breast cancer cells, PIM1 [4,45] and PIM3 [4] expression is upregulated in 
response to stimulation with estradiol. PIM1 depletion through RNA silencing has been shown to 
reduce the proliferative capacity of these cells and increase apoptosis [45]. In our previous study, we 
did not observe any major difference between the proliferation rates of wild-type (WT) MCF-7 cells 
and their CRISPR-edited TKO derivatives lacking expression of all three PIM kinases [6]. Even 
though it is known that ERα regulates PIM1 and PIM3 expression, and that PIMs can function as 
oncoproteins in ER+ breast cancer cells, an unaddressed question is whether PIMs regulate the ERα 
signaling axis itself, as a feedback mechanism or otherwise. Furthermore, links between endocrine 
therapy resistance and PIMs have remained unexplored. Here we present data to demonstrate that 
ERα is a novel PIM substrate phosphorylated at serine-167. This site has previously been shown to 
be targeted by several kinases including RSK [46,47], AKT [48], CK2 [49], p70S6K [42], IKKε [43] and, 
Aurora-A [44]. Loss of PIM expression or activity drastically reduces ERα signaling capacity, 
although this may also depend on factors other than serine-167 phosphorylation. Moreover, we did 
not find any evidence that PIMs, or phosphorylation at serine-167, would protect cells from the 
antiproliferative effects of antiestrogens. By contrast, expression of PIM proteins and 
phosphorylation of ERα were diminished in tamoxifen-resistant cells. 

2. Materials and Methods 

2.1. Cell culture, treatments, and transfections 

MCF-7 and T-47D breast cancer cells and PC-3 prostate cancer cells were obtained from 
American Type Culture Collection (Manassas, VA, USA). MCF-7 cells were grown in Dulbecco’s 
modified Eagle’s medium, high glucose (DMEM) (Gibco™ #11965092; Thermo Fisher Scientific, 
Waltham, MA, USA), and T-47D and PC-3 cells in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MI, 
USA). Both media were supplemented with L-glutamine, 10% fetal bovine serum (FBS), and 
penicillin/streptomycin. RPMI-1640 medium was further supplemented with MEM Non-Essential 
Amino Acids (Gibco™, #11140050; Thermo Fisher Scientific) and sodium pyruvate (Gibco™, 
#11360070; Thermo Fisher Scientific). Phenol red-free DMEM, high glucose (PRF-DMEM) (Gibco™ 
#21063029; Thermo Fisher Scientific), supplemented with charcoal stripped FBS (Gibco™ #A3382101; 
Thermo Fisher Scientific), L-glutamine, and penicillin/streptomycin, served as estrogen-deprivation 
medium. To stimulate or inhibit estrogen signaling, culture medium was supplemented with β-
estradiol (#E2758; Sigma-Aldrich) or 4-hydroxytamoxifen (#T176, Sigma-Aldrich), respectively, from 
stock solutions dissolved in ethanol. PIMi (an unpublished and patented pan-PIM inhibitor, the name 
and structure of which has not yet been disclosed) and AZD1208 (a well-characterized pan-PIM 
inhibitor, AstraZeneca, Cambridge, UK) were solubilized in DMSO and used to inhibit PIM activity. 
MCF-7 and PC-3 cells were transfected with the FuGENE® HD Transfection Reagent (#E2311; 
Promega, Madison, WI, USA) and T-47D cells with the jetPEI® DNA transfection reagent 
(#101000053; Polyplus, Illkirch-Graffenstaden, France) according to the manufacturer’s protocols 
with transfection reagent to DNA ratios of 3:1. 

