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Abstract

Receptor interacting protein kinase 1 (RIPK1) is an enzyme acting downstream of tumor necrosis 

factor alpha to control cell survival and death. RIPK1 expression has been reported to cause drug 

resistance in cancer cells, but so far, no published studies have investigated the role of RIPK1 in 

vitamin D signaling. In the present study, we investigated whether RIPK1 plays any roles in 1,25-

dihydroxyvitamin D3 (1,25D3)-induced growth suppression. In our studies, RIPK1 decreased the 

transcriptional activity of vitamin D receptor (VDR) in luciferase reporter assays independent of 

its kinase activity, suggesting a negative role of RIPK1 in 1,25D3 action. RIPK1 also formed a 

complex with VDR, and deletion analyses mapped the RIPK1 binding region to the C-terminal 

ligand-binding domain of the VDR. Subcellular fractionation analyses indicated that RIPK1 

increased VDR retention in the cytoplasm, which may account for its inhibition of VDR 

transcriptional activity. Consistent with the reporter analyses, 1,25D3-induced growth suppression 

was more pronounced in RIPK1-null MEFs and RIPK1-knockdown ovarian cancer cells than in 

control cells. Our studies have defined RIPK1 as a VDR repressor, projecting RIPK1 depletion as 

a potential strategy to increase the potency of 1,25D3 and its analogs for cancer intervention.
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1. Introduction

The seco-steroid hormone 1,25-dihydroxyvitamin D3 (1,25D3) and its receptor, vitamin D 

receptor (VDR), have long been known for their roles in calcium homeostasis and bone 

health. However, the widespread expression of VDR across different tissues implicates its 

importance in other biological processes [1]. Approximately 3% of human genes are directly 

or indirectly regulated by the vitamin D endocrine system [2]. Vitamin D deficiency has 

been consistently correlated with a number of chronic diseases including cancer; 1,25D3 and 

its synthetic analogs have been projected to be promising agents for cancer intervention [3–

6]. Our published studies in ovarian cancer have shown that 1,25D3 inhibits cancer growth 

by arresting cells at specific cell cycle checkpoints [7–9]. Further analyses have 

demonstrated that 1,25D3 induces microRNA target genes to decrease telomerase expression 

for cell death induction [10, 11] and to inhibit leptin and estrogen-induced tumor growth 

[12], suggesting that 1,25D3 has an important role in cutting down obesity-associated cancer 

risks in women [13]. More recent studies have shown that ovarian cancer invasion is 

suppressed by 1,25D3 through the cooperative actions of epithelial and stromal VDR [14]. 

Overall, these studies project VDR as a new therapeutic target for ovarian cancer 

intervention. However, not all ovarian cancer cells responded to 1,25D3 for growth 

suppression in our studies, including some cells expressing VDR at levels comparable to 

those of sensitive cells. The analyses suggest the existence of additional molecular 

determinants for 1,25D3 sensitivity besides VDR expression.

Receptor interacting protein kinase 1 (RIPK1) is a member of a family of seven protein 

kinases that share a homologous kinase domain (KD) [15]. In addition to its N-terminal KD, 

RIPK1 contains a unique death domain (DD) at its C-terminus and an intermediate domain 

(ID) harboring a RIP homotypic interaction motif (RHIM) that is shared by another family 

member, RIPK3 [15]. Due to the selective utilization of its adaptor function and enzymatic 

activities, RIPK1 is emerging as an important determinant of cell fate and can mediate either 

cell death or survival in response to diverse cellular signals [16, 17]. In response to certain 

necroptotic stimuli, RIPK1 is known to work through RIPK3 and mixed lineage kinase 

domain-like (MLKL) to signal cell death in a kinase-dependent manner [18, 19]. On the 

other hand, RIPK1 is also known to be recruited, together with other proteins, to form a pro-

survival protein complex by active TNFα receptor 1. The complex formation results in K63 

and linear ubiquitination of RIPK1 and subsequent recruitment of the TAB2/TAB3/TAK1 

complex and NEMO, leading to NF-κB activation and cell survival [15–17, 20, 21]. In 

contrast to its pro-death activity, RIPK1’s cell survival function is attributed largely to its 

adaptor function independent of the kinase activity, which contributes to its oncogenic 

activities and causes chemo-resistance in cancer cells [22–25]. Nonetheless, little is known 

about the role of RIPK1 in 1,25D3 signaling.

