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1. INTRODUCTION 
 

Prostate cancer (PCa) is ranked the second lethal disease among US men; the majority 
of mortality is resulted from the metastatic castration resistant PCa (CRPC) relapse from 
hormonal therapy. Epithelial-to-mesenchymal transition (EMT) has been identified as a 
key mechanism leading to metastatic disease. Thus, developing effective targeted 
therapy to EMT becomes a high priority of PCa management.  

Clinically, recurrent CRPC is resistant to chemotherapy; the underlying mechanism(s) 
is not fully understood. One of the possible theories to explain the recurrence and 
ineffectiveness of cancer treatment is the cancer stem cell (CSC) model in which a 
subset of tumor cells is responsible for cancer initiation and progression as well as 
cancer recurrence. These CSCs share with normal stem cells the properties of self-
renewal, immortal and differentiation into a variety of cell types including 
heterogeneous lineages of cancer cells.  In addition, CSC can re-grow from a few cells 
resistant to therapy and left behind. Until now, it is known several potential molecular 
pathways associated with CSC development in PCa; these pathways also overlap with 
pathways leading to EMT. In this study, interferon (IFN) is shown to be a potent 
facilitator for EMT and CSC in PCa.  

In order to develop “effective agent”, microRNA now becomes an emerging avenue of 
cancer therapy. MicroRNA (miRNA) is a short RNA molecule that has been shown to 
regulate 60% cellular mRNA with high specificity (sequence recognition) and 
efficiency (multi-miRNAs to one mRNA or one miRNA to multi-mRNAs). In general, 
based on their function, miRNA can be divided into oncomir (promoting cancer 
development) and tumor suppressor (inhibiting cancer development). This project is to 
unveil a protein complex as new machinery of controlling multiple tumor suppressive 
miRNA degradation that leads to cancer metastasis and CSC development. The goal of 
this proposal is to unveil its mechanism of action, the control of gene expression and its 
clinical applicability as prognostic marker. Specifically, understanding the mechanism 
of action of this protein complex will help us to design better miRNAs as therapeutic to 
avoid its degradation after delivery.  Unveiling the regulation by stromal factor will 
provide us more understanding the impact of tumor microenvironment on cancer 
progression. Evaluating clinical correlation from minimal invasive liquid biopsy will 
offer a new tool to distinguish aggressive cancer from indolent disease. Overall, the 
outcome of this study has provided a new regulatory mechanism of miRNA 
homeostasis, which is also applicable to other cancer types. Most significantly, this 
proposal offers new therapeutic strategies of repurposing FDA-approved targeted 
therapeutics to CRPC patients; the outcome of this study is expected to have an 
immediate clinical impact on PCa therapy.    
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2. KEYWORDS
Epithelial-to-mesenchymal transition, cancer stem cell, IFIT5, XRN1 microRNA,
microRNA turn over.

3. ACCOMPLISHMENTS
Major goals and accomplishments

Aim 1 Dissect the mechanism of IFIT5-mediated miRNA turnover.
Major Task: Unveil new machinery of miRNA turnover.
Milestone: Unveil a new regulatory mechanism of miRNA turnover by IFIT5 and
publish two review papers.
Aim 2 Determine the regulation of IFIT5 gene in PCa progression.

Major Task: Identify key regulator(s) and inducer(s) of IFIT5 gene expression.
Milestone: Unveil IFIT5 as a bona fide IFN-regulated gene via STAT-JAK signaling
pathway and publish two peer-reviewed papers.
Aim 3 Evaluate IFIT5 as a prognostic marker in PCa patients.
Major Task: Determine IFIT5 as a potential prognostic marker for prostate cancer.
Milestone: Unveil IFIT5 as a bona fide IFN-regulated gene via STAT-JAK signaling
pathway. Completed with paper publication.
What was accomplished under these goals?
(1) major activities

• Perform miR array to identify miR-363 as a potential tumor suppressor
miR in PCa acquired EMT phenotypes.

• Perform RNA pull down and LC/MS-MS assays to identify specific
binding of IFIT5 to miR-363.

• Perform in vitro transcription of pre-miRNA and miRNA turnover assay.
• Design gene-specific knockdown using shRNA technology.
• Employ CRISPR/Cas9 technology to permanently delete p53 and Rb in

PCa cell lines.
• Characterize prostate CSC using in vitro prostatsphere, biomarkers and in

vivo tumorigenic assay.
• Analyze clinical correlation of IFN-regulated genes with PCa progression.
• Evaluate the therapeutic efficacies of STAT1 inhibitor in CRPC xenograft

model.

(2) Specific objective
We have established that IFN promotes EMT and CSC of PCa via IFIT5-elicited
turnover of several tumor suppressor miRNAs.
We have identified potent inhibitors for CRPC treatment.

(3) Significant results or key outcomes
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Our studies demonstrate IFNg as a potent facilitator in cancer metastasis in which 
IFIT5, an IFNg-regulated gene, appears to be a critical downstream effector with 
significant clinical prevalence. Mechanistically, we unveil a new functional role of 
IFIT5 in modulating turnover of several tumor suppressor miRNAs. Targeting IFN-
mediated signaling pathway (i.e., STAT-JAK) with FDA-approved small molecule 
inhibitors exhibits excellent efficacy to overcome castration resistance of PCa. 

  
What opportunities for training and professional development have the project 
provided?  
This project provides excellent training opportunities for molecular cell biology, tumor 
biology and pathohistologic techniques. 
 
How were the results disseminated to communities of interest?    
We have published three manuscripts. Also, we are submitting abstract to report these 
new discoveries in 2021 SBUR annual meeting and ready to submit one additional 
paper. 
 
What do you plan to do during the next reporting period to accomplish the goals?   
N/A 
 

4. IMPACT 
What was the impact on the development of the principal discipline(s) of the 
project?    What was the impact on other disciplines?    
This project highlights several functional roles of IFN in PCa progression including 
induction of EMT and CSC. This study also demonstrates that the unique oncogenic 
function of IFIT5 is to modulate turnover of several tumor suppressor microRNAs 
(miRNAs). By determining its clinical correlation, the elevated IFIT5 is associated with 
PCa progression, which could be used as a prognostic biomarker(s) for lethality of PCa. 
Knowing IFIT5 as a bona fide IFN-regulated gene via STAT-JAK signaling pathway, 
we further explore the efficacy of several FDA-approved small molecule inhibitors 
specific to STAT1 or JAK1 using clinically relevant animal model and the results 
support repurposing these inhibitors on therapy- and castration-resistant prostate cancer 
patients.  
 
What was the impact on technology transfer?    
Nothing to Report. 
 
What was the impact on society beyond science and technology? 
Nothing to report. 

