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Abstract

Prostate cancer is one of the leading causes of mortality in men. The major cause of death in 

prostate cancer patients can be attributed to metastatic spread of disease or tumor recurrence 

after initial treatment. Prostate tumors are known to remain undetected or dormant for a long 

period of time before they progress locoregionally or at distant sites as overt tumors. However, 

the molecular mechanism of dormancy is yet poorly understood. In this study, we performed a 

differential gene expression analysis and identified a gene, Regucalcin (RGN), which promotes 

dormancy of prostate cancer. We found that cancer patients expressing higher level of RGN 

showed significantly longer recurrence-free and overall- survival. Using a doxycycline-inducible 

RGN expression system, we showed that ectopic expression of RGN in prostate tumor cells 

induced dormancy in vivo, while following suppression of RGN triggered recurrence of tumor 

growth. On the other hand, silencing RGN in LNCap cells promoted its outgrowth in the tibia 

of mice. Importantly, RGN promoted multiple known hallmarks of tumor dormancy including 

activation of p38 MAPK, decrease in Erk signaling and inhibition of FOXM1 expression. 

Furthermore, we found that RGN significantly suppressed angiogenesis by increasing secretory 

miR-23c level in the exosomes. Intriguingly, FOXM1 was found to negatively regulate miR-23c 

expression in prostate cancer. Additionally, we identified eleven RGN downstream target genes 

that independently predicted longer recurrence-free survival in patients. We found that expression 

of these genes was regulated by FOXM1 and/or p38 MAPK. These findings suggest a critical role 

of RGN in prostate cancer dormancy, and the utility of RGN signaling and exosomal miR-23c as 

biomarkers for predicting recurrence.
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INTRODUCTION:

Prostate cancer is deemed curable if diagnosed at an early stage of tumorigenesis. However, 

patients often experience disease recurrence, months or years after initial treatment, leading 

to reduced life expectancy6, 27. Despite significant attrition of tumor cells by treatment 

such as radical prostatectomy or hormone ablation therapy, a small fraction of cancer cells 

survives undetectable or dormant prior to their outgrowth as an overt tumor at local or 

distant sites35. One of the major sites of prostate cancer recurrence is bone7. Interestingly, 

prostate tumor cells are known to disseminate to bone even before diagnosis of primary 

disease35. A recent study has reported that more than 50% of patients with no evidence of 

disease after radical prostatectomy were found to be positive for disseminated tumor cells 

(DTC) in bone, indicating that cells disseminate and remain dormant in bone at a very early 

stage of tumorigenesis8 and these cells serve as the seed for recurrent tumor growth.

Tumor dormancy is thought to be the consequence of cancer-intrinsic or extrinsic factors. 

Two proposed mechanisms for cancer dormancy are cellular and environmental dormancy. 

Cellular dormancy results from inherent ability of cancer cells to remain in arrested 

state41. These cells intracellularly activate signaling such as p38 MAPK pathway that 

impairs growth ability of cells. On the other hand, environmental dormancy results from 

the crosstalk of tumor cells with microenvironment cells, such as stromal-, immune-, and 

endothelial-cells, which triggers partial cell death and molecular rewiring toward dormancy 

associated signaling1. A critical challenge in dormancy research is to identify key genetic 

mediators that regulate both cellular and environmental dormancy, and predict disease 

recurrence.

Regucalcin (RGN) is a highly conserved protein localized on X-chromosome and it is 

known to maintain intracellular calcium homeostasis55. RGN affects cellular growth and 

apoptosis by regulating protein kinases and repressing various signaling pathways at both 

transcription and translational level32, 56. RGN is also known to play a suppressive role 

on cancer initiation and progression33, 50. Ectopic RGN expression in cancer cell lines 

exerts growth suppressive effect by regulating various oncogenes and tumor suppressors50. 

Importantly, high RGN expression in cancer tissues is associated with prolonged survival of 

patients with liver, pancreatic, breast, colorectal and lung cancer58–61. Thus, RGN plays a 

prominent role in cellular processes associated with tumor progression.

In this report, we performed a screening of gene expression datasets of prostate cancer 

patients and identified a gene, RGN, as a strong prognostic indicator of longer disease 

recurrence-free survival. We demonstrated that RGN promoted dormancy by inducing both 

cellular dormancy via p38 MAPK activation and FOXM1 inhibition, and environmental 

dormancy by suppressing angiogenesis in the tumor microenvironment. The suppressive 

effect on angiogenesis was mediated by exosomal secretion of miR-23c. We also identified 
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novel RGN target genes that independently predicted longer recurrence-free survival of 

patients.

RESULTS:

RGN expression correlates with late recurrence in patients

To identify genes that are associated with early- or late recurrence of prostate cancer, 

we utilized an existing dataset (GSE6919) and performed differential gene expression 

analysis between two groups of patients, (i) patients who had PSA recurrence before 3 

years (designated as “early recurrence” group, n=16) and (ii) patients who showed disease 

recurrence only after 3 years (designated as “late recurrence” group, n=28) (Figure 1A and 

Supplementary Figure 1A). We identified 44 upregulated genes and 17 downregulated genes 

in late recurrence group when compared to early recurrence group. These 61 genes were 

further evaluated for their prognostic association with overall survival and recurrence-free 

survival using the TCGA dataset (n=566). We found that two genes, RGN and KIAA1462, 

were significantly associated with longer overall survival (Figure 1B and Supplementary 

Figure 1C–D); however, only RGN expression predicted longer recurrence-free survival 

(Figure 1C and Supplementary Figure 1E). Therefore, we selected RGN for further study. 