In the present study, we have examined the role of RIPK1 mediated by 1,25D3 and reported 

that RIPK1 is a transcriptional inhibitor of VDR and decreases 1,25D3-induced growth 

suppression. Interestingly, VDR inhibition occurs independently of RIPK1 kinase activity 

and is likely mediated through a RIPK1-VDR protein interaction that increases the 
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cytoplasmic retention of the VDR. Our studies project RIPK1 depletion as a potential 

strategy to increase the potency of 1,25D3 and its analogs in cancer intervention.

2. Material and Methods

2.1 Reagents and antibodies

Anti-Flag antibody (F7425), anti-Flag M2 affinity gel (A2220), fetal bovine serum (FBS) 

(12306C), MG132 (C2211), myelin basic protein (MBP) (M1891), and protease inhibitor 

cocktail (11836170001) were purchased from Sigma-Aldrich (St. Louis, MO). Anti-HA 

antibody (PRB-101P) was from Covance (BioLegend, San Diego, CA). Anti-VDR (C-20 

and D-6), anti-HSP60 (H-1, sc-13115), anti-α-actinin (H-2), and anti-β-actin (AC-15) 

antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-RIPK1 antibody 

(BD 610458) was from BD Bioscience (San Jose, CA). Anti-PARP (9532), anti-NCAM 

(3606s), anti-DUSP10 (3483s), and anti-G6PD (8866s) antibodies were from Cell Signaling 

(Danvers, MA). Luciferase substrates were from Promega (Madison, WI). The ECL Western 

blotting substrates were from Thermo Scientific (Waltham, MA). Trizol (15596026) was 

purchased from Life Technologies (Carlsbad, CA). Complementary DNA synthesis kit 

(170-8891) and iTaq Universal SYBR Green Supermix (172-5121) were from Bio-Rad 

(Hercules, CA). Ni-NTA (635659) was purchased from Clontech (Mountain View, 

CA).γ-32p-ATP (BLU002A250UC) was from PerkinElmer (Waltham, MA). Penicillin and 

streptomycin (30-002-CI) were from Corning (Tewksbury, MA). Lipofectamine 2000 

(11668-019) and trypsin (25200-056) were from Life Technologies (Grand Island, NY). 

1,25D3 (calcitriol) and necrostatin-1 (Nec-1) was purchased from Calbiochem (La Jolla, 

CA). 1,25D3 was reconstituted in 100% ethanol (EtOH) and Nec-1 in DMSO. Both stock 

solutions were stored at −20 °C. Handling of 1,25D3 and Nec-1 was performed under 

indirect lighting.

2.2 Plasmids and cell lines

Control and RIPK1 shRNA plasmids (pRS-MIG-HRS and pRS-MIG-RIP193, respectively) 

[26] were kind gifts from Dr. Martin Leverkus of University of Heidelberg. The RIPK1 

K45M mutant vector [27] was kindly provided by Dr. Junying Yuan of Harvard University. 

pCMX-Flag-RXRα was provided by Dr. Wilson H. Miller Jr. of McGill University [28, 29]. 

The p23 VDR reporter containing rat 24-hydroxylase promoter in pMAMMneoLuc [30] was 

provided by Dr. H. F. Deluca of University of Wisconsin-Madison. VDRE2TKLUC reporter 

was constructed by inserting two copies of a vitamin D response element (VDRE) in front of 

a minimal thymidine kinase (TK) promoter followed by firefly luciferase cDNA. GFP-VDR 

was generated by inserting human VDR cDNA in frame to the N-terminus of green 

fluorescence protein in pEGFP-N1 vector. His-tagged VDR in pET28a was generated as 

described [31]. HA-RIPK1, HA-VDR, Flag-RIPK1, and Flag-VDR plasmids were generated 

by cloning full-length RIPK1 and VDR cDNA into HA- and Flag-tagged pcDNA3.1 and 

pCMV vectors, respectively. Deletion constructs of VDR and RIPK1 were generated by 

PCR and cloned into Flag-tagged pcDNA3.1 and HA-tagged pCMV vectors, respectively.

293T and L929 cells were purchased from American type culture collection (ATCC) 

(Manassas, VA). RIPK1 wild type and null mouse embryonic fibroblasts (MEFs) [32] were 
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kindly provided by Dr. Junying Yuan of Harvard University. PE01 cells [33] were kindly 

provided by Dr. Toshiyasu Taniguchi of Fred Hutchinson Cancer Research Center. OVCAR3 

and PE01 cells were maintained in RPMI medium containing 2 mmol/L L-glutamine, 100 

U/mL penicillin, 100 μg/mL streptomycin, and 10% FBS. All other cells were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) containing 2 mM L-glutamine, 100 U/mL 

penicillin, 100 μg/ml streptomycin, and 10% FBS.