   
5. CHANGES/PROBLEMS  

Changes in approach and reasons for change  
Nothing to report 
Actual or anticipated problems or delays and actions or plans to resolve them 
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Nothing to report 
Changes that had a significant impact on expenditures 
Nothing to report 
Significant changes in use or care of human subjects, vertebrate animals, 
biohazards, and/or select agents 
Significant changes in use or care of human subjects 
Nothing to report 
Significant changes in use or care of vertebrate animals 
Nothing to report 
Significant changes in use of biohazards and/or select agents 
Nothing to report 

6. PRODUCTS
• Publications, conference papers, and presentations

Lo, U., Pong, R.C., Yang, D., Gandee, L., Hernandez, E., Dang, A., Lin, C-J.,
Santoyo, J., Ma, S-H., Sonavane, R., Huang, J., Tseng, S-F., Moro, L., Arbini A.A.,
Kaour, P., Raj, G., He, D., Lai, C.H., Lin, H., Hsieh, J.T. (2019) Interferon-γ
induces epithelial-to-mesenchymal transition in prostate cancer via a new
mechanism of microRNA processing. Cancer Res., 79:1098-1112. PMID30504123

Lo, U., Bao, J., Cen, J., Yeh, H., Luo, J., Tan, W., Hsieh, J.T. (2019) Interferon-
induced IFIT5 promotes epithelial-to-mesenchymal transition leading to renal
cancer invasion. Am. J. Clin. Exp. Urol., 7:31-45. PMID30906803

Lin CJ, Lo UG, Hsieh JT. (2018) The regulatory pathways leading to stem-like cells
underlie prostate cancer progression. Asian J Androl., 21:233-240. PMID:
30178777

Lo, U., Lee, C.F., Lee, M.S., Hsieh, J.T. (2017) The role and mechanism of
epithelial-to-mesenchymal transition in prostate cancer progression. Int. J. Mol.
Sci., 18: pii: E2079. PMID28973968

• Books or other non-periodical, one-time publications.
Nothing to report

• Other publications, conference papers and presentations.
Nothing to report

• Website(s) or other Internet site(s)
Nothing to report

• Technologies or techniques
Nothing to report

• Inventions, patent applications, and/or licenses
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Nothing to report 

• Other Products
Nothing to report
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Abstract 
 
In the past few years, cell plasticity in prostate cancer (PCa) has emerged as an important 

mechanism of therapeutic- and castration-resistant PCa (t-CRPC), which has been characterized 

as a biologic process of lineage development from stem cell. In addition to the impact of genetic 

alterations on PCa cell plasticity, other exogeneous factors are known to induce neuroendocrine 

differentiation in PCa. In this study, we reported interferon as a potent inducer of PCa cell 

plasticity, which is supported by significant elevation of interferon (IFN)-inducible STAT1-driven 

genes in metastatic PCa. Inhibition of JAK-STAT1 signaling suppresses the self-renewal capacity 

of PCa stem cell (PSCS) in vitro and attenuates tumor growth in vivo. Mechanistically, STAT1-

mediated induction of IFIT5, a unique downstream effector, appears to facilitate the acquisition of 

stemness properties in PCSCs by accelerating specific microRNAs (such as miR-128 and miR-

101) turnover, which is resulted in BMI1 and SOX2 elevation. Consistently, knocking down IFIT5 

in t-CRPC cell can attenuate sphere forming ability in vitro, and decreased tumor incidence in vivo. 

Overall, this study provides a new understanding of the role of IFN-STAT1-IFIT5-mediated 

microRNA turnover in the acquisition of stemness properties in PCa and also highlights STAT1 as 

a potent therapeutic target in preventing the outgrowth of t-CRPC. 

 
 
  



Introduction 

Prostate adenocarcinoma (PCa) remains to be the leading cause of cancer incidence and the second 

leading cause of cancer-related deaths in men of the United States1. Androgen deprivation therapy 

(ADT) remains to be the primary therapeutic strategy for advanced PCa2-5. Despite drugs 

targeting androgen receptor (AR) signaling or androgen synthesis is effective on the regression of 

metastatic hormone naive tumor, the onset of therapeutic- and castration-resistant (t-CRPC) 

phenotype becomes inevitable, which is considered as a lethal disease. Data derived from clinical 

specimens or cell model or transgenic mouse models suggest that distinct genetic alterations6-11 

are associated with the appearance of t-CRPC from androgen-deprived condition, which are related 

with lineage plasticity of CRPC cells. Meanwhile, accumulating evidence indicate that t-CRPC 

cells often display neuroendocrine-like phenotypes12. In general, normal stem cell is an ingredient 

component in lineage plasticity, however, cancer stem cell (CSC) population not only possess self-

renewal properties and trans-differentiation into different lineages13-15 but also lose homeostatic 

regulation. For example, the presence of CSC in PCa can be related with cancer recurrence, 

metastasis and therapeutic resistance16-18. In addition to genetic alterations19, several paracrine 

factors have been shown to induce de-differentiation into stem-like status of PCa cells20. Recently, 

we observed that IFIT5, a bone fide interferon (IFN)-inducible gene, is able to facilitate PCa 

epithelial-to-mesenchymal transition that is considered as trans-differentiation of adenocarcinoma. 

Also, significant elevation of serum IFNg was found in PCa patients after ADT21. However, 

whether IFN plays any role in prostate CSC development is largely unknown. In this study, we 

demonstrate that activation of Janus kinases (JAK)- signal transducer and activator of transcription 

1 (STAT1) pathway in PCa cells after IFN treatment or long-term ADT is associated with prostate 

cancer stem cell (PCSC) activities as well as neuroendocrine phenotypes. Parallel with known 

genetic hallmarks, we have detailed upstream molecular driver(s) leading to lineage plasticity and 

explored clinically applicable targeted strategy for preventing t-CRPC progression.      

Results 
Clinical relevance of STAT1 in metastatic PCa is associated with PCSCs phenotypes. 

Gene set enrichment analysis (GSEA) of TCGA PCa dataset (Fig. 1A and 1B) indicated that either 

type I or II IFN-induced genes (Fig. S1A) are highly enriched in PCa patients with lymph node 

metastasis (N1), compared to N0 cohort. IFN related DNA damage resistance signature (IRDS) 



genes, included a subset of STAT1-driven genes, have been associated with the progression of 

many malignancies22,23, and are significantly enriched in N1 PCa patients compared to N0 PCa 

patients (Fig. S1B).  STAT1 is an exclusive transcriptional factor activated by IFNg stimulation. 

Based on the TCGA PCa dataset, significant elevation of STAT1 level is detected in high stage 

PCa patients (Fig. 1C), lymph node metastasis (Fig. 1D), or high-grade tumor specimens (Fig. 

S1C) as well as other malignancies (Fig. S1D).  We further explored the relationship between IFN-

regulated downstream effectors and the status of STAT1 gene expression in PCa patients and found 

significant clinical correlation from the most of effectors (Fig. 1E), which are also elevated in N1 

patients (Fig. 1F). These data support the role of IFN-STAT1 signaling pathway in PCa 

progression.  