To substantiate the prognostic significance of RGN, we examined two additional datasets 

(GSE21034 and GSE6919) and found that prostate cancer patients expressing higher level of 

RGN showed longer recurrence-free survival (Figure 1D–E). Importantly, RGN expression 

did not correlate with disease severity as no progressive decrease in RGN was evident with 

increase in Gleason grade (Supplementary Figure 1F). We also examined RGN expression 

in patients who had incidence of either loco-regional recurrence or onset of new bone lesion 

after initial treatment of the disease (relapse group) and compared to patients who did not 

have such disease progression (no relapse group) using the TCGA dataset (Table 1). RGN 

expression was found to be significantly decreased in patients who experienced overt disease 

relapse (Figure 1F). Similar to RGN, BMP7, a protein that we have previously reported to 

promote dormancy26, was also significantly downregulated in the relapse group (Figure 1F). 

However, expression of established tumor or metastasis suppressor genes in prostate cancer 

such as, PTEN, PHLPP1 and CD8212, 16, 25, did not decrease in relapse group, suggesting a 

distinct role of RGN in tumor relapse (Figure 1F). Additionally, RGN level was significantly 

lower in patients with metastasis when compared to the patients with localized primary 

tumors (Figure 1G). This result was further verified by immunohistochemial analysis of 

patient’s tumor specimens. While strong RGN staining was observed in benign prostatic 

hyperplasia, RGN staining progressively decreased in primary and metastatic tumors (Figure 

1H).

Our group and others have previously demonstrated that tumor recurrence is controlled by 

epigenetic mechanisms, such as promoter-methylation dependent silencing of genes that 

inhibits recurrent outgrowth of tumors29, 42, 51. Therefore, we investigated whether RGN can 

be regulated by promoter DNA methylation using the TCGA methylation dataset. The RGN 

promoter was found to be significantly methylated in prostate tumors compared to paired 

normal tissues (Supplementary Figure 1G). We then treated PC3mm prostate cancer cells 

with Decitabine, a drug that inhibits methylation of cytosine residues in DNA, and found 
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that decitabine increased RGN level (Supplementary Figure 1H), indicating that RGN is 

epigenetically silenced but the expression of this gene is reversible. These findings strongly 

indicate that RGN plays a significant role in regulation of disease relapse of prostate cancer.

RGN induces dormancy in vivo

Based on our findings, we hypothesized that RGN may induce dormancy of prostate cancer. 

To study the role of RGN in dormancy in vivo, we first generated bone metastatic PC3mm 

and C42B cell lines that expressed RGN in a doxycycline-inducible manner (Supplementary 

Figure 2A). We then transplanted these cells by intracardiac injection into nude mice and 

controlled RGN expression by adding or withdrawing doxycycline in the drinking water. We 

found that continuous RGN expression led to a significant decrease in the onset of bone 

metastasis of both C42B and PC3mm cells (Figure 2A–B, −/− vs +/+ group). Importantly, 

withdrawal of doxycycline and concomitant reduction of RGN expression after 14 days 

rescued the suppressive effect of RGN and increased the onset of bone metastasis (Figure 

2A–B, +/+ vs +/− group). In our histological analysis, a significant decrease in bone 

metastasis area was evident in tumors that continuously expressed RGN (Figure 2C). These 

results indicate the reversible effect of RGN in inducing dormancy of prostate cancer in 

bone. We further studied the effect of RGN on the growth of metastatic lesion by treating 

mice with doxycycline after formation of metastatic lesions in bone. RGN significantly 

reduced the growth of bone lesions demonstrating its suppressive effect in progression 

of metastasis (Supplementary Figure 2B). We also performed a loss of function study 

by silencing RGN expression in LNCap cells (Supplementary Figure 2C). We implanted 

150,000 LNCap cells, which is less than the number of cells required to establish tumor 

growth in the bone14, 20, to examine the effect of RGN knockdown in tibial growth ability. 

While scrambled shRNA infected LNCap cells showed baseline bioluminescence signal, 

knockdown of RGN significantly accelerated tumor growth (Figure 2D). We then sought of 

a possibility that LNCap-shScrambled cells injected mice harbor dormant cells that lacked 

in vivo growth potential. We therefore flushed the tibial bones of these mice and examined 

the presence of LNCap cells by quantifying human-specific Prostate Specific Membrane 

Antigen (PSMA) by flow cytometry. As shown in Figure 2E LNCap-shScrambled cells 

injected tibia harbored PSMA positive cells, while age-matched tumor-free tibia were 

negative for PSMA expressing cells. Importantly, tibia from RGN silenced LNCap cells 

injected mice retained significantly higher number of PSMA positive cells indicating that 

these cells acquired ability to grow in the bone. Together, our results strongly demonstrate 

that RGN promotes dormancy prostate cancer cells in bone.

RGN promotes dormancy in vitro

As the in vivo experiments suggested that RGN retains cells in dormant state, we studied 

the effect of ectopic RGN expression on cell proliferation and cell cycle progression. 