For stable knockdown of RIPK1, PE01 and OVCAR3 cells were transfected with pRS-MIG-

HRS control or RS-MIG-RIPK193 plasmid. Forty-eight hours post-transfections, stable 

clones were selected in media containing 2 μg/mL puromycin. RIPK1 knockdown in stable 

clones was verified by Western blot analyses. All cells were maintained in a 37°C 

humidified incubator with 5% CO2.

2.3 Transfection and reporter assays

2×105 293T cells were plated in 12-well plates and transfected with plasmids the next day as 

indicated in the figures. Twenty-four hours post-transfections, cells were treated with either 

EtOH or 10−8 M 1,25D3 for an additional 24 hours. Luciferase activity was measured and 

normalized with cognate β-galactosidase activity as previously described [34]. Each data 

point is expressed as mean ± S.D of parallel analyses in triplicates (n=3).

2.4 In vitro immunocomplex kinase assays

His-VDR proteins were expressed in E. coli and purified using Ni-NTA agarose beads. Flag-

RIPK1 was transfected into 293T cells and immunoprecipitated with Flag affinity beads. 

The kinase assays were performed by incubating 1 μg His-VDR or myelin basic protein 

(MBP) (M1891, Sigma) with 5 μCi of γ-32P-ATP in kinase buffer (10 mM Tris, pH7.4, 10 

μM of ATP, 150 mM Nacl, 10 mM MgCl2, and 0.5 mM dithiothreitol) for 30 minutes at 

30 °C. The reactions were stopped by adding 5× SDS sample loading buffer and heating for 

5 minutes at 100 °C. The samples were subjected to SDS-PAGE and phosphorylation status 

was visualized by autoradiography.

2.5 Immunological analyses

For co-immunoprecipitations, cells were lysed in buffer containing 20 mM Tris-HCL (pH 

7.5), 150 mM NaCl, 1% (v/v) NP-40, 1 mM PMSF, and protease inhibitor cocktail. After 

two consecutive 6-second sonications separated by a brief cooling, cells were kept on ice for 

10 minutes before centrifugation. For co-immunoprecipitations of transfected proteins with 

tags, cellular extracts were incubated overnight at 4°C with M2 antibodies conjugated with 

beads. For co-precipitations of endogenous VDR and RIPK1, cellular extracts were 

incubated overnight at 4°C with anti-VDR antibody followed by a 4-hour incubation with 

protein G beads. After incubations, the beads were washed five times with lysis buffer and 

precipitated proteins detected by Western blot analyses.

For Western blot, immune precipitates or cellular extracts containing equal amounts of 

protein (20–40 μg) were separated in a 10% SDS-PAGE, transferred onto nitrocellulose 

membranes, and probed with cognate antibodies. ECL substrates were used for protein 

detections.
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2.6 Cytoplasmic and nuclear fractionation

For cytoplasmic protein extraction, cells were washed and scraped with ice-cold phosphate 

buffered saline (PBS). After pelleting, cells were re-suspended in lysis buffer (10 mM 

Hepes, pH7.9; 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA) and kept on ice for 15 minutes. 

10% NP-40 was added and followed by centrifugation for 1 minute at 14,000 rpm. The 

supernatant was collected as cytoplasmic protein. The pellet was washed with ice-cold PBS, 

re-suspended in nuclear extraction buffer (20 mM Hepes, pH 7.9; 400 mM NaCl, 1 mM 

EDTA, 1 mM EGTA), and kept on ice for 30 minutes with 3- to 5-second vortexing at 5-

minute intervals. After centrifugation at 14,000 rpm for 5 minutes, the supernatant was 

collected as nuclear extracts.

2.7 Methylthiazol tetrazolium (MTT) assays

Cell growth was quantified using MTT assays. Cells were plated in 96-well plates and 

treated with either EtOH or 1,25D3 for 6 days. MTT assays were performed as described 

[35]. In brief, MTT was added to wells at a final concentration of 0.5 mg/mL and incubated 

for 3 hours. The media were removed after the incubation, and 200 μl of DMSO was added 

to each of the wells. The absorption at 595 nm was measured in a MRX microplate reader 

(DYNEX Technologies, Chantilly, VA). Each data point is expressed as mean ± S.D of 6 

samples analyzed in parallel (n=6).