Recent data 9,19indicated that loss of TP53 and RB1 increases SOX2 expression that is associated 

with the lineage plasticity of PCa cells. To demonstrate PCSC capabilities using prostasphere 

forming assay24, we observed that the number of prostasphere in sgTP53/RB1 LNCaP cells is 

significantly higher than that in vector control cells (Fig. 1G). Furthermore, we checked other 

PCSC-associated markers. In particular, human prostate basal cells expressing high level of tumor-

associated calcium signal transducer 2 (Trop2) and CD49f are considered as progenitor stem cell 

population evidenced by enhanced sphere formation and self-renewal capability25,26. Meanwhile, 

CD44 and CD133 are well-known surface markers of PCSCs27,28. The significantly increased 

expression of CD44, CD133, CD49f and TROP2 in sgTP53/RB1 LNCaP cells (Fig. S1E) further 

supported its PCSC phenotypes. Moreover, elevated STAT1 levels are detected in the sgTP53/RB1 

LNCaP cells (Fig. 1H), as well as in the prostaspheres (S) derived from several PCa lines compared 

with monolayer culture (M) (Fig. 1I and S1F). We further examined the role of STAT1 and its 

upstream regulator-JAK in prostasphere formation using small molecule inhibitors (SMIs) 

Fludarabine29 and Ruxolitinib30 specifically targeting STAT1 and JAK, respectively. Both SMIs 

significantly suppressed prostasphere formation of sgTP53/RB1 LNCaP (Fig. 1J and S1G), Du145 

(Fig. 1K and S1H), and 22Rv1 (Fig. S1I and S1J) cells, indicating JAK-STAT1 signaling is critical 

for the acquisition of PCSC.  

Interferon-elicited signaling is associated with the neuroendocrine phenotypes of PCa 

ARCaP line is initially characterized as AR-repressive prostate cancer cells derived from a patient 

with ascites metastasis after failure of ADT; apparently, this cell line contains heterogenous cell 

population based on morphology and expression profile of biomarker31-34. Therefore, by single 



cell cloning followed by RNA-seq, five gene clusters were categorized by their distinct function 

in three ARCaP sublines (IIF11, Fast and IIB5) (Fig. 2A). In particular, the Ingenuity pathway 

analyses demonstrate that cluster 2 genes associated with IIF11 subline are highly involved in the 

IFN signaling pathway (Fig. 2B). Indeed, GSEA confirms that IIF11 subline has enriched 

expression of genes involved in IFNα (Fig. 2C, S2A and Table S1) and IFNγ response (Fig. 2D, 

S2B and Table S1). Based on proteomic profile among PCa cell lines, neuroendocrine 

transcriptional factor (BRN2 and SOX2) and biomarkers (SYP and CgA) are correlated with 

STAT1 expression (Fig. 2E).  

Similar correlation was observed in sgTP53/RB1 LNCaP9 exhibiting neuroendocrine phenotypes 

(Fig. S2C) or castration resistant C4-2B MDVR35-37 (Fig. S2D); targeting STAT1 by Fludarabine 

is able to inhibit the expression of these genes in C4-2B MDVR line (Fig. S2E). On the other hand, 

IFNβ can enhance the expression of these genes in Du145 cells (Fig. S2F). These data support the 

inductive role of IFN in neuroendocrine differentiation of PCa cells. 

Furthermore, RNA-seq result indicated that 18 out of 45 IRDS genes are significantly higher in 

IIF11 subline than Fast or IIB5 subline (Table S2). Among these 18 IRDS genes, a subset of 10 

STAT1-driven genes (IFI44, IFI44L, IFI6, IFIT1, IFIT3, IFITM1, MX1, MX2, OAS1 and OAS3) 

are positively correlated with STAT1 expression level in clinical TCGA PCa dataset (Fig. 1E) and 

are significantly elevated in PCa patients with lymph node metastasis (Fig. 1F). Therefore, we 

determine to examine the differential expression of these ten IFN-induced STAT1-driven genes 

among PCa lines. Indeed, IIF11 subline has the highest expression level of all ten genes among 

examined PCa lines (Fig. 2F). On the other hand, treatment with either Fludarabine or Ruxolitinib 

results in significant downregulation of all ten genes in IIF11 subline (Fig. 2G), suggesting they 

are downstream to JAK-STAT1 signaling axis. Meanwhile, expression level of STAT1, IFI44, 

IFI6, IFIT1, IFIT3, MX1, MX2, OAS1 and OAS3 are significantly increased in either Du145 

tumor sphere (Fig. S2G). Overall, this evidence demonstrated emerging activation of JAK-STAT1 

signaling and its downstream target genes may contribute to the acquisition of cancer stemness 

properties of castration resistant PCa lines.  

By intraperitoneal administration of Fludarabine (20 mg/kg) into IIF11 tumors, we observed 

significant growth delay compared to vehicle control (Left panel in Fig. 2H), which corresponds 

with the reduction of protein expression of phospho-STAT1, STAT1, IFIT5, BMI1, SOX2, and 



NANOG (Right panel in Fig. 2H). Apparently, STAT1 represents a potent therapeutic target for t-

CRPC.  
STAT1 signaling-induced IFIT5 upregulation facilitates the acquisition of stemness 

properties in PCa  

In response to IFNγ treatment, we observed a significant induction of IFIT5 (Fig. S3A), which is 

abolished by STAT1 knockdown (Fig. S3B) or Fludarabine treatment (Fig. 3A). The dose-

dependent inhibitory effect of Fludarabine on IFIT5 induction is also observed in PC3 cells treated 

with IFNβ (Fig. S3C). Clinically, elevated IFIT5 is associated with PCa progression (Fig. 1F and 

3B) and predicts poor overall survival in PCa patients (Fig. 3C). A positive correlation between 

STAT1 and IFIT5 seen in PCa (Fig. 1E) is also observed in breast (Fig. 3D), brain and kidney 

cancers (Fig. S3D). Moreover, elevated IFIT5 gene promoter activities (Fig. 3E), mRNA (Fig. 3F) 

and protein (Fig. 3G) is associated with prostaspheres formation.   

Based on the profile of IFIT5 expression in several PCa lines (Fig. S3E), IFIT5 expression vector 

was transfected into either LNCaP or 22Rv1 cells (Fig. S3F) and the result indicated that IFIT5 

significantly facilitates the number and size of prostasphere formation of both cells (Fig. 3H and 

3I). In contrast, IFIT5 knockdown Du145 cells (Fig. 3J) exhibit significantly lower number of 

prostasphere compared with control Du145 cells (Fig. 3K). Consistent with in vitro observation, 

the incidence of Du145 tumorigenesis is significantly reduced in IFIT5 knockdown Du145 cells 

(Fig. 3L), which is similar with their tumor size and weight (Fig. 3M, Table S3 and S4). Overall, 

IFIT5, a bone fide STAT1-induced gene, is critical for maintaining PCSC capabilities.  