RGN significantly decreased cell proliferation and induced cell cycle arrest, which was 

reversed when its expression was downregulated by doxycycline withdrawal (Figure 3A–B, 

Supplementary Figure 3A–B). To further validate the effect of RGN in cell proliferation, 

we labeled cells with fluorescent staining Celltrace dye. The signal of this dye dilutes 

to half with each cell division and non-proliferating cells retain the fluorescent signal. 

We found that RGN expression significantly increased the number of label-retaining cells 
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while withdrawal of doxycycline decreased label retention ability of these cells (Figure 

3C). The RGN dependent decrease in cell growth was also validated by examining Ki67 

positive population by flow cytometry (Figure 3D). Additionally, the expression of cell cycle 

inhibitor proteins, p21 and p18, were found to be augmented in cells overexpressed with 

RGN (Figure 3E). Conversely, silencing RGN in LNCap cells significantly increased cell 

proliferation and decreased p21 and p27 expression (Figure 3F–H). We further investigated 

the effect of RGN in p21 expression in vivo, by performing immunohistochemical staining 

of the tumors. As shown in Figure 3I, cells with reduced RGN expression showed decreased 

p21 staining. These results suggest that RGN promotes tumor cell dormancy by blocking 

cell cycle in vitro.

RGN promotes dormancy signaling

Multiple cellular pathways and paracrine signaling in the metastatic microenvironment 

regulate tumor dormancy1. In prostate cancer, p38/Erk signaling and FOXM1 expression 

are known to induce dormancy or indolent growth1, 5, 44. We therefore examined these 

signaling in prostate cancer cells expressing RGN in a doxycycline-dependent manner. We 

found that RGN expression significantly increased activation of p38 signaling. However, 

this activation was reversed when RGN expression was reduced in the cells by doxycycline 

withdrawal from the culture media (Figure 4A). p38 activation was also observed in the 

cells stably expressing RGN (Supplementary Figure 4A). In support of this finding, gene 

set enrichment analysis (GSEA) analysis also revealed that the p38MAPK signature is 

significantly enriched in patients expressing high levels of RGN (Figure 4B). Conversely, 

RGN expression reduced activation of Erk, indicating an increase in p38 to Erk ratio (Figure 

4C). On the other hand, RGN silencing decreased p38 activation while increasing Erk 

phosphorylation thereby decreasing p38 to Erk ratio (Figure 4D). We then examined the 

effect of RGN on FOXM1 expression. As shown in Figure 4E, RGN expression decreased 

FOXM1 level and activation of its upstream AKT pathway (Figure 4E). The negative 

correlation between RGN and FOXM1 was even evident in the clinical samples (Figure 

4F). Importantly, patients expressing higher levels of FOXM1 had significantly shorter 

recurrence-free survival time (Figure 4G). We have previously shown that the self-renewal 

property of prostate cancer cells are compromised during dormancy26. We examined the 

effect of RGN on self-renewal by sphere formation assay. Indeed, RGN significantly 

decreased the sphere forming ability of PC3mm and LNCap cells (Figure 4H–I). Taken 

together, these results strongly suggest that RGN activates dormancy signaling and inhibits 

stem cell property of prostate cancer.

Identification of RGN downstream target genes

To explore the clinically relevant downstream target genes of RGN, we separated patients 

in three different datasets (TCGA (n=498), GSE6919 (n=90) and GSE21034 (n=140)) 

based on their RGN expression (lower quartile- vs upper quartile- RGN expression groups) 

irrespective of their clinical parameters and performed differential gene expression analysis 

between these two groups. This analysis revealed that 93 genes were commonly and 

significantly upregulated in RGN upper quartile cohorts while no gene was found to 

be commonly downregulated (Figure 5A). We further screened these 93 genes by two 

criteria – (i) their association with relapse status of patient and (ii) their prognostic 
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ability to predict recurrence-free survival. This screening resulted in 11 genes that were 

significantly downregulated in relapsed tumors and strongly correlated to longer recurrence-

free survival (Figure 5B and Table 2). We then investigated whether these genes are 

directly regulated by RGN in prostate cancer cell lines. We found that, ectopic RGN 

expression significantly elevated expression of majority of these genes in PC3mm and 

LNCap cells whereas, silencing RGN in LNCap cells decreased their expression (Figure 

5C–E). This result indicates that these genes are downstream targets of RGN. As our 

previous findings suggested that RGN stimulated p38 activation and inhibited FOXM1 

expression, we explored whether signaling from p38 and FOXM1 mediate the upregulation 

of RGN target genes. We therefore expressed activated p38 and FOXM1 in PC3mm cells 

(Supplementary Figures 5A–B). As shown in Figure 5F, expression of activated p38 in 

PC3mm cells significantly increased expression of all target genes. On the other hand, 

ectopic expression of FOXM1 downregulated five genes (Figure 5G). These results imply 

that RGN stimulates expression of these genes via either p38 or FOXM1 or both, and these 

genes are positive downstream regulators of dormancy signaling.

Several RGN target genes are implicated with the cellular cytoskeleton and extracellular 

matrix4, 45, 62 (Table 2), which is responsible for regulating the cell morphology thereby 

affecting cell migration and invasion. Therefore, we examined the effect of RGN in 

migration and invasion ability of cancer cells. RGN significantly reduced invasion and 

migration ability of cancer cells (Supplementary Figure 5C–D). These results suggest 

that RGN downstream genes potentially inhibit invasion and migration thereby limiting 

aggressiveness of prostate cancer cells.