2.8 Real-time RT-PCR

To quantify the expression of CYP24A1 mRNA and its induction by 1,25D3, cells were 

treated with EtOH or 10−7 M 1,25D3 for 24 hours. Total RNA was isolated using Trizol 

(Life Technologies, Grand Island, NY) according to manufacturer’s protocols. cDNA was 

prepared in a 20 μl reaction from 1 μg of total RNA by cDNA iScript™ cDNA synthesis kit 

(Bio-Rad, Hercules, CA). Real-time PCR reactions were run in triplicates (n=3) in the 

iCycler iQ™ real-time PCR detection system (Bio-Rad, Hercules, CA) in a 20 μl reaction 

mixture containing 2 μl of the reverse transcription product, 0.75 μl of 10 μM stocks of 

forward and reverse primers [36], and 10 μl of iTaq Universal SYBR Green Supermix. 

Reactions were run with the following parameters: 95°C for 3 minutes followed by 40 cycles 

of 95°C for 10 seconds, 55°C for 1 minute and GAPDH was run as a control for CYP24A1 

expression. ΔCt values and fold of induction were calculated as described previously [12]. 

Each data point represents three independent analyses (n=3) presented as mean ± SEM. 

*p<0.05, ***<0.0005, ****p<0.0001.

2.9 Statistical Analyses

Significant analyses were performed with the Student t-test. All values are presented as 

mean ± standard deviation (SD) unless otherwise specified. p <0.05 is considered to be 

statistically significant.
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3. Results

3.1 RIPK1 inhibits VDR transcriptional activity independent of its kinase activity

To test the effect of RIPK1 on VDR, HEK293T cells were transfected with plasmids 

expressing human VDR and RIPK1 together with a luciferase reporter construct in which rat 

CYP24 promoter containing two VDREs were placed in front of the luciferase cDNA in 

pMAMMneoLuc [30]. Transfected cells were treated with a vehicle or 10−8 M 1,25D3, and 

the transcriptional activity of VDR was assessed by the CYP24A1 luciferase activity as an 

outcome. 1,25D3 stimulated luciferase activity but the co-expression of RIPK1 substantially 

reduced its ability to do so (Fig. 1A, bar graphs). Since RIPK1 actually increased the levels 

of VDR protein (Fig. 1A, lower panels), it is thus apparent that RIPK1 decreased the 

transcriptional activity of VDR per molecule. Subsequent analyses with a VDRE2TKLUC 

reporter containing two copies of synthetic VDRE in front of the thymidine kinase promoter 

and luciferase cDNA obtained similar results (Fig. 1B), showing that the inhibition of VDR 

activity by RIPK1 is not limited to CYP24A1 promoter.

Since RIPK1 is a protein kinase, we next sought to determine whether the enzymatic activity 

of RIPK1 is required for the inhibition of VDR. As shown in Fig. 1C, the kinase-dead K45M 

RIPK1 mutant inhibited 1,25D3-induced VDR activity to the same extent as wild-type 

RIPK1, and the addition of RIPK1 kinase inhibitor Nec-1 did not relieve the inhibition. In 

the absence of ectopic RIPK1, Nec-1 increased the transcriptional activity of VDR (Fig. 1B, 

lower panels), raising the possibility that the inhibitor may exert a positive effect on VDR 

through non-specific effects independent of RIPK1 [37]. In our studies, Nec-1 increased the 

expression levels of both wild-type RIPK1 and the K45M mutant, and both wild-type RIPK1 

and the kinase-dead mutant increased the levels of VDR protein expression. The increased 

expression of RIPK1 and VDR by Nec-1 and RIPK1, respectively, was consistently 

observed in our studies.

Overall, the studies suggest that RIPK1 inhibits the transcriptional activity of VDR 

independently of its kinase activity. Consistent with this conclusion, RIPK1 did not 

phosphorylate recombinant VDR proteins (Fig 2A) in in vitro immunocomplex kinase 

assays though myelin basic protein was phosphorylated in parallel reactions (Fig. 2B).

3.2 RIPK1 forms a protein complex with VDR

As mentioned before, RIPK1 can perform its biological functions through its enzymatic 

activities or as an adaptor. The evidence that RIPK1’s ability to inhibit VDR activity is 

independent of its kinase activity prompted us to ask whether RIPK1 forms a complex with 

VDR. HEK293T cells were transfected with plasmids encoding tagged RIPK1, VDR, or 

both, and co-precipitation experiments performed. M2 anti-Flag beads co-precipitated HA-

RIPK1 with Flag-VDR (Fig. 3A) and HA-VDR with Flag-RIPK1 (Fig. 3B) from cells 

expressing both proteins but not either protein alone. Thus, RIPK1 associates with VDR in 

transfected cells. The binding of RIPK1 to VDR was detected both in the absence and 

presence of 1,25D3 but was reduced by the hormone treatment (Fig. 3C). This behavior is 

similar to that of a typical transcriptional co-repressor for nuclear receptors [38, 39]. 