IFIT5 modulates BMI1, SOX2 and NANOG gene expression underlying PCSC capabilities. 

Among numerous CSC-associated genes, Polycomb complex protein Bmi-1 (BMI1)38, SOX239-

43and NANOG44 have been associated with human PCSC activities. We found, similar to IFIT5, 

these three genes are significantly elevated in prostaspheres derived from several PCa lines (Fig. 

4A). The presence of IFIT5 in LNCaP or 22Rv1 line can induce mRNA expression of BMI1, SOX2 

and NANOG (Fig. 4B and S4A). In contrast, IFIT5 knockdown in Du145 cells significantly 

decrease prostasphere formation (Fig. 3K) and the expression of BMI1, SOX2 and NANOG (Fig. 

4C). Meanwhile, there is an apparent time-dependent mRNA expression among BMI1, SOX2, 

NANOG and IFIT5 during prostasphere formation (Fig. 4D, S4B and S4C), which is paralleled 

with JAK-STAT1 signaling activation (Fig. 4E). Also, the significant elevation of TROP2, CD49f, 



CD44 and CD133 mRNA level representing PCSC biomarkers, is observed in IFIT5-

overexpressing LNCaP cells (Fig. 4F). In addition to SOX2 elevation in sgTP53/RB1 LNCaP cells, 

both BMI1 and NANOG mRNA levels were elevated (Fig. S4D), as expected, elevated SOX2 and 

BMI protein levels but not NANOG were observed (Fig. S4D). On the other hand, BMI1 and 

SOX2 was significantly downregulated at mRNA and protein level after IFIT5 knockdown in 

sgTP53/RB1 LNCaP cells (Fig. 4G and 4H), which is closely associated with prostasphere 

formation (Fig. 4I).  

Clinical PCa dataset also demonstrated a positive correlation between IFIT5 and BMI1 or SOX2 

expression in PCa adenocarcinoma (PRAD) (Fig. 4J) as well as other malignancies such as renal 

cancer (KIRC), Glioblastoma multiform (GBM) and breast cancer (BRCA) (Fig. S4E). However, 

no significant correlation between IFIT5 and NANOG was found in PRAD (Fig. 4J) or other 

malignancies (data not shown). Similarly, a positive correlation between STAT1 and BMI1 

expression was also found in PRAD (Fig. 4J), Pan kidney cancer cohort (KIPAN) and GBM (Fig. 

S4F). Overall, clinical data further support the regulatory network between STAT1-IFIT5 axis and 

BMI1 and SOX2 expression in PCa.   

The mechanism of IFIT5-elicited PCSC activities is mediated by specific precursor 

microRNA (pre-miRNA) turnover  

IFIT5 is known to regulate viral RNA turnover45-47, our recent study48 unveiled a novel 

functional role of IFIT5 in degrading specific pre-miRNA including miR-101 and miR-128. We 

therefore examined both miR-101 and miR-128 levels in IFIT5-elicited prostaspheres and found 

significant downregulation of both mature miRs in prostaspheres derived from different PCa lines 

(Fig. 5A), which appear to be dose-dependent suppression by IFIT5 overexpression (Fig. S5A). 

We further investigated whether miR-128 or miR-101 can target BMI1, SOX2 or NANOG mRNA. 

The 3’UTR of BMI1 and NANOG mRNA was predicted to match with the seed sequence of miR-

128 (Fig. S5B) and the 3’UTR of SOX2 and BMI1 mRNA was predicted to match with the seed 

sequence of miR-101 (Fig. S5C). Indeed, miR-128 overexpression is able to decrease BMI1 and 

NANOG mRNA level (Fig. 5B and S5D) and miR-101 overexpression is able to decrease BMI1 

and SOX2 expression (Fig. 5C and S5D). Functionally, the presence of miR-128 or miR-101 can 

inhibit prostasphere formation of Du145 or 22RV1 cell (Fig. 5D and 5E). 

To examine the mechanism of IFIT5-elicited PCSC activities is mediated by the degradation of 

both miRNAs, we transfected two mutant forms of pre-miR-128 (Fig. 5F) and pre-miR-101 (Fig. 



5G) into IFIT5-expressing Du145 cell; the DSmut can resist IFIT5-medicated degradation and the 

SSmut is sensitive to IFIT5-medicated degradation. Therefore, in the presence of DSmut of each 

pre-miR, the significant reduction of corresponding target gene was observed but SSmut didn’t 

change or slightly increase the corresponding target gene expression (Middle panel in Fig. 5F and 

5G). As expected, the IFIT5-resistant DSmut can significantly inhibit prostasphere formation but 

IFIT5-sensitive SSmut has an opposite activity (Right panel in Fig. 5F and G). Similar observation 

was found in prostasphere formation of 22Rv1 (Fig. S5E) or LNCaP cells (Fig. S5F). Overall, 

these data support that the turnover of miR-101 or -128 modulated by IFIT5 plays a central role in 

PSCS activities.  

Interferon potentiates the acquisition of cancer stemness properties via STAT1-IFIT5 axis 

Until now, the impact of IFN on PCSC is not well studied. As shown in Fig. 6A, all 3 IFNs alone 

can increase prostasphere formation of sgTP53/RB1 LNCaP cells cultured with basal DMEM 

without B27, bFGF and EGF that are key ingredients to support the growth of prostasphere 

medium, suggesting IFNs are potent stimulatory factors in PCSC development. This phenomenon 

is further supported by that IFNγ exhibits a dose-dependent stimulatory effect on the induction of 

CSC-related genes (such as BMI1, SOX2, NANOG, CD133, CD44, CD49f and TROP2) (Fig. 6B) 

as well as prostasphere formation (Fig. S6A) in 22Rv1 cells. The similar impact of type I or type 

II IFN on prostasphere formation (Fig. S6B) and upregulation of STAT1, IFIT5, BMI1, SOX2 and 

NANOG gene expression (Fig. S6C) are also observed in Du145 cells. Fludarabine is able to 

diminish IFNβ-induced prostasphere formation of Du145 cells (Fig. S6D). Knowing elevated 

STAT1 in sgTP53/RB1 LNCaP cells (Fig. 1H), IFNγ treatment is expected to increase prostasphere 

formation under supplement-free culture condition (Fig. 6C) along with IFIT5 induction (Fig. 

S6E). Furthermore, by knocking down STAT1 or IFIT5 in sgTP53/RB1 LNCaP cells, we observed 

significant reduction of the inductive effect of IFNγ on prostasphere formation (Fig. 6D and 6E). 