RGN suppresses angiogenesis in tumor microenvironment by exosomal miRNA-23c

Angiogenic dormancy is one prominent mechanism of environmental dormancy40. 

Therefore, we sought of a possibility that RGN affects angiogenesis. We examined the 

bone metastatic lesions from mice that were systemically implanted with C42B cells and 

performed immunohistochemistry for the expression of CD31. As shown in Figure 6A, 

tumors expressing RGN (Dox +/+ group) showed significantly reduced vessel formation 

compared to the lesions in which cancer cells did not express RGN (Dox −/− and Dox 

+/−). This finding prompted us to examine the effect of RGN in angiogenesis in vitro. 

We treated human umbilical vein endothelial (HUVEC) cells with conditioned medium 

(CM) derived from prostate cancer cell lines with or without RGN expression. The tube 

forming ability of HUVEC cells significantly decreased when incubated with CM prepared 

from RGN expressing cells (Figure 6B–C). It has been reported that tumor cells regulate 

angiogenesis by communicating with endothelial cells through exosomes secretion3, 24, 43. 

Therefore, we investigated if exosomes in CM prepared from RGN expressing cells were 

involved in the suppression of angiogenesis. We depleted exosomes from CM and treated 

HUVEC cells with CM deprived of exosomes. Interestingly, the exosome-depleted CM 

collected from RGN expressing cells did not decrease the tube formation ability of HUVEC 

cells (Figure 6D). We then isolated exosomes from PC3mm cells, characterized its size by 

Nanoparticle tracking analysis (NTA) and electron microscopy. We also validated exosome 

uptake by HUVEC cells (Supplementary Figure 6A–C). When HUVEC cells were treated 
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with exosomes isolated from RGN expressing cells, their tube-forming ability significantly 

decreased, indicating that factors in exosomes mediates suppression of angiogenesis.

Small RNAs such as miRNAs are known to be abundantly present in exosomes52, and our 

group and others have recently demonstrated that exosomes-entrapped miRNAs regulate 

angiogenesis in the tumor microenvironment43, 52. To identify exosomal miRNAs that 

regulate angiogenesis, we first focused on 86 miRNAs that were previously reported to 

regulate angiogenesis. These miRNAs were then screened for their prognostic significance 

in predicting prostate cancer recurrence-free survival using the TCGA PRAD miRNA 

dataset. Based on this screening, 10 miRNAs that significantly correlated with longer 

relapse-free survival in prostate cancer patients were selected for further studies (Figure 

6E–F and Supplementary Figure 7A). We then examined whether RGN directly regulated 

expression of these miRNAs. As shown in Figure 6F, we found that two miRNAs, miR-23c 

and miR-134-5p, were commonly and significantly upregulated in exosomes of PC3mm and 

LNCap cells ectopically expressing RGN. To investigate whether these two miRNAs are 

involved in anti-angiogenic effect of RGN, we transfected PC3mm cells with locked nucleic 

acid (LNA) against these miRNAs and isolated exosomes from transfected cells. When 

HUVEC cells were treated with exosomes isolated from cells transfected with miR-23c 

LNA, but not with miR-134-5p, the angiogenesis inhibitory effect of RGN was significantly 

rescued (Figure 6G and Supplementary Figure 7B). Collectively, these results indicate that 

RGN suppresses angiogenesis in the tumor microenvironment by exosomal miR-23c.

To investigate how RGN expression upregulate miR-23c gene, we examined whether 

miR-23c was regulated by signaling from p38 or FOXM1. We found that ectopic expression 

of FOXM1 significantly decreased miR-23c expression while expression of activated p38 

did not alter the miR-23c level (Figure 6H). In support of this finding, a significant negative 

correlation between miR-23c and FOXM1 was evident in clinical specimens (Figure 6I). 

These results strongly indicate that FOXM1 negatively regulates miR-23c expression and 

that RGN decreases FOXM1 to stimulate miR-23c expression.

DISCUSSION:

RGN is a multifunctional protein that regulates calcium homeostasis, intracellular cell 

signaling, proliferation and apoptosis57. RGN is also known as Senescence Marker Protein 

30 (SMP30) as its level decreases with aging and the transgenic rats reverses age-associated 

cellular changes22, 48. Extracellular and intracellular calcium levels and protein kinase C 

(PKC) pathway regulate RGN expression36, 49, 54. The tumor suppressive role of RGN in 

multiple tumor types, including prostate cancer has been previously reported31, 50. RGN 

regulates expression of oncogenes and tumor suppressors to inhibit rat hepatoma cells50. 

Although loss of RGN was previously reported to promote prostate cancer, this is the 

first report demonstrating the pathological mechanism involved in metastatic dormancy of 

prostate cancer at preclinical level.

Our study revealed that RGN promotes dormancy-associated signaling. It has been well 

documented that higher p38/Erk ratio dictates the dormant phenotype of cancer cells1. In 

fact, disseminated tumor cells (DTC) isolated from bone of prostate cancer patients with 
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no evidence of disease were found to be enriched for p38 MAPK associated genes13. 