2.2. DNA Constructs 

The pEGFP-PIM1 vector expressing GFP-tagged mouse PIM1, the pcDNA™3.1/V5-His-C and 
pGEX-6P-1 vectors expressing human PIMs, and the pGEX-6P-1 vector expressing mouse Notch1 
intracellular domain (ICD) have been described previously [4]. pEGFP-C1-Erα was a kind gift from 
Michael Mancini  [50}, (Addgene plasmid # 28230; http://n2t.net/addgene:28230; 
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RRID:Addgene_28230) and was used for subcloning the human ESR1 coding sequence (CDS) into 
pFLAG-CMV-2 (Sigma-Aldrich) and the N-terminal fragment of the human ESR1 CDS (residues 1 – 
184) into pGEX-6P-1 (GE Healthcare Life Sciences, Little Chalfont, UK) or pRSFDuet™-1 (Merck 
Millipore, Burlington, MA, USA). Site-directed mutagenesis of serine-167 to either alanine (SA) or 
glutamic acid (SE) was achieved by using Ultra Pfu DNA Polymerase (Stratagene, San Diego, CA, 
USA) according to the manufacturer’s protocol. The primers used for subcloning and mutagenesis 
are described in Supplementary Tables 1 and 2, respectively. The 3X ERE TATA luc reporter 
construct was a kind gift from Donald McDonnell [51] (Addgene plasmid # 11354; 
http://n2t.net/addgene:11354; RRID:Addgene_11354). The pSV-β-galactosidase plasmid was 
purchased from Promega. 

2.3. Recombinant Protein Production in Escherichia Coli 

pGEX-6P-1 plasmids (expressing GST-PIMs, GST-ERα184 or GST-Notch1-ICD) and pRSFDuet™-
1 plasmid (expressing His-ERα184) were transformed into BL21 E. coli and cultured overnight in 
Lysogeny broth at +30°C. The following day, when the optical density of the culture at 600 nm 
wavelength (OD600) reached approximately of 0.6, 250 µM isopropyl-β-d-galactosidase (Sigma-
Aldrich) was added to induce recombinant protein expression, and the bacteria were cultured for 
another 4 h (GST-PIMs) or 24 h (GST-ERα184, His-ERα184, GST-Notch1-ICD). The steps for isolating 
and purifying GST- and His-tagged recombinant proteins from the bacterial cultures have been 
described previously [11]. 

2.4. Western Blotting  

Cells were lysed for 10 min in ice-cold buffer containing 50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 
2 mM EDTA, 1% NP-40, 5 mM NaF, 10 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM PMSF, 2 μg/ml 
leupeptin, aprotinin and pepstatin A. The cell lysates were scraped from the wells, transferred to 
Eppendorf tubes, and sonicated with a Branson Sonifier 450 probe sonicator for 10 seconds. Lysates 
were then centrifuged at 21,000 x g for 10 seconds and supernatants were collected. The protein 
concentrations of these lysates were determined using Pierce™ BCA Protein Assay Kit (#23228; 
Thermo Fisher Scientific) according to the manufacturer’s instructions. Protein aliquots (20–90 μg) 
were separated by SDS/PAGE and transferred onto PVDF membranes (Merck Millipore). The 
membranes were incubated overnight at +4°C with primary antibodies. Secondary antibody staining 
was performed for 30 min at RT with HRP-linked secondary antibodies. Antibody details can be 
found in Supplementary Table 3. For immunoprecipitation of Flag-tagged proteins, lysate aliquots 
containing 1 mg of protein were incubated with 10 μL of anti-Flag® M2 affinity agarose gel (#A2220; 
Sigma-Aldrich). After 1 h incubation with rotation at +4°C, the samples were washed three times with 
lysis buffer. For western blotting, non-reducing 2X Laemmli sample buffer was added to the samples 
which were then heated for 10 min at +95°C prior to gel loading. Chemiluminescence was detected 
by Clarity or Clarity Max ECL western blotting substrates (#1705061/#1705062; Bio-Rad, Hercules, 
CA, USA). Results were visualized with the ChemiDoc™ MP Imaging System (Bio-Rad) and 
analyzed with ImageJ (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). 

2.5. In Vitro Kinase Assays 

In vitro kinase assays were performed as described previously [52], but without radioactivity. In 
brief, 0.5 – 1.0 μg aliquots of kinase and substrate proteins were incubated together per reaction. The 
samples were then separated by SDS-PAGE and transferred onto PVDF membranes. The membranes 
were probed with the sequence-specific RXXS*/T* phospho-antibody at +4°C overnight followed by 
HRP-linked secondary antibody staining for 30 min at RT. Antibody details can be found in 
Supplementary Table 3. Chemiluminescence was detected as above for western blotting. Total 
protein levels were assessed afterwards by Ponceau S staining. 