Similarly, Fludarabine exhibits therapeutic efficacy using in vivo tumor model of sgTP53/RB1 

LNCaP (Left panel in Fig. 6F), which also shows good targeting efficiency (Right panel in Fig. 

6F).    

In contrast, both miR-128 or miR-101 level was elevated in both gene knockdown conditions (Fig. 

6G). Functionally, overexpression of native miR-128 or DSmut 128 is able to antagonize IFNγ-

induced prostasphere formation in Du145 cells (Fig. 6H), supporting the central role of STAT1-

IFIT5-miR turnover in IFN-induced PCSC. Since SOX2 and BMI1 are the target genes of miR-



101 or miR-128 in PCa line (Fig. 5F and 5G), we examined their roles in IFN-induced PCSC. First, 

SOX2 knockdown in the shTP53/RB1 LNCaP cells didn’t change STAT1 level (Fig. S6F) but 

significantly diminished prostasphere formation (Fig. S6G). Furthermore, BMI inhibitor-PTC-209 

(Fig. S6H) exhibits a dose-dependent inhibition of prostasphere formation of Du145 cells (Fig. 

S6I) and sgTP53/RB1-LNCaP cells (Fig. S6J). Taken together, these data support the critical role 

of SOX2 or BMI1in PCSC activities.   

ADT followed by STAT1 signaling activation confers PSCS properties  

Accumulating evidence implies that ADT ultimately facilitates the lineage plasticity in PCa 

undergoing neuroendocrine differentiation (NED). Noticeably, STAT1 and IFIT5 proteins (Fig. 

7A) as well as BMI1 and SOX2 mRNA (Fig. 7B) are significantly elevated in the CRPC line, C4-

2B MDVR that is able to form more prostaspheres than the parental cells (Fig. 7C). To investigate 

whether the acquired stemness properties in CRPC cells is due to prolonged androgen-deprived 

(AD) condition, we cultured the parental C4-2B cells in 10% Charcoal Stripped-FBS (CS-FBS) -

supplemented with Phenol Red free RPMI medium for 3 weeks. Although additional Enzalutamide 

(ENZ, 10µM) treatment could further enhance the AD-induced BMI1 and SOX2 (Fig. 7D) as well 

as STAT1 and IFIT5 mRNA levels (Fig. S7A), it didn’t reflect on the protein expression from these 

genes (Fig. 7E). On the other hand, following the upregulation of STAT1 and phosphorylated 

STAT1 (Fig. 7E), a significant induction of IFNγ-inducible STAT1-driven genes are seen in C4-

2B cells cultured under AD condition with additional ENZ (Fig. S7B). Nevertheless, additional 

ENZ treatment only slightly enhanced prostasphere formation of C4-2B compared with AD 

condition alone (Fig. 7F). Similar result is also observed in 22Rv1 cells (Fig. S7C). In contrast, 

the prostasphere forming ability of castration-resistant C4-2B MDVR line is significantly 

abolished when the cells are primarily cultured in regular serum condition for 2 weeks (Fig. 7G). 

Apparently, Fludarabine is a potent agent in inhibiting PCSC activities from C4-2B MDVR (Fig. 

7H and 7I), C4-2B in AD (Fig. S7D) or 22RV1 treated with ENZ (Fig. S7E), which support the 

central role of STAT1-IFIT5 pathway in castration-elicited PCSC.  

DISCUSSION 

PCa is a typical androgen-dependent disease thus ADT is considered the most effective regimen 

to treat metastatic hormone naïve PCa; almost all patients eventually develop CRPC, which is 



associated with the majority of mortality of this disease. Although many new agents have been 

introduced for these patients, inevitably, CRPC acquires resistance to become t-CRPC, which is 

considered as a lethal disease without effective targeted therapy. Approximately, 20-25% t-CRPC 

patients recurred from ADT harbor neuroendocrine cell features from classical adenocarcinoma 

PCa (ADPC), also, these cells exhibit ADT- or radio-resistance. Thus, understanding the molecular 

driver(s) leading to the onset of NEPC can certainly lead us to develop new therapeutic strategies 

for the recurrent t-CRPC.  

In general, ADPC cells exhibit differentiated luminal cell markers. In contrast, NEPC cells express 

neuronal biomarkers and neuronal factors secretion in an endocrine fashion. Based on distinct 

phenotypes among ADPC and NEPC, lineage plasticity is likely manifested as reversible or 

irreversible changes in cellular ‘identity’, whereby cells take on an alternative morphologic, 

phenotypic, or epigenetic state. During ADT-related lineage plasticity, differentiated tumor cells 

acquire new phenotypes, in some cases reverting back to a more ‘stem-like’ state followed by re-

differentiating towards an alternative ‘cell fate’ in order to bypass therapeutic pressure. 

Mechanisms empowering the lineage plasticity in PCa are also critical for the onset of NED in t-

CRPC patients. Loss of function or mutation in Rb and TP53 gene in ADPC9,19,49 or N-MYC 

amplification50,51 or overexpression of Aurora A kinase52,53 is considered as key intrinsic genetic 

drivers that are associated with the expression of PCSC genes such as SOX2 or BMI1. The 

elevation of SOX2 can lead to upregulation of BRN2 (neuronal transcription factor) and 

Synaptophysin (SYP, neuronal biomarker) associated with NEPC42, and BMI1+SOX2+ cells 

drive the recurrence of PCa54. 

Previously, we demonstrated the promoting role of IFN in epithelial-to-mesenchymal transition of 

PCa48 since significant elevation of IFN levels are found in the serum of PCa patients receiving 

ADT21,55,56. Furthermore, IRDS comprised a subset of IFN-induced genes are highly associated 

with therapeutic resistance to chemotherapy23. A more recent analysis of TCGA PCa dataset 

indicated that elevation of IRDS is correlated with decreased disease-free survival in PCa 

patients22. Meanwhile, a study focused on germline variation suggested that IRDS is more 

prevalent in the tumor specimens derived from African American PCa patients with higher 

incidence and mortality rate, compared to European American cohorts22,57. Taken together, IFN-

elicited signaling pathway is highly involved in PCa progression. 



STAT1 or 2 is essential components in the IFN-induced signaling pathway. In response to type I 

or type II IFN stimulation, JAK-mediated phosphorylation of STAT leads to its activation and 

nuclear translocation. Activated STAT1 or 2 binds to the IFN-stimulated response element (ISRE) 

in the promoter region and induce transcriptional activation of IFN-stimulated genes (ISGs). 