Similarly, we also found that p38 MAPK signature was significantly enriched in patients 

with high RGN expression. In addition, ectopic RGN expression by doxycycline treatment 

activated p38 MAPK in a reversible manner in both androgen-sensitive and -resistant cell 

lines, suggesting that the activation of p38 MAPK pathway by RGN is independent of 

androgen signaling. It should be noted that RGN expression using non-inducible system 

significantly suppressed cell growth in vitro; therefore, we used doxycycline inducible 

system, in which cells were selected in the absence of doxycycline, to study the mechanism 

of RGN. However, RGN was reported to suppress p38 MAPK pathway in HepG2 liver 

cancer cell line60, which indicates that the role of RGN is tumor-type dependent. By 

comparing the indolent/non-recurrent tumors with aggressive/recurrent ones, Abate Shen’s 

group have previously identified that transcription factor FOXM1 is a master regulator that 

drives aggressive/recurrent tumor growth5. Our findings demonstrate that RGN reversibly 

suppresses FOXM1 expression possibly by inhibiting upstream AKT activation. It is 

noteworthy that FOXM1 expression was reported to be lower in quiescent HNSCC cells17. 

Activation of p38 signaling, and inhibition of AKT/FOXM1 signaling are known to induce 

cell cycle arrest, which was manifested in RGN expressed cells. Our finding of this novel 

role of RGN in activating p38 pathway and inhibiting FOXM1 expression strongly indicates 

that RGN activates multiple hallmarks of cellular dormancy.

Androgen receptor (AR) signaling and PI3K/AKT pathway are two major drivers of prostate 

cancer15. Androgen deprivation therapy (ADT) remains the mainstay for hormone sensitive 

prostate cancer23. Cancer cells frequently overcome ADT and lead to castration resistant 

prostate cancer (CRPC). AKT pathway activation is known to stimulate CRPC growth and 

survival. On the other hand, inhibition of AKT pathway promotes AR signaling dependent 

disease progression15. This inverse correlation between AR and AKT pathway suggested 

that targeting both PI3K/AKT and AR signaling is ideal for treating prostate cancer9. 

Interestingly, RGN expression is known to be negatively regulated by androgen signaling as 

dihydrotestosterone (DHT) treatment of LNCap cells significantly decreased RGN level30. 

However, how RGN regulates AR signaling has not been studied yet. Our findings suggest 

that RGN suppresses AKT signaling in both hormone-sensitive and –resistant cell lines. 

Therefore, further studies examining the effect of RGN to AR signaling in castration-

sensitive and CRPC disease context will shed further mechanistic insight into the role of 

RGN in tumor dormancy.

Angiogenic switch plays a prominent role in expansion of tumor mass at metastatic/

recurrent site40. Additionally, stability of target microvasculature regulates metastatic 

outgrowth of disseminated dormant cells. Ghajar et al found that sprouting endothelial 

vessels secrete factors to accelerate cancer cell growth in the microvasculature while stable 

microvasculature promoted dormancy via thrombospondin-1 secretion18. Exosomes are one 

of the major communicator between tumor cells and vasculature39. Cargoes carried by 

exosomes modulate various cellular functions of environmental cells52. We found that RGN 

suppresses angiogenesis by augmenting miRNA-23c level in the exosomes. Interestingly, we 

found that miR-23c level was negatively regulated by FOXM1. Interestingly, miR-23c target, 

SDF1α, is known to promote neoangiogenesis in bone which is the primary site for prostate 

cancer dormancy2, 38. Therefore, it is plausible that RGN expressing dormant cells inhibit 
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overt recurrence by secreting miR-23c in exosomes to suppress neoangiogenesis in bone 

microenvironment.

Our results indicate that multiple RGN target genes were functionally linked to the cellular 

cytoskeleton and extracellular matrix (ECM)4, 45, 62. It is noteworthy that MYL9, COL4A6 

and TPM2 expression was reported to negatively correlate with survival, recurrence or 

metastasis status of prostate cancer patients21, 47. CNN1, DES, ACTG2, KCNMB1, CSRP1 

are known to be expressed by smooth muscle cells19, 28, 34, 37, 62. Indeed, the increased 

presence of smooth muscle within prostate carcinoma is known to hamper micro-invasion 

thereby suppressing tumor progression62. However, our study indicated that RGN increased 

expression of cytoskeleton and ECM genes in prostate cancer cell lines and concomitantly 

reduced the invasion and migration ability of these cells. Furthermore, p38 signaling 

promoted expression of these genes whereas FOXM1 reduced their expression, which 

implies that these genes are downstream regulators of dormancy. It is possible that FOXM1 

reduces expression of these genes by directly binding to their promoter region as reported 

previously10 although this notion needs to be directly tested. Collectively, our study has 

indicated that RGN serves as a central node to regulate prominent genes and signaling 

associated with dormancy of prostate cancer. We also showed the potential utility of the 

signaling axis of RGN and exosomal miR-23c as biomarkers of predicting prostate cancer 

recurrence (Figure 7).

EXPERIMENTAL PROCEDURES:

Cell culture and reagents:

LNCap and C42B cells were obtained from MD Anderson Cancer Center. PC3mm 

cell line was provided by I.J. Fidler (The University of Texas MD Anderson Cancer 

Center). HUVEC cells were obtained from American Type Culture Collection (ATCC). 