2.6. Luciferase Assays 
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The 3X ERE TATA luc reporter construct was transfected into cells together with the pSV-β-
galactosidase plasmid. The luciferase values obtained were normalized according to β-galactosidase 
activity. Assays were performed using a Luciferase Assay System kit (#E1500; Promega) following 
the manufacturer’s instructions. Shortly, cell lysates were mixed with either D-luciferin for 5 minutes 
or ortho-nitrophenyl-β-galactoside (ONPG) for 30 minutes, after which bioluminescence or 
absorbance at 420 nm wavelength were measured with the EnSpire® Multimode Plate Reader 
(PerkinElmer, Turku, Finland).  

2.7. Quantitative PCR 

The NucleoSpin RNA kit (#740955.50; Macherey-Nagel, Düren, Germany) was used to isolate 
RNA from cell populations, following which complementary DNA (cDNA) samples were 
synthesized using a SensiFAST cDNA Synthesis Kit (#BIO-65054; Meridian Bioscience, Cincinnati, 
OH, USA). Quantitative PCR (qPCR) reaction mixtures were prepared with 5× HOT FIREPol 
EvaGreen qPCR Mix Plus (#08-24-0000S; Solis BioDyne, Tartu, Estonia) according to the 
manufacturer's instructions. The primer sequences for detection of ESR1, TFF1, XBP1, RET, and 
GAPDH (a housekeeping gene control) transcripts are described in Supplementary Table 4. 

2.8. Viability Assays 

To determine cell viability, MTT assays were performed as described previously [53]. Briefly, 
cells cultured in 96-well plates were incubated for 4 h with 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) reagent at +37°C. The resulting formazan crystals were 
solubilized by addition of 0.04 M HCl in isopropanol followed by mixing. Alternatively, 
alamarBlue™ assays were performed using the alamarBlue™ Cell Viability Reagent (#DAL1025; 
Thermo Fisher Scientific) according to the manufacturer’s instructions. Briefly, cells cultured in 96-
well plates were incubated for 4 h with alamarBlue™ reagent at +37°C. For both MTT and 
alamarBlue™ assays, absorbance at 570 nm, serving as an index of cell viability, was measured using 
the EnSpire® Multimode Plate Reader.  

2.9. Statistical Analysis and Figure Preparation 

GraphPad Prism 6.0 (GraphPad Software, Boston, MA, USA) was used to prepare charts and 
results were analyzed by Student’s t-test. Where statistically significant difference was detected 
(p < 0.05), this was marked by *, with error bars signifying SEM. Inkscape was used for figure 
preparation. 

3. Results 

3.1. Estrogen Receptor α is a Novel PIM Substrate 

As we and others had previously observed that PIM expression can be enhanced by treatment 
with estradiol [4,45], we wanted to determine whether PIMs, in turn, regulate ERα activity. We first 
overexpressed Flag-tagged ERα in wild-type (WT) MCF-7 breast cancer cells, PC-3 prostate cancer 
cells or their CRISPR-edited triple knockout (TKO) derivatives, which lack expression of all three PIM 
family members, and which have been previously prepared and characterized by us [6]. Flag-tagged 
ERα was then immunoprecipitated and the phosphorylation level of the protein was determined 
using a phosphospecific antibody that recognizes phosphorylated amino acids within the consensus 
sequence of RXXS*/T* resembling a PIM target site. In both MCF-7 and PC-3 TKO derivatives, the 
level of ERα phosphorylation was drastically reduced as compared to WT cells (Figure 1A-B), 
suggesting that ERα is a PIM substrate. 
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Figure 1. PIM kinases phosphorylate estrogen receptor α at S167. (A-B) Wild-type (WT) or PIM triple 
knockout (TKO) MCF-7 (A, n=4) or PC-3 cells (B, n=2) were transiently transfected with Flag-tagged 
vector for estrogen receptor α (ERα). After 48 h, Flag-ERα was immunoprecipitated and its 
phosphorylation and expression levels were analysed by western blotting with the RXXS*/T* and Flag 
antibodies, respectively. (C-F) In vitro kinase assays were performed with GST-tagged PIM kinases 
and His- or GST-tagged ERα184. Proteins were separated by SDS-PAGE and their phosphorylation 
detected with the RXXS*/T* antibody. Protein loading was visualized by Ponceau S staining. C) Wild-
type (WT) or kinase-deficient (KD) GST-PIM1 were mixed with either WT His-ERα184 or its serine-167 
to alanine (SA) mutant, or GST or GST-Notch1, which served as negative and positive controls, 
respectively (n=1). D) GST-PIM1 was mixed with GST-ERα184 in the presence of AZD1208 or PIMi at 
the indicated concentrations (n=2). E) GST-PIM1 was mixed with WT or SA His-ERα184 in the presence 
or absence of 5 µM PIMi (n=2). F) GST-tagged PIM1, PIM2 or PIM3 was mixed with WT or SA His-
ERα184 (n=3). G) WT or TKO MCF-7 cells were treated with the indicated concentrations of PIMi 
overnight (n=3). The numbers below blots refer to relative levels of indicated proteins. 