Indeed, STAT1 and several STAT1-driven IRDS genes are highly upregulated not only in the 

cohort of PCa patients with lymph node metastasis (Fig. 1D) but also in several PCa lines with 

acquired lineage plasticity (Fig. 1H). In particular, we found STAT1 signaling is highly activated 

in both sgTP53/RB1-LNCaP and androgen-deprived C4-2B lines with enhanced PCSC properties 

and increased sphere forming abilities (Fig. 1H, 1J, 7A and 7C). Meanwhile, a significant 

enrichment of IFN responsive genes and activation of STAT1 signaling are also observed in 

ARCaP subline with NEPC features (Fig. 2A-2F). Functionally, the upregulation of STAT1 and 

STAT1-driven genes in several CRPC lines lead to enhanced PCSC capabilities (Fig. S7B, 7E, 

7F) that can provide pro-survival advantage of ADPC under ADT as well as facilitate trans-

differentiation into metastatic cells with mesenchymal phenotypes or recurrent cells with 

neuroendocrine phenotypes.  

Mechanistically, IFIT5, an interferon-induced protein with tetratricopeptide repeats that can bind 

to 5’end viral RNA and cause its degradation, plays a key downstream effector in modulating 

stemness gene expression (Fig. 4B and 4C), which is also supported by clinical data (Fig. 4J). In 

addition to its functional role in viral RNA degradation, the unique function of IFIT5 in PCa cells 

is to modulate the turnover of miR subpopulation via recognizing the 5’end specific structure of 

precursor form (Fig. 5F and 5G); similar observations were found in renal and bladder cancer 

cells48,58. Noticeably, either miR-101 or -128, the target of IFIT5, is able to degrade BMI1 or 

SOX2 mRNA leading to the suppression of PCSC activities (Fig. 5B-5E).  

By targeting STAT1 or JAK activation with specific inhibitors such as Fludarabine or Ruxolitinib, 

our data clearly demonstrated that JAK-STAT1 axis is a critical pathway associated with PCSC 

and NED (Fig. 1J, S1G, 2G and S2E). Also, Fludarabine, FDA-approved chronic lymphocytic 

leukemia therapeutic, exhibited a potent efficacy in suppressing t-CRPC tumor (Fig. 2H and 6F). 

This result support the re-purposing this agent on t-CRPC treatment, which is expected to have an 

immediate impact on overall survival of PCa patients. 

 

 



MATERIALS AND METHODS 

Cell lines  

Cells obtained from ATCC (Manassas, VA): LNCaP and Du145 cells are maintained in RPMI-

1640 medium supplemented with 10% Fetal bovine serum (FBS), and CWR-22Rv1 cells are 

maintained in DMEM medium supplemented with 10% FBS. C4-2 and ARCaP single cell clones 

(Fast, IIB5 and IIF11) maintained in RPMI-1640 medium supplemented with 10% FBS were 

obtained from Dr. Leland Chung (Cider-Sinai Medical Center, Los Angeles, CA). C4-2B parental 

(with the same medium as C4-2) and C4-2B MDVR cell lines are given by Dr. Allen Gao (UC 

Davis, CA); C4-2B MDVR line is cultured in 10% Charcoal Stripped-FBS-supplemented Phenol 

Red free RPMI medium (CS-FBS) with additional 20µM enzalutamide (ENZ). LNCaP-sgNT 

(CRISPR-control) and LNCaP-sgTP53/RB1 CRISPR-knockout cell lines are given by Dr. Ping 

Mu (UT Southwestern Medical Center, TX). Stable IFIT5-shRNA knockdown (shIFIT5) and 

control (shCon) prostate cell lines were generated from Du145, Du145 and LNCaP sgTP53/RB1 

cell lines using pLKO-shIFIT5 plasmid generated by Academia Sinica, Taipei, Taiwan. Stable 

IFIT5-overexpressing (IFIT5) and control (Vec) cell lines were generated from 22Rv1, C4-2 and 

LNCaP cell lines using pcDNA3.1-3XFlag-IFIT5 plasmid given by Dr. Collins (UC Berkeley, 

CA). All these cell lines were authenticated with the short tandem repeat (STR) profiling by 

Genomic Core in UT Southwestern Medical Center (UTSW) periodically and Mycoplasma testing 

was performed by MycoAlert® kit (Lonza Inc. Walkersville, MD) to ensure Mycoplasma-free 

condition. 

Cell transfection 

Cells (2.5x105) were seeded in 60-mm dish at 60-70% confluence before transfection. According 

to manufacturer’s protocol, transfection of plasmids was using either Xfect Reagent (Clontech) or 

EZ Plex transfection reagent (EZPLEX). Transient transfection was carried out 48 hrs post-

transfection to harvest cell for further analyses. In addition, the stable clones were established after 

3 weeks of culture at the antibiotic selective medium. 

In vitro prostatesphere formation assay  

Cells were counted and seeded into 96-well ultra-low attachment plate (Corning) at density of 250 

cells/per well in DMEM (Gibco) supplemented with B-27 supplement (Gibco), recombinant 

human basic Fibroblast Growth Factor (bFGF, 10ng/ml, Gibco) and human Epidermal Growth 

Factor (hEGF, 20ng/ml, Gibco). Inhibitors (Fludarabine or Ruxolitinib) or interferons were added 



to the culture medium prior to seeding the cells. Formation of sphere was observed and quantified 

under microscope at Week 1 or 2 after seeding.  

SSMut and DSMut precursor miRNA-expression plasmid constructs  

Native miR-128 or miR-101 expressing plasmid (Genecopoeia) was used as a template to generate 

mutant pre-miR-128 with 5’-six nucleotides single stranded overhang (pre-SS6Mut-miR-128) or 

double-stranded blunt end (pre-DSMut-miR-128), as well as mutant pre-miR-101 with 5’-nine 

nucleotides single stranded overhang (pre-SS9Mut-miR-101) or double-stranded blunt end (pre-

DSMut-miR-101) constructs using site-directed mutagenesis.  

RNA isolation and quantitative real-time RT-PCR (qRT-PCR) 

Total RNA was isolated and purified using Maxwell® 16 miRNA Tissue kit or Maxwell® 16 LEV 

Simply RNA Tissue Kit (Promega). Small RNA from total RNA (2 μg) was subjected to miScript 

II RT kit (QIAGEN) then 2.5 µl cDNA was applied to a 25-μL reaction volume using miScript 

SYBR Green PCR kit (QIAGEN) in iCycler thermal cycler (Bio-Rad). The relative expression 

levels of matured miRNAs from each sample were determined by normalizing to SNORD95 small 

RNA. Large RNA from total RNA (2 μg) was subjected to iScriptTM Adv cDNA kit (BioRad) then 

2.5 µl cDNA was applied to a 25-μL reaction volume using iTaq Universal SYBR® Green 

Supermix (BioRad) in iCycler thermal cycler (Bio-Rad). All primer sequences are listed in Table 

S1. The relative expression levels of BMI1, Lin28, NANOG, SOX2 and IFIT5 mRNA from each 

sample were determined by normalizing to 18S mRNA. All quantitative data of miRNA or mRNA 

expression level were analyzed using ΔCt (Ct value normalized to internal snord95 miRNA or 18S 

RNA) and ΔΔCt (difference between the ΔCt of control and experimental groups) values to obtain 

the fold change after normalizing with control group. 