The RGN was expressed in PC3mm, LNCap and C42B cells by sub-cloning RGN gene 

in pCMV6-XL4 plasmid (Catalog no. SC101207) to tet-on 3G lentiviral system obtained 

from Clonetech (Catalog no. 631187). PC3mm, LNCap and C42B cells were maintained 

in RPMI 1640 mediium with 10% fetal bovine serum, 100μg/ml streptomycin, and 100 

U/ml penicillin at 37°C in a 5% CO2 atmosphere. HUVEC cells were maintained in Ham’s 

F12K medium supplemented with 0.1mg/ml Heparin, 1.5g/L NaHCo3, 10% endothelial cell 

growth supplement) and 10% fetal bovine serum at 37°C and 5% CO2 atmosphere. For 

bioluminescence tracking, PC3mm, LNCap, and C42B cells were transduced with firefly 

luciferase carrying lentivirus vector. The RGN expression was knocked down in LNCap 

cells using lentiviral shRNAs obtained from Dharmacon.

qRT-PCR:

Total RNAs were extracted from indicated cells using TRIzol reagent (Qiagen). The RNA 

was reverse transcribed into complementary DNA (cDNA) by using a Reverse Transcription 

Supermix kit (Bio-Rad, USA). The cDNA was then amplified with a pair of forward and 

reverse primers for the indicated genes using Biorad CFX-Connect device. For miRNAs, 

primers were designed as previously reported11. Total RNAs were reverse transcribed using 

reverse transcription supermix kit (Bio-Rad, USA) in the presence of 50nM stem-loop RT 
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primer that contained 4–6 bases of sequence complementary to 3’ end of the mature miRNA 

sequence. The forward primer for PCR included 12–17 nucleotide of mature miRNA 

sequence. The RT primer excluding the complementary sequences to mature miRNA was 

used as a common reverse primer for all miRNAs.

Animal experiments:

All animal experiments were performed in compliance with protocol approved by laboratory 

animal care and use committee of Wake Forest University. For bone metastasis experiment, 

we implanted 5–6 weeks old athymic nude male mice with 5 × 105 C42B/Dox/RGN/luc 

or PC3mm/Dox/RGN/luc cells into the left cardiac ventricle in a total volume of 100μl. 

For inducing RGN gene expression, mice were fed doxycycline containing water (2mg/ml 

doxycycline and 5% sucrose). The control group (−/−) was treated with water without 

doxycycline (5% sucrose only). The incidence of bone metastasis was monitored by IVIS 

bioluminescence imaging (BLI). For intratibial injection, 150,000 LNCap/shScrambled or 

LNCap/shRGN cells labeled with luciferase in 10ul PBS were injected into the left tibia 

of anesthetized nude mice, and the growth of tumor in tibia was monitored by IVIS 

bioluminescence imaging.

Exosome isolation and treatment:

Exosomes were isolated using differential centrifugation method as previously described53. 

These exosomes were characterized by electron microscopy and nanoparticle tracking 

analysis. For treating endothelial cells with exosomes, the protein content of exosomes 

was quantified by the Bradford assay (Biorad) and 20μg of each sample was used to treat 

endothelial cells. For exosome uptake assay, exosomes were labeled with Vybrant™ DiD 

cell-labeling solution (InVitrogen) for 20 mins and washed twice in PBS. HUVEC cells 

seeded in 8-well glass chamber slides were then incubated with the labeled exosomes 

overnight and imaged using Keyence fluorescence microscope (BZ-X700).

Bioinformatics:

For differential gene expression analysis between Early- and Late- recurrence patients 

(Figure 1a), we downloaded the expression file from Gene Expression Omnibus (GEO) 

database. The PSA based recurrence time and incidence data was downloaded from a 

previous report46. Patients were divided based on the 3 years cutoff for recurrence and 

genes that were differentially expressed were identified. For identification of RGN target 

genes, we used the TCGA, GSE6919 and GSE21034 dataset and compared gene expression 

between patients in the lower and upper quartile of RGN expression for each dataset. For 

TCGA dataset 1266 differentially expressed genes with >2 fold increase or decrease and 

p-value <1e–5 were identified by comparing 125 patients in each quartile. For GSE6919, 

225 genes with >2 fold increase or decrease and p-value <0.01 were identified by comparing 

23 patients each group. For Taylor’s cohort, differentially expressed genes with p-value 

<1e–5 identified 454 genes. To maximize the number of common genes, we did not set the 

fold change cutoff for Taylor’s cohort. Patients with all clinical annotation were included in 

the differential gene analysis.
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Figure 1: RGN expression correlates with late recurrence in patients.
(A) Outline of differentially expressed genes analysis between Early recurrence and Late 

recurrence group. (B–C) Patients in TCGA were stratified based on their expression levels 

of RGN and overall- (B) and recurrence-free- survival (C) were examined. (D–E) Patients 

in GSE21034 (D) and GSE6919 (E) were stratified based on their RGN expression and its 

association with recurrence-free survival was examined. The overall- and recurrence-free 

survival plots in figure B–E were analyzed by log-rank (Mantel-cox) test. (F) Expression 

of indicated genes were examined in patients with No-relapse (n=541) and Relapse 

disease (n=11) using the TCGA dataset. Data were analyzed using unpaired t-test. (G) 

RGN expression was examined in patient normal, primary and metastatic primary tumors 

using the GSE21034 dataset. One way anova was performed to analyze the data (H) 
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Immunohistochemistry staining was performed for patient tumor specimens to examine 