Moreover, the complex formation also occurred between endogenous VDR and RIPK1 in 
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L929 mouse fibrosarcoma cells (Fig. 3D), ruling out the possibility that the complex 

formation might be an artifact of ectopic overexpression.

3.3 The complex formation between RIPK1 and VDR involves the kinase domain of RIPK1 
and the ligand-binding domain (LBD) of VDR

To define the site in VDR that mediates RIPK1 binding, VDR deletion constructs (Fig. 4A) 

were generated, and their ability to bind to RIPK1 was assessed by co-immunoprecipitation 

analyses. As shown in Fig. 4B, the LBD fragment of VDR was able to form a complex with 

RIPK1 just like the full-length receptor whereas deletion of the LBD from VDR destroyed 

the receptor’s ability to form such a complex, defining the LBD as the site for RIPK1 

binding. The VDR fragment deleted of the activation function 2 (AF2) region retained the 

ability to associate with RIPK1 (Fig. 4B), revealing expendability of the AF2 region for 

binding.

Using a similar approach, the regions in RIPK1 required for VDR interaction were also 

defined by deletion analyses. A set of RIPK1 deletion constructs were generated (Fig. 5A) 

and their ability to form complexes with VDR was determined in co-precipitation analyses. 

As shown in Fig. 5B, neither the kinase nor the intermediate domain alone was co-

precipitated with VDR whereas the fragment containing both regions was co-precipitated. 

The analyses suggest that the kinase or intermediate domain alone is not sufficient; both are 

required for binding to VDR. The deletion of C-terminal death domain and the region 

between RHIM and the death domain did not affect the VDR binding, showing that these 

regions are expendable.

Overall, the binding analyses suggest that RIPK1 employs multiple domains to interact with 

the LBD of VDR. Although the ability of RIPK1 to repress the transcriptional activity of 

VDR is independent of its enzymatic activity, the kinase domain is physically involved in the 

complex formation.

3.4 RIPK1 increases VDR retention in the cytoplasm

Besides binding to 1,25D3, the LBD of VDR is also known to be involved in heterodimer 

formation with RXR. In an effort to understand the mechanisms underlying VDR repression 

by RIPK1, we first analyzed the ability of VDR to form a heterodimer with RXR in the 

presence of or absence of ectopic RIPK1 expression. As shown in Fig. 6, similar amounts of 

RXRα were co-precipitated together with VDR from cells transfected with control vector 

and RIPK1, ruling out the disruption of receptor dimer formation as the mechanism for VDR 

repression by RIPK1. We next assessed the effect of RIPK1 on VDR cellular localization. 

As shown in Fig. 7, the VDR protein ectopically expressed in 293T cells was mainly 

localized to the nucleus but the co-transfection of RIPK1 increased the cytoplasmic VDR 

signal. Due to the fact that ectopic RIPK1 increased the overall levels of VDR expression, 

the impact of ectopic RIPK1 on the nuclear VDR was not obvious from the Western blots 

(Fig. 7A). However, after quantification with ImageJ and normalization with cognate whole 

cell signals, it became clear that the increased VDR retention in the cytoplasm was 

accompanied by a decrease in the nuclear VDR (Fig. 7B). The data argue that the increased 

cytoplasmic retention is a possible mechanism underlying the VDR repression by RIPK1.
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3.5 Depletion of RIPK1 expression increases sensitivity of cells to 1,25D3-induced growth 
suppression and target gene expression

So far, we have shown that ectopic RIPK1 represses VDR by binding to and holding the 

receptor in the cytoplasm. If this is true, depletion of RIPK1 expression should potentiate 

1,25D3 signaling and increase the sensitivity of cells to the growth-suppressive effect of the 

hormone. Indeed, in comparison to wild-type MEFs, RIPK1-null MEFs exhibited a 

significant increase in their sensitivity to 1,25D3-induced growth suppression at all 

concentrations tested (Figs. 8A and 8B).

Consistent with the data from RIPK1-null MEFs, RIPK1 knockdown by stable shRNA 

expression in OVCAR3 (Figs. 8C and 8D) and PE01 (Figs. 8E and 8F) ovarian cancer cells 

significantly increased their sensitivity to 1,25D3-induced suppression. Real-time PCR and 

Western blot analyses showed that RIPK1 knockdown also potentiated the ability of 1,25D3 

to induce CYP24A1 mRNA expression (Fig. 9A) and the expression of dual specificity 

phosphatase 10 (DUSP10), neural cell adhesion molecule 1 (NCAM1), and glucose-6-

phosphate dehydrogenase (G6PD) proteins (Fig. 9B), respectively. All these genes have been 

identified as 1,25D3 target genes in ovarian cancer cells in published micro-array analyses 

[40]. The ability of RIPK1 depletion to potentiate both the growth response to 1,25D3 and 

the ability of the hormone to induce target gene expression was observed in multiple cells 

types with a stable shRNA pool (Figs. 8D and 9) and two independent clones (Figs. 8F and 

9), ruling out the potential artifact of clonal effects and stable selection with antibiotics.