Western blot analysis 

Cells were lysed in lysis buffer [50mMTris-HCl (pH 7.5), 150 mM NaCl, 0.1% Triton X-100, 1 

mM sodium orthovanadate, 1 mM sodium fluoride, 1 mM sodium pyrophosphate, 10 mg/mL, 

aprotinin, 10 mg/mL leupeptin, 2 mM phenylmethylsulfonyl fluoride, and 1 mM EDTA] for 30 

mins on ice. Cell lysates were spin down at 20,000 xg for 20 mins at 4°C. Protein extracts were 

subjected to SDS-PAGE using Bolt 4-12% Bis-Tris Plus gel (Invitrogen), and transferred to 

nitrocellulose membrane using Trans-Blot Turbo Transfer system (BIORAD). Membranes were 

incubated with primary antibodies against IFIT5, Lin28, NANOG (ProteinTech), BMI1, SOX2 

(Cell Signaling Technology), as well as GAPDH and STAT1 (Santa Cruz Biotechnology) at 4 °C 



for 16-18 hrs, and horseradish peroxidase-conjugated secondary antibodies at room temperature 

for 2 hrs. Results were visualized with ECL chemiluminescent detection system (Pierce 

ThermoScientific). The relative protein expression level in each sample was normalized to 

GAPDH.   

In vivo tumor incidence and experimental therapy study 

All animal works were approved by the Institutional Animal Care and Use Committee from 

UTSW. Serial dilutions of stable shCon or shIFIT5-knockdown Du145 cells mixed 1:1 with 

Matrigel (BD Biosciences) were injected subcutaneously into male SCID (6 weeks-old) mice. The 

incidence of Du145 tumor was determined 8 weeks after injection followed by measurement of 

tumor weights and tumor volumes. The tumor volume was determined by caliper and calculated 

(length × width × width)/2. 

Initially, 1.5 million ARCaP-F11 or 5 million LNCaP sgTP53/RB1 cells mixed 1:1 with Matrigel 

(BD Biosciences) were injected subcutaneously into both flanks of SCID (6 weeks-old) mice. 

When tumor volume reached 100 mm3, mice were then randomly distributed into 3 groups: 

Fludarabine (10 or 20 mg/kg, i.p.) was administered 5 days per week for 2 weeks and the control 

received 10% DMSO. Tumor growth rate was measured at Day 0, 4, 7, 11, 14, 18, 21 and 25 after 

treatment. The average tumor volumes of each group were calculated according to the equation of 

volume = (length × width × width)/2.  

Statistics analysis 

Statistics analyses were performed by using GraphPad Prism software. Statistical significance was 

evaluated using Student t-test. *P<0.05, **P<0.001 or ***P<0.0001 was considered a significant 

difference between compared groups and marked with asterisks. 
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FIGURES AND FIGURE LEGENDS 

 



Figure 1. Emergence of STAT1 in advanced PCa contributes to the acquisition of self-

renewal capacity in PCSCs. (A-B) GSEA identifying enrichment of upregulated genes associated 

with IFNα and IFNγ response in the tumor specimens of PCa patients with lymph node metastasis 

(N1, n=80), compared to cohort without metastasis (N0, n=345). (C) TCGA PCa dataset 

demonstrating STAT1 expression level among T2 (n=187), T3 (n=293) and T4 (n=11) stage of 

PCa patients. (D) TCGA PCa dataset demonstrating elevation of STAT1 in PCa patients with 

lymph node metastasis (N1, n=80), compared to cohort without metastasis (N0, n=345). (E) 

Clinical correlation of STAT1 with interferon response-associated genes (N=550) based on TCGA 

PCa dataset analysis. (F) Expression level of interferon response-associated genes in PCa patients 

with lymph node metastasis (N1, n=80), compared to cohort without metastasis (N0, n=345) 

(ns=no significant differences, *p<0.05, **p<0.001, ***p<0.0001) (G) The sphere forming ability 

of sgTP53/RB1-LNCaP cell, compared to vector control (sgNT) (***P<0.0001). (H) Protein level 

of STAT1, RB1 and TP53 in sgTP53/RB1-LNCaP cell, compared to vector control (sgNT). (I) 

Left: Morphology of Du145, 22Rv1 and C4-2 cells under adherent monolayer or ultra-low 

attachment sphere culture condition. Right: STAT1 protein expression in the sphere (S) derived 

from each PCa line, compared to corresponding monolayer (M) culture. (J-K) Dose-dependent 

impact of Fludarabine on the sphere forming ability of sgTP53/RB1-LNCaP cells and Du145 cells 

(***p<0.0001). 





Figure 2. STAT1-IFIT5 signaling activation is emerged during the advanced progression of 

PCa toward CRPC and NePCa (A) Heat map illustrating the gene expression profile among 

three ARCaP sublines-IIB5, IIF11 and Fast. (B) The ingenuity pathway analysis suggesting 

significantly enrichment of IFN signaling pathway genes in IIF11, compared to Fast and IIB5 

sublines. (C-D) GSEA identifying enrichment of genes associated with IFNα and IFNγ response 

in IIF11 subline, compared to Fast and IIB5 sublines. (E) Upper: Screening of BRN2, SOX2, SYP 

and CgA mRNA levels among PCa lines including ARCaP sublines. Lower: STAT1 protein level 

among screened PCa lines including ARCaP sublines. (F) Expression level of ten IFN-inducible 

STAT1-driven genes among PCa lines including ARCaP sublines (*p<0.05, **p<0.001, 

***p<0.0001). (G) Expression of ten IFN-inducible STAT1-driven genes in ARCaP-IIF11 subline 

treated with Fludarabine (1 µM) or Ruxolitinib (2.5 µM) for 48hrs. (*p<0.05, **p<0.001, 

***p<0.0001) (H) Left: The impact of Fludarabine (20 mg/kg) on the sub-cutaneous ARCaP-IIF11 

tumor growth (**p<0.001). Right: Expression of phospho-STAT1, STAT1, IFIT5, BMI1, SOX2 

and Nanog protein levels in the ARCaP-IIF11 tumors treated with fludarabine (20mg/kg), 

compared to vehicle control.  