RGN expression. *, P-value<0.05, ** P-value<0.01 and ***, P-value<0.0001.
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Figure 2: RGN promotes dormancy in vivo.
(A) C42B cells were modified to express RGN in doxycycline dependent manner. These 

cells were systemically implanted into nude mice by intracardiac injection, and kaplan-meier 

bone metastasis-free survival curve was plot (5 × 105 cells/mouse, n=9/group). −/− group 

was fed with 5% sucrose water, +/+ group received doxycycline water (2mg/ml in 5% 

sucrose) and +/− group was fed with doxycycline water for 14 days followed by feeding 

mice with 5% sucrose water. Panel on the right shows representative bioluminescence image 

of mice at endpoint. (B) PC3mm cells were modified to express RGN in a doxycycline 

dependent manner and transplanted to nude mice via intracardiac injection (5 × 105 

cells/mouse, n=9/group). −/− group was fed with 5% sucrose water, +/+ group received 

doxycycline water (2mg/ml in 5% sucrose) and +/− group was fed with doxycycline water 

for 12 days followed by feeding mice with 5% sucrose water. Panel on the right shows 

representative bioluminescence image of mice at endpoint. The bone-metastasis free survival 

plots in Figure A–B were analyzed by log-rank (Mantel-cox) test. (C) Representative H&E 

staining of bone sections from mice in panel A. (D) LNCap shScramble and LNCap shRGN 

cells were injected in nude mice and tumor growth in tibia was examined by IVIS imaging 

(n=7/group, 150,000 cells/tibia). Representative images of IVIS imaging are shown in the 

right panel. The data collected at each time point was analyzed using unpaired t-test. (E) 

Human-specific PSMA antibody staining was performed in the tibia flushed cells from mice 

in panel E by flow cytometry. Unpaired t-test was used to analyze the data. *, P-value<0.05, 

** P-value<0.01 and ***, P-value<0.0001.
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Figure 3: RGN promotes dormancy in vitro.
(A) PC3mm cells were seeded in 96-well plates and treated with or without doxycycline 

as indicated, and cell growth was examined by MTS assay (500 cells/well and n=8). −/−, 

no doxycycline treatment till day 6, +/+, continuous treatment with doxycycline for six 

days, +/–, 3 days of doxycycline treatment followed by culturing cells in no doxycycline 

conditions. (B) PC3mm cells treated with or without doxycline were subjected to cell cycle 

analysis using flow cytometry. % of cells in G1, S and G2 phase is shown (n=4/group). −/−, 

no doxycycline treatment, +/+, doxycycline treatment for 72 hrs, +/−, 24 hrs of doxycycline 

treatment followed by culturing cells in no doxycycline conditions. Data was analyzed using 

one-way anova and tukey’s multiple comparison test. (C) PC3mm/Dox/RGN cells were 

stained with CellTrace Far Red dye and treated with or without doxycycline as indicated 

for 5 days followed by quantifying mean fluorescence of dye staining positive cells by flow 

cytometry (n=4/group). The right panel shows the representative image of CellTrace dye 

staining cells. Data was analyzed using one-way anova and tukey’s multiple comparison 

test. (D) PC3mm cells harboring the Ki67 reporter plasmid were treated with or without 

doxycycline, and population of Ki67 positive cells was quantified by flow cytometry (n=4/

group). Data was analyzed using one-way anova and tukey’s multiple comparison test. (E) 
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PC3mm and LNCap cells were treated with doxycycline to induce RGN expression, and 

expression of p18, p21 was examined by western blot. α-tubulin was used as a loading 

control. (F) LNCap shScramble, LNCap shRGN I and LNCap shRGN II cells were seeded 

in 96 well plate and subjected to cell proliferation analysis at day 1, 3, 5 and 7 by MTS assay 

(n=8/group). Data was analyzed using one-way anova and tukey’s multiple comparison test. 

(G–H) Cells in panel F were used to examine the expression of p18 and p21 by qRT-PCR 

(G) and western blot (H). α-tubulin was used as a loading control. (I) IHC was performed 

for p21 in tumors from mice transplanted with LNCap shScrambled or LNCap shRGN. 

Representative images are shown. Bar: 20uM. ** P-value<0.01 and ***, P-value<0.0001.
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Figure 4: RGN promotes dormancy signaling.
(A) RGN expression was induced in LNCap, PC3mm and C42B cells by treating them with 

or without doxycycline (0.2ug/ml), and p-p38, p38 and RGN expression was examined by 

western blot. −/−, no doxycycline treatment, +/+, continuous treatment with doxycycline 

for 48 hours, +/−, 24 hours of doxycycline followed by withdrawal of doxycycline. α-

tubulin was used as a loading control. (B) Enrichment of Biocarta p38 MAPK pathway 

signature was examined in patients expressing low or high level of RGN. The RGN-low 

group includes patients with RGN expression in the lower quartile while the RGN-high 

group includes patients expressing RGN in the upper quartile in the TCGA dataset. (C) 

C42B/Dox/RGN and LNCap/Dox/RGN cells were treated with doxycycline and expression 

of p-Erk and total Erk2 was examined by western blot. −/−, no doxycycline treatment, 

+/+, continuous treatment with doxycycline for 48 hours, +/−, 24 hours of doxycycline 

followed by withdrawal of doxycycline. (D) p-p38, t-p38, p-Erk and t-Erk2 expression was 

examined in LNCap shScramble, LNCap shRGN I and LNCap shRGN II cells by western 

blot. (E) LNCap and PC3mm cells were induced for RGN expression, and the expressions 

of FOXM1, p-AKT and AKT expression were examined by western blot. (F) Correlation of 

RGN with FOXM1 was examined using the GSE21034 cohort dataset. (G) Patients in the 

TCGA cohort were stratified based on their FOXM1 expression levels, and recurrence-free- 

survival was examined. The recurrence-free survival plot was analyzed by log-rank (Mantel-

cox) test. (H–I) RGN expression in LNCap and PC3mm cells by doxycycline treatment as 
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in panels A and B, and cells were seeded in low binding plate (200/well for PC3mm and 

400/well for LNCap; n=8/group) followed by counting the number of spheres at day 5. 