We then checked for such serines or threonines in ERα that aligned with the RXXS*/T* antibody 
target sequence. We found five such sites (S154, S167, S236, S338, and S518), and compared their 
preceding sequences to the PIM consensus phosphorylation sequences. These have been reported to 
contain K/R-K/R-R-L-S*/T*-X, where X represents an amino acid with a small chain [54], or R-X-R-H-
X-S*, where X represents any amino acid [55]. Despite the lack of direct matches to either sequence, 
serine-167 (S167) within the sequence RERLAS*TND drew our interest, owing to its match at all but 
leucine-165, and it being an established phosphorylation site for several kinases [42–44,46–49]. S167 
sits in the N-terminal activation function-1 (AF-1) domain of the receptor. We therefore cloned the 
ERα N-terminal domain, consisting of amino acids 1-184 (ERα184) into GST- and His-tagged bacterial 
expression vectors. We also used site-directed mutagenesis to generate a serine-167 to alanine (SA) 
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phosphodeficient mutant of His-tagged ERα184. We subsequently carried out in vitro kinase assays on 
combinations of ERα184 and PIMs, along with appropriate controls or pharmacological PIM inhibition.  

PIM1 phosphorylated ERα184 far more strongly than Notch1-ICD, a known PIM substrate [4] that 
served as a positive control (Figure 1C). Phosphorylation was disrupted by using the SA mutant 
instead of WT or kinase-deficient (KD) PIM1 in place of WT (Figure 1C), or the PIM-selective small 
molecule inhibitors AZD1208 and PIMi (Figure 1D-E). PIMi refers to an unpublished, but patented 
compound, which in our hands has behaved similarly to several previously characterized PIM-
inhibitors, including AZD1208 (Supplementary Figure 1). Furthermore, all PIM kinase family 
members were able to phosphorylate WT ERα184, but not SA (Figure 1F), although PIM2 was less 
active than PIM1 and PIM3 in this assay. To prove that PIMs also phosphorylate ERα when expressed 
at endogenous levels, we used an ERα S167* phosphospecific antibody and observed that 
phosphorylation of its target site was reduced in MCF-7 cells lacking PIMs, or in response to PIM 
inhibition (Figure 1G). 