  



  

 

 



Figure 3. STAT1-mediated induction of IFIT5 facilitates the emergence of stemness 

properties in PCa (A) Impact of fludarabine-mediated STAT1 inhibition on IFNγ-induced IFIT5 

protein upregulation in Du145 cell. (B) TCGA PCa dataset demonstrating IFIT5 expression level 

among T2 (n=187), T3 (n=293) and T4 (n=11) stage of PCa patients. (C) Kaplan-meier survival 

curve of PCa patients grouped into IFIT5-high and IFIT5-low cohorts. (D) TCGA dataset 

demonstrating the clinical correlation of IFIT5 with STAT1 in Breast invasive carcinoma (BRCA, 

N=1212). (E) Expression of IFIT5 promoter-driven mCherry fluorescent protein in tumor sphere 

derived from LNCaP cells, compared to monolayer adherent culture. (F) Upregulation of IFIT5 

mRNA level in the sphere (S) derived from each PCa line, compared to corresponding monolayer 

(M) culture (***p<0.0001). (G) IFIT5 protein upregulation in the sphere (S) derived from each 

PCa line, compared to corresponding monolayer (M) culture. (H-I) The impact of IFIT5-

overexpression on sphere forming ability of LNCaP and 22Rv1 cells, compared to vector control 

(Vec). (***p<0.0001) (J) shRNA knockdown of IFIT5 in Du145 cells. (K) The impact of IFIT5 

knockdown on sphere forming ability of Du145 cells, compared to control shRNA (shCon) 

(***p<0.0001). (L) The tumor incidence of subcutaneous injected IFIT5-knockdown (shIFIT5) 

Du145 cells at 106, 104 and 102 cell number, compared to shCon cohort. (M) Quantified size and 

weight of subcutaneous IFIT5-knockdown Du145 tumors, compared to shCon cohort (*p<0.05, 

**p<0.001).  



 

 



Figure 4. IFIT5 impacts on prostate cancer stemness via regulating Bmi1, Sox2 and Nanog 

(A) Expression level of BMI1, Sox2 and Nanog mRNA in spheres derived from Du145, LNCaP

and 22Rv1 cell lines, compared to each corresponding monolayer adherent culture (**p<0.001,

***P<0.0001). (B) Dose-dependent upregulation of BMI1, SOX2, NANOG in IFIT5-

overexpressed LNCaP cells, compared to vector control (ns, no significance, *p<0.05, **p<0.001,

***p<0.0001). (C) Expression level of BMI1, SOX2, Nanog and IFIT5 in IFIT5-knockdown

Du145 cells, compared to control vector (shCon) (*p<0.05, **p<0.001, ***p<0.0001). (D)

Induction of BMI1, SOX2, NANOG and IFIT5 gene upregulation during Du145 tumor sphere

formation (*p<0.05, **p<0.001, ***p<0.0001). (E) Induction of JAK1, phospho-STAT1, STAT1

and IFIT5 protein upregulation during Du145 tumor sphere formation at Day 5 and Day 8 post-

seeding. (F) Expression level of TROP2, CD49f, CD44 and CD133 mRNA in IFIT5-

overexpressing LNCaP cells, compared to vector control (Vec) (*p<0.05, **p<0.001,

***p<0.0001). (G-H) mRNA and protein level of BMI1, SOX2, NANOG and IFIT5 in IFIT5-

knockdown (shIFIT5) sgTP53/RB1-LNCaP cells, compared to control vector (shCon) (*p<0.05,

***p<0.0001). (I) Reduction of tumor sphere formation in IFIT5-knockdown sgTP53/RB1-

LNCaP cells, compared to control vector (shCon) (***p<0.0001). (J) TCGA dataset demonstrating

the clinical correlation of IFIT5 or STAT1 with BMI1, SOX2 or NANOG in Prostate

adenocarcinoma (PRAD, N=383).



 

 



Figure 5. IFIT5 promotes the expression of PCSC-associated regulators via targeting miRNA 

biogenesis at precursor level (A) Expression level of miR-101 and miR-128 in spheres derived 

from 22Rv1, C4-2, LNCaP and Du145 cell lines, compared to each corresponding monolayer 

adherent culture (***p<0.0001). (B) The impact of miR-128 overexpression on Nanog and Bmi1 

level in Du145 cells (**p<0.001, ***p<0.0001), compared to vector control. (C) The impact of 

miR-101 overexpression on SOX2 and BMI1 level in Du145 cells (**p<0.001), compared to 

vector control. (D-E) The impact of miR-128 and miR-101 on the tumor sphere formation of 

Du145 and 22Rv1 cells (*p<0.05, **p<0.001, ***p<0.0001). (F) Left: Mutation of nucleotides 

(box) for generating blunt 5’-end double stranded pre-miR-128 (DSMut pre-miR-128) or 5’-end 6 

nucleotides single stranded pre-miR-128 (SS6Mut pre-miR-128). Both mature miR-128 and miR-

128* sequences were shown in lighter gray. Middle: The effect of Native, DSMut or SS6Mut pre-

miR-128 on the expression level of mature miR-128 in Du145 cells (***P<0.0001). The impact 

of Native, DSMut or SS6Mut pre-miR-128 on the expression level of NANOG and BMI1 mRNA 

in Du145 cells (***P<0.0001). Right: The impact of Native, DSMut or SS6Mut pre-miR-128 on 

the sphere formation of Du145 cells. (**p<0.001, ***p<0.0001). (G) Left: Mutation of nucleotides 

(box) for generating blunt 5’-end double stranded pre-miR-101 (DSMut pre-miR-101) or 5’-end 9 

nucleotides single stranded pre-miR-101 (SSMut pre-miR-101). Both mature miR-101 and miR-

101* sequences were shown in lighter gray. Middle: The effect of Native, DSMut or SS9Mut pre-

miR-101 on the expression level of mature miR-101 in Du145 cells (**p<0.001, ***p<0.0001). 

The impact of Native, DSMut or SS9Mut pre-miR-101 on the expression level of SOX2 and BMI1 

mRNA in Du145 cells (ns, No significance, **p<0.001, ***p<0.0001). Right: The impact of 

Native, DSMut or SS9Mut pre-miR-101 on the sphere formation of Du145 cells (***p<0.0001). 





Figure 6. Interferon-STAT1-IFIT5 signaling potentiates the acquisition of cancer stemness 

properties in PCa (A) The impact of type I and Type II IFN treatment on the sphere formation of 

sgTP53/RB1 LNCaP cells cultured within supplement-free DMEM condition (***p<0.0001). (B) 

The dose-dependent impact of IFNγ treatment on the induction of IFIT5 and cancer stemness-

associated genes in 22Rv1 cells (**p<0.001, ***p<0.0001). (C) The impact of IFNγ on the self-

renewal capacity of sgTP53/RB1-LNCaP cells under supplement-free DMEM culture condition, 

compared to sgNT control (*p<0.05, ***p<0.0001). (D-E) The impact of IFIT5- or STAT1-

knockdown on the IFNγ-facilitated sgTP53/RB1-LNCaP sphere formation, compared to control 

vector (shCon) (ns, No significance, *P<0.05, ***p<0.0001). (F) Left: The impact of Fludarabine 

(10 mg/kg) on LNCaP sgTP53/RB1 tumor growth (*p<0.05). Right: Expression of STAT1, IFIT5, 

BMI1, NANOG and SOX2 protein levels