Representative images are shown in right panels. Data were analyzed using one way anova 

and tukey test. Bar: 50uM. *, P-value<0.05, ** P-value<0.01 and ***, P-value<0.0001.
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Figure 5: RGN expression enhances expression of cytoskeletal genes via p38 and FOXM1 
signaling.
(A) Scheme outlining the approach to identify differentially expressed genes between 

lower- and upper-quartile RGN- expressing patients. 93 genes were found to be commonly 

upregulated in all 3 datasets (n=125/group for TCGA, n=23/group for GSE6919 and n=35/

group for GSE21034). These genes were then screened by the TCGA dataset for their 

prognostic significance of recurrence-free survival and differential expression between 

patients with or without incidence of new tumor onset, (disease relapse vs no-relapse). 

11 genes were selected based on these criteria. (B) Expression of 11 genes identified by 

screening shown in (A) was examined between No-relapse and Relapse groups. Unpaired 

t-test was used for Statistical analysis of each gene. (C–D) RGN was ectopically expressed 

in PC3mm (C) and LNCap (D) cells in a doxycycline dependent manner and the expression 

of 11 genes were examined by qRT-PCR. Unpaired t-test was used for statistical analysis 

of each gene. (E) RGN expression was suppressed in LNCap cells by infecting with 

two different shRNAs (#1 and #2), followed by performing qRT-PCR for indicated gene 

expression. One-way anova and tukey’s multiple comparison test was used for statistical 

analysis of each gene. (F) PC3mm cells were transfected with either vector only or 
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activated p38 expressing vector followed by examining the levels of indicated gene by 

qRT-PCR. Unpaired t-test was used for statistical analysis of each gene. (G) Expression 

levels of indicated genes were examined in PC3mm cells expressing vector control or 

FOXM1. Unpaired t-test was used for statistical analysis of each gene. *, P-value<0.05, ** 

P-value<0.01 and ***, P-value<0.0001.
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Figure 6: RGN suppresses angiogenesis in the tumor microenvironment by exosomal miR23c.
(A) IHC analysis for CD31 was performed for bone metastasis samples from mice that were 

intracardially injected with C42B cells. Representative images are shown. (B–C) HUVEC 

cells were treated with CM collected from PC3mm (A) and LNCap (B) cells treated with 

or without doxycycline to induce RGN expression (−/−, no doxycycline treatment, +/+, 

continuous treatment with doxycycline for 48 hrs, +/−, doxycycline treatment for 18 hrs 

followed by culturing cells in no doxycycline conditions). After 24 hrs of treatment with 

CMs, cells were seeded in matrigel coated 96-well plates followed by the counting number 

of tubes formed after 6 hrs (n=3/group). Representative images are shown in the right 

panels. Data was analyzed using one-way anova and tukey’s multiple comparison test. 

(D) Exosomes were extracted from conditioned medium (CM) of PC3mm/Dox/RGN cells 

treated with or without doxycycline as in (A), and HUVEC cells were treated with either 

exosomes or exosomes-depleted CM for 24 hrs followed by seeding cells in matrigel coated 

96-well plate. Tube formation ability of these cells was examined 6 hours after seeding 

(n=3/group). Representative images are shown. Data was analyzed using one-way anova and 
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tukey’s multiple comparison test. (E) Table showing the hazard ratio of indicated miRNAs in 

TCGA database recurrence free survival, and fold change of indicated miRNAs in PC3mm 

and LNCap cells overexpressing RGN. (F) Patients in the TCGA dataset were stratified 

based on their level of miR-23c and miR-134-5p expression, and Kaplan Meier curve 

was plotted for recurrence-free survival (n=398). The recurrence-free survival plots were 

analyzed by log-rank (Mantel-cox) test. (G) Exosomes were prepared from PC3mm cells 

with or without RGN expression. Exosomes were also isolated from RGN-expressing cells 

transfected with miR-23c and miR-134-5p LNAs. HUVEC cells were treated with these 

exosomes for 24 hrs followed by performing tube formation assay (n=3/group). Number 

of tubes was counted 6 hours after cell seeding. Representative images are shown in right 

panels. One-way anova and tukey’s multiple comparison test was used for statistical analysis 

of each gene. (H) The FOXM1 gene was ectopically expressed in PC3mm cells by lentiviral 

expression system or transiently transfected with vector control or activated p38 containing 

vector, and miR-23c expression was examined by qRT-PCR. Unpaired t-test was used for 

statistical analysis. (I) miR-23c expression was examined in patients with low or high levels 

of FOXM1 using TCGA. Unpaired t-test was used for statistical analysis. *, P-value<0.05, 

** P-value<0.01 and ***, P-value<0.0001.
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Figure 7: 
The proposed mechanism of action of RGN in inducing prostate cancer dormancy.
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