Overall, the growth and target gene expression analyses in RIPK1-depleted cells support the 

conclusion from transfection studies that RIPK1 is a VDR repressor. The studies argue that 

RIPK1 depletion may represent an effective strategy for increasing the potency of 1,25D3 

and its analogs in cancer intervention.

4. Discussion

RIPK1 is well established as an essential molecule involved in mediating cell death and 

survival downstream of death receptors. In this study, we have defined a novel function for 

RIPK1 in nuclear receptor signaling by identifying it as a VDR repressor. Reporter analyses 

have first shown that RIPK1 inhibits the transcriptional activity of VDR independently of its 

kinase activity. Subsequent co-precipitation analyses have revealed that RIPK1 forms a 

complex with VDR, and deletion analyses defined the interaction interface to be the LBD of 

the receptor. Interestingly, the kinase domain of RIPK1 appears to be required for VDR 

binding even though its kinase activity is expendable for VDR repression. While the 

molecular mechanisms underlying VDR repression by RIPK1 remain largely to be defined, 

our studies suggest that increased cytoplasmic retention of VDR may be one of the 

underlying mechanisms. More importantly, both RIPK1 knockout and knockdown increased 

the sensitivity of cells to 1,25D3-induced growth suppression as well as the ability to induce 

target gene expression, demonstrating the significance and clinical relevance of the 

knowledge gained in our mechanistic studies. Overall, our studies suggest that the depletion 

of RIPK1 may be an effective way to increase the sensitivity of cancers to 1,25D3 and its 

analogs.
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While the data in Figs. 1A and 1B clearly show a dose-dependent inhibition of VDR activity 

by RIPK1, it may appear odd that in Fig. 1C, Nec-1 significantly increased RIPK1 levels 

without further increasing the degree of VDR repression by RIPK1. There are two possible 

explanations for this. First, the amount of RIPK1 vector used for transfections in Fig. 1C 

was high and had already reduced VDR activity almost to its basal levels, thus leaving little 

room for further reduction. Second and more importantly, Nec-1 by itself increased VDR 

activity in the absence of ectopic RIPK1 expression (Fig. 1C), which may counteract its 

indirect effect on VDR through increased RIPK1 expression. Although the exact reasons that 

Nec-1 increased VDR activity in the absence of ectopic RIPK1 expression remains to be 

determined, it is most likely an off-target effect independent of RIPK1 kinase activity. 

Although Nec-1 has been perceived as a highly specific RIPK1 inhibitor, RIPK1-

independent effects have been reported [37].

Our studies have clearly demonstrated that VDR repression by RIPK1 occurs independently 

of its kinase activity and is mostly likely mediated through its adaptor function as a VDR-

interacting protein. Although our data suggest the increased cytoplasmic retention of VDR 

by RIPK1 binding as a mechanism underlying VDR repression, it should be noted that the 

nuclear localization signals had been identified as being in the DNA-binding domain and 

hinge region of VDR [41, 42] whereas the RIPK1 binding site was mapped to the LBD (Fig. 

4). On the other hand, nuclear exporting signals had been located to the LBD of VDR [43]. 

It is thus perceivable that RIPK1 might promote VDR nuclear export. Alternatively, since 

our mapping analyses suggest that multiple regions of RIPK1 are involved in its binding to 

VDR, it is possible that, after the primary contact with the LBD is made, RIPK1 may 

interrupt the interaction between VDR and nuclear pore structures through steric hindrance 

by secondary contacts with other regions in VDR.

Since ectopic RIPK1 expression in 293T cells increased VDR cytoplasmic localization and 

decreased VDR activity, cytoplasmic localization may represent a mechanism underlying 

1,25D3 resistance in cancer cells that overexpress RIPK1. However, it is important to point 

out that increased cytoplasmic localization may not be the only mechanism by which RIPK1 

inhibits VDR activity. Besides hormone binding, the LBD is also known to be involved in 

mediating interactions between VDR and cofactors. Thus, RIPK1 binding may also cause 

VDR suppression by interfering with the recruitment of transcriptional coactivators. As 

shown in Figs. 8 and 9, RIPK1 knockdown in 1,25D3-sensitive OVCAR3 and PE01 cells 

increased 1,25D3-induced growth suppression as well as target gene expression. However, 

our cellular fractionation studies have revealed a predominantly nuclear VDR distribution in 

these cells; RIPK1 knockdown did not cause detectable changes in the subcellular 

distribution of VDR. Differing from ectopic RIPK1 in 293T cells, significant amounts of 

endogenous RIPK1 were detected in the nucleus of OVCAR3 and PE01 cells as it has been 

reported for MEFs and Hela cells [44]. It is certainly feasible for RIPK1 to bind to VDR in 

the nucleus in these cells to directly repress its activity by acting as a transcriptional co-

repressor.