3.2. PIM Kinases Enhance ERα Signaling 

To determine how PIMs influence ERα signaling, we performed luciferase assays on the lysates 
of cells that had been transfected with estrogen-inducible luciferase and constitutively expressed β-
galactosidase reporter constructs. We subsequently compared the ERα activity in WT and TKO MCF-
7 cells and observed a dramatic decrease in cells lacking PIMs, both in the absence and especially in 
the presence of estradiol (Figure 2A). Following this, we explored the effects of PIM inhibition on 
basal ERα activity in MCF-7 cells or in T-47D cells, which represent another line of luminal A breast 
cancer cells. Basal ERα activity was significantly decreased in inhibitor-treated MCF-7 cells, while a 
smaller and statistically insignificant decrease was observed in T-47D cells (Figure 2B). This 
difference may be explained by lower levels of PIMs in T-47D as compared to MCF-7 cells [5]. ERα-
naïve PC-3 cells were included in subsequent experiments, as there was limited interference from 
endogenous ERα signaling in these cells. In PC-3 cells, we could potentiate luciferase activity by co-
transfecting PIM1 along with ERα (Figure 2C). Likewise, in MCF-7 cells with endogenous ERα 
signaling, overexpression of PIM1 enhanced luciferase activity (Figure 2D). We subsequently 
overexpressed ERα WT, SA, serine-167 to glutamic acid (SE) phosphomimicking mutant or the Flag 
vector control in PC-3 cells, in MCF-7 WT cells, and in two independent MCF-7 TKO cell clones, and 
measured luciferase activity in the absence or presence of estradiol to see if there was any difference 
between phosphomutants (Figure 2E-H). As expected, estradiol potentiated luciferase activity in all 
cases, except for control-transfected PC-3 cells. Interestingly, the ERα-dependent luciferase activities 
remained even lower in the two MCF-7 TKO cell clones than in the ERα-naïve PC-3 cells, irrespective 
of the transfected constructs. While lack of the PIM target site in the SA mutant did not reduce 
luciferase activity in either MCF-7 or PC-3 cells as compared to WT ERα, the SE mutant was slightly 
more potent. 
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Figure 2. PIMs potentiate ERα-driven transcription. Cells were transiently transfected with estrogen-
responsive luciferase and constitutively expressed pSV-β-galactosidase reporter constructs, after 
which ERα activity was determined by luciferase assays, normalised to β-galactosidase activity and 
displayed as relative luciferase units (RLU). A) WT or TKO MCF-7 cells were cultured in estrogen-
deprived medium (-E2) for 8 hours, after which this medium was replenished or changed to medium 
containing 10 nM estradiol (+E2). After 16 hours cells were lysed for the assay (n=3). B) MCF-7 or T-
47D cells were treated with 5 µM PIMi or DMSO for 16 hours (n=3). C) PC-3 cells (n=4) or D) MCF-7 
cells (n=3) were transfected with Flag-ERα and His-PIM1 or vector control. E) PC-3 (n=3), (F) MCF-7 
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WT (n=3), and (G-H) TKO cells (n=3) were transfected with Flag-ERα (WT, SA or SE mutants) or 
vector control, and subjected to estrogen deprivation (-E2) or stimulation (+E2). 

We next performed quantitative real-time polymerase chain reaction (qPCR) assays with MCF-
7 WT and TKO cells to see how the absence of PIMs influences the expression levels of TFF1, RET 
and XBP1, which are all ERα-regulated genes [56–59] (Figure 3A). We observed that in TKO cells, 
mRNA levels for all these genes were downregulated in comparison to WT cells, most notably for 
TFF1, so we decided to validate this finding by western blotting. Indeed, the TFF1 protein levels were 
substantially reduced in TKO cells as compared to WT cells (Figure 3B). Moreover, PIM 
overexpression increased TFF1 expression in cells cultured in estrogen-deprived conditions (Figure 
3C). This was most noticeable in PIM1-overexpressing cells and not observed in estradiol-treated 
cells, where basal PIM expression most likely was sufficient to support estrogen-dependent ERα 
activity. 

 
Figure 3. Expression of ERα-regulated genes is downregulated in the absence of PIMs. A) To compare 
the expression levels of estrogen-inducible mRNAs in WT MCF-7 cells and two independent PIM 
TKO clones, qPCR assays were performed under normal culturing conditions (n=3). Western blotting 
experiments were performed to compare TFF1 protein levels in the absence (-) or presence (+) of 
estradiol (E2) in (B) WT MCF-7 cells and two independent TKO clones (n=4) and in (C) MCF-7 cells 
overexpressing different PIM family members (n=3). 

3.3. PIM Overexpression Does Not Protect Cells from Tamoxifen 

We then wanted to determine whether PIMs influence cellular responses to tamoxifen or estrogen 
deprivation. We first performed MTT-based viability assays with MCF-7 cells overexpressing WT 
ERα or the SA or SE phosphomutants. These cells had been cultured in the absence or presence of 10 
nM estradiol for 4 days. Although ERα overexpression led to a modest, but statistically insignificant 
increase in viability under both conditions, cells expressing the SA and SE phosphomutants proved 
to be equally viable (Figure 4A). We then overexpressed PIM1 in MCF-7 WT and TKO cells to see 
whether this would protect cells against tamoxifen-induced reduction in cell viability. While PIM1 
overexpression slightly enhanced the viability of TKO cells, there was no statistically significant 
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improvement in the relative viability of WT or TKO cells treated with tamoxifen as compared to cells 
overexpressing the vector control (Figure 4B).  