A large amount of epidemical and molecular studies have shown that vitamin D reduces 

cancer risks and that 1,25D3 analogs are promising agents for cancer treatments. However, 

the potential of 1,25D3 and its analogs in cancer intervention has yet to be realized in 
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clinics. A majority of the published studies about vitamin D and cancer has been dedicated 

to pathways through which the hormone suppresses cancer growth and invasion; limited 

studies have been done to define the molecules and pathways that suppress VDR and cause 

resistance of cancer cells to 1,25D3 and its analogs [45]. RIPK1 is overexpressed in 

melanoma cells and causes resistance of multiple cancers to chemotherapeutic drugs [22–25, 

46]. The present studies suggest that the expression of RIPK1 may also cause resistance to 

1,25D3-induced growth suppression and identify RIPK1 as a molecular target for increasing 

the therapeutic potential of 1,25D3 analogs for cancer. The fact that VDR suppression is not 

mediated by the kinase activity of RIPK1 makes it more challenging to target RIPK1 for 

cancer intervention. However, technological advancements in small interference RNA and 

gene editing tools have made it possible to develop strategies for targeted depletion of 

RIPK1 in cancer. Alternatively, small molecules that interfere with the interaction between 

RIPK1 and VDR can also be developed and used together with 1,25D3 analogs for 

combinational cancer therapy.
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Highlights

• RIPK1 forms a complex with VDR in vitro and in vivo

• RIPK1 inhibits the transcriptional activity of VDR

• RIPK1 depletion increases 1α,25-dihydroxyvitamin D3-induced growth 

suppression
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Figure 1. RIPK1 decreases VDR activity in a kinase-independent manner
A. 293T cells were transfected with 200 ng of p23 VDR reporter plasmid, 20 ng of 

pCMVβgal, 50 ng of Flag-VDR, and indicated amounts of Flag-RIPK1. The next day, cells 

were treated with either EtOH or 1,25D3 for 24 hours. B. 293T cells were transfected and 

treated as in panel A except VDRE2TKLUC was used as the reporter. C. 293T cells were 

transfected as in panel A but either with wild-type (RIPK1-WT) or kinase-dead mutant 

(RIPK1-K45M) RIPK1 and treated with 1,25D3 and/or RIPK1 inhibitor Nec-1 (20 μM). 

Luciferase activity was determined and normalized with cognate β-gal activity. Each data 

point was analyzed in triplicates (n-3) and reproduced two times. Western blot analyses were 

performed with antibodies as indicated.
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Figure 2. RIPK1 did not phosphorylate VDR in in vitro immunocomplex kinase assays
A. His-tagged VDR proteins were expressed in bacteria, purified using nickel beads, and 

stained with Coomassie blue. B. Flag-RIPK1 was transfected into 293T cells and 

immunoprecipitated with anti-Flag antibodies. In vitro immunocomplex kinase assays were 

performed with purified His-VDR protein as a substrate. Myelin basic protein (MBP) was 

included as a positive control.
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Figure 3. RIPK1 forms a protein complex with VDR, which is decreased by 1,25D3 treatments
A – C. 293T cells were transfected with 1.5 μg of tagged VDR and RIPK1 as indicated and 

treated with (Panel C) EtOH or 10−7 M 1,25D3 for 24 hours. Cellular lysates were 

immunoprecipitated with anti-Flag antibody conjugated beads. Western blot analyses were 

performed with indicated antibodies. D. Whole cell lysates of L929 cells were 

immunoprecipitated with anti-VDR antibody followed by Western blot analyses with anti-

VDR and RIPK1 antibodies as indicated.

Quarni et al. Page 16

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. RIPK1 binds to the C-terminal LBD of VDR
A. Schematic representation of the domain structure of VDR and its deletion constructs. 

Amino acid residue numbers are shown at the top of the graphs. ΔC: C-terminal LBD 

deleted (aa.1-203); ΔN: N-terminal DNA binding domain and hinge region deleted (aa.

204-427); ΔAF-2: Helix-12 deleted (aa.1-408). B. 293T cells were transfected with 1.5 μg of 

HA-RIPK1 together with 1.5 μg of Flag-tagged full-length (FL) VDR or its deletion 

constructs as indicated. Cellular extracts were subjected to co-immunoprecipitation analyses 

with antibodies as indicated.
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Figure 5. Multiple regions of RIPK1 mediate its binding to VDR
A. Schematic representation of the domain structure of RIPK1 and its deletion constructs. 

Amino acid residue numbers are shown at the top of the graphs. KD: kinase domain (aa.

1-289); ID: Intermediate domain (aa.290-583); IDs: Smaller ID (aa.290-547); ΔKD: Kinase 

deleted (aa.290-583). B. 293T cells were transfected with 1.5 μg of Flag-VDR together with 

1.5 μg of full-length (FL) or deletion constructs of HA-RIPK1 as indicated. Cellular extracts 

were subjected to co-immunoprecipitation analyses with antibodies as indicated.
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Figure 6. RIPK1 does not alter the ability of VDR to form dimer with RXR
293T cells were transfected with 1.5 μg of tagged vectors expressing VDR, RXRα, and 

RIPK1 as indicated and treated with EtOH or 10−7 M 1,25D3 for 24 hours. Cellular lysates 

were immunoprecipitated with anti-Flag antibody conjugated beads. Western blot analyses 

were performed with indicated antibodies.
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Figure 7. RIPK1 increases VDR cytoplasmic localization
293T cells were transfected with Flag-VDR and Flag-RIPK1 constructs. Thirty-six hours 

post-transfections, cells were treated with EtOH or 10−7 M 1,25D3 for 24 hours. Whole cell, 

cytosolic, and nuclear extracts were prepared and subjected to Western blot analyses with 

indicated antibodies. Anti-HSP60 and PARP-1 Western blots were included as loading 

controls for cytoplasmic and nuclear proteins, respectively. The intensity of Western blot 

bands was quantified by ImageJ (NIH). VDR signals were first normalized with cognate 

loading controls. Cytoplasmic and nuclear VDR were further normalized with corresponding 

whole-cell VDR and plotted as relative VDR signals. Bar graphs represent four independent 

experiments (n=4) and error bars have been calculated as mean ± standard error of the mean 

(SEM). *p<0.05, **<0.005.
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Figure 8. RIPK1 depletion sensitizes cells to 1,25D3
A. RIPK1 expression in wild-type (RIPK1+/+) and RIPK1-null (RIPK1−/−) MEFs was 

verified by Western blot analyses. B. MEFs were plated in 96-well plates and treated with 

either EtOH or indicated concentrations of 1,25D3 for 6 days. MTT assay was performed. 

Six samples were analyzed in parallel for each data point (n=6) and the experiment was 

repeated twice. Percentages of cell growth were first calculated by subtracting MTT values 

at day zero from those in day 6 followed by dividing with day zero values. Percentages of 

growth suppression by 1,25D3 were calculated by dividing percentages of cell growth in 

1,25D3-treated groups with those of the EtOH controls. **p<0.005; ***p<0.001, 

****p<0.0001. C. RIPK1 and VDR expression was determined by Western blot analyses in 

an OVCAR3 cell pool stably expressing control or RIPK1 shRNA. D. The OVCAR3 pools 

were treated with EtOH or 1,25D3 for 6 days and the percentage of growth suppression was 

measured in MTT assays as in Panel A. E. RIPK1 and VDR expression was determined by 

Western blot analyses in PE01 cell clones stably expressing control or RIPK1 shRNA. F. 

PE01 clones were treated with EtOH or 1,25D3 for 6 days and the percentage of growth 

suppression was determined in MTT assays as in Panel A.
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Figure 9. RIPK1 depletion increases the ability of 1,25D3 to induce target gene expression
A. Cells were treated with EtOH or 10−7 M 1,25D3 for 24 hours. Total RNA was extracted 

and the expression of CYP24A1 determined by real-time RT-PCR and normalized to 

GAPDH. The expressions are presented as fold of induction over the vehicle control. Each 

data point represents three independent analyses (n=3). Student’s t-test was used for 

statistical analyses. *p<0.05, ***<0.0005, ****p<0.0001. B. Cells were treated with EtOH 

or 10−7 M 1,25D3 for 6 days. Western blot analyses were performed with antibodies as 

indicated. The signals of vitamin D target genes were quantified by ImageJ (NIH) and 

normalized with cognate signals of α-actinin as loading controls. The numbers under the 

blots indicated the fold of induction over vehicle control.
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