   

 
Figure 4. PIM overexpression does not restore cell viability in the presence of tamoxifen. A) MTT 
assays were performed with MCF-7 cells transiently transfected with WT, SA or SE ERα. After 24 
hours, 5,000 transfected cells were plated per well in a 96-well plate. 16 hours later, the culture 
medium was changed and cells were grown in the absence (-E2) or presence (+E2) of 10 nM estradiol. 
The medium was replenished once per day for further 96 hours before the MTT assay (n=3). B) 
alamarBlue™ assays were performed to compare the effects of PIM overexpression on susceptibility 
to tamoxifen. Cells were transiently transfected with GFP-tagged PIM1 or vector control. After 24 
hours, 10,000 transfected cells were plated per well in a 96-well plate. 16 hours later, culture medium 
was replaced with medium containing the indicated concentrations of tamoxifen, and 48 hours later 
the assay was performed (n=3). Western blotting was used to compare the levels of pERα, ERα and 
PIM family members in tamoxifen-resistant (C) MCF-7 cells (n=3) or (D) T-47D cells (n=3). Cell culture 
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medium was supplemented with the indicated concentrations of tamoxifen (Tam) over a three-month 
period. E) Western blot of MCF-7 cells following a brief treatment with tamoxifen. Cells were 
transfected with His-tagged PIM1 or vector control, and after 24 hours they were treated with 10 µM 
of tamoxifen (Tam) and lysed at the specified timepoints (n=3). 

To see whether acquired tamoxifen resistance is associated with increased or decreased PIM 
expression levels, we cultured MCF-7 and T-47D cells in media containing different concentrations 
of tamoxifen for 3 months. MCF-7 cells acquired resistance at 1, 3, and 10 µM, while no T-47D cells 
survived continuous culturing at 10 µM, leaving us with cell populations resistant to either 1 or 3 
µM. Protein levels of PIM family members were diminished in resistant cells and the level of ERα 
S167 phosphorylation was also reduced (Figure 4C-D). A shorter treatment with tamoxifen for up to 
90 minutes was also enough to substantially reduce ERα S167 phosphorylation in cells 
overexpressing PIM1, where the basal phosphorylation levels however were higher (Figure 4E). 
Thus, we obtained no evidence to suggest that PIM kinases contribute to acquisition of tamoxifen 
resistance in ER+ luminal A breast cancer cells. 

4. Discussion 

Post-translational modifications modulate ERα signaling output, and in doing so can influence 
the physiology of body tissues and pathophysiology of disease states. To date, twenty-seven distinct 
phosphorylation sites have been identified on ERα [60]. The most studied of these are S118 and S167, 
and numerous studies have explored the link between phosphorylation of these residues and patient 
responses to endocrine therapy [61].  

Here we show, to our knowledge, the first piece of evidence that ERα is a PIM substrate, and 
that PIM-dependent phosphorylation occurs at the broadly known ERα phosphosite S167 in the N-
terminal AF-1 activation domain. PIMs therefore join the company of several S167-targeting kinases 
such as RSK [46,47], AKT [48], CK2 [49], p70S6K [42], IKKε [43], Aurora-A [44]. ERα in turn joins the 
growing list of substrates that can be phosphorylated by both PIMs and AKTs, the functional roles of 
which overlap in many contexts [12,62]. We performed in vitro kinase assays to show that all three 
PIM family members can phosphorylate S167. Furthermore, we present evidence that PIMs also 
phosphorylate ERα in mammalian cells. We observed that lack of expression or activity of PIMs in 
MCF-7 cells drastically reduces S167 phosphorylation, suggesting that PIMs play a more dominant 
role in regulating ERα activity in this cell line as compared to other S167-phosphorylating kinases. 
Indeed, in MCF-7-based TKO cells lacking all three PIM family members, the mRNA and protein 
expression levels of several ERα target genes, particularly TFF1 were remarkably reduced. These 
results align well with the previous finding that the ERα S167A phosphomutant binds more weakly 
to the promoter of TFF1 than the wild-type protein [63]. Furthermore, several reports have indicated 
that ERα S167A displays reduced transcriptional activity in BHK cells [46,47], COS-1 cells [48], HeLa 
cells [63], and MCF-10A cells [43], and that ERα transcriptional activity can be enhanced by 
overexpression of S167-phosphorylating kinases such as AKT in COS-1 cells [48], p70S6K in HEK293E 
cells [42], and IKKϵ in MCF-7 cells [43]. In accordance with this, we report here that in PC-3 and MCF-
7 cells, PIM overexpression increases ERα transcriptional activity. 

Data from our luciferase assays indicate that the phosphomimicking S167E mutant of ERα is 
slightly more active than WT and S167A, but this difference was in most cases statistically 
insignificant. It is somewhat surprising that the SE mutant is not a more potent activator of the ERα 
pathway, given how much ERα activity is increased by overexpression of S167-phosphorylating 
kinases. Perhaps the phosphomimicking glutamic acid residue is an inadequate mimetic of the 
phosphorylated serine. Nonetheless, it remains possible that PIMs also influence ERα via 
mechanisms other than S167 phosphorylation. As our data on PIM-mediated phosphorylation of S167 
primarily rely on the usage of an RXXS*/T* phosphospecific antibody, we cannot rule out the 
possibility that PIMs also phosphorylate ERα at other sites. While there are five RXXS/T sites within 
ERα: S154, S167, S236, S338, and S518, only S154 and S167 are located in the N-terminus of ERα (1-
184) used in the in vitro kinase assays. Our data indicate that S154 is not a PIM target site, but the 
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other sites have not been investigated. Nevertheless, it seems unlikely that they would be targeted 
given that the sequences preceding them align less well with the PIM consensus sequence as 
compared to S167.  

The effect of PIMs in cells that have been treated with tamoxifen was limited in our experiments. 
While basal ERα S167 phosphorylation is elevated in cells overexpressing PIM, tamoxifen treatment 
reduces S167 phosphorylation at a similar rate as in control cells. Furthermore, PIM overexpression 
did not offer any protection to cells treated with tamoxifen. ERα overexpression leads to a modest 
increase in viability of cells cultured in estrogen-starved conditions, but this is independent from ERα 
S167 phosphorylation status. These findings suggest that in 2D in vitro models, PIMs offer little 
advantage to cells in the context of estrogen deprivation or ERα blockade. These findings are 
consistent with our in-house tamoxifen-resistant cell lines, in which expression of all PIM kinase 
family members was downregulated, suggesting that the cells have not been rewired to utilize PIMs 
as part of a therapy-escape mechanism. Nonetheless, it would be of interest to examine patient data 
to determine whether there are any links between PIM expression in luminal A tumors and de novo 
resistance.  

In broader terms, the role of S167 in tamoxifen resistance has been difficult to determine, with 
patient data often seeming to contradict those from cell-based studies. For example, several cell-based 
studies have suggested that phosphorylation at S167 is positively associated with endocrine therapy 
resistance [43,44,48,64]. Conversely, in one study using MCF-7 cell derivatives with stable expression 
of ERα S167A, the cells were equally viable to WT cells following treatment with estradiol or 
antiestrogens [65], which is in line with what we observed. In patients, data from one study indicated 
that phosphorylation at S118, but not S167, correlates with resistance to tamoxifen [41]. Indeed, other 
patient-based studies have even highlighted S167 phosphorylation as a positive prognostic marker 
in metastatic breast cancer patients treated with aromatase inhibitors [66] and in postmenopausal 
breast cancer patients on endocrine therapies [67], and as a predictor of positive response to endocrine 
therapies in patients with metastatic breast cancer [68]. Furthermore, in another study S167 
phosphorylation was linked to low tumor grade, improved relapse-free survival, and overall 
survival, suggesting that the activity of kinases that phosphorylate S167 correlates with better 
prognoses [69]. 

ERα activity is known to regulate PIM expression [4,45], and our study has demonstrated that 
PIMs in turn influence ERα activity, which hints at a system of signaling feedback between these two 
proteins, the depth and complexity of which was beyond the scope of this study. The influence of 
PIMs on ERα involves, but is not limited to, phosphorylation on S167 in the AF-1 domain. In the 
future, studying the effects of S167A at an endogenous level would be highly informative, and could 
offer higher fidelity over the experiments performed with overexpressed phosphomutants. Indeed, 
given the positive results that have been reported in patients treated with various kinase inhibitors 
in combination with antiestrogens [70–74], it seems likely that when the activity of certain kinases is 
enriched, it provides luminal A breast cancer cells with a means to escape endocrine therapies.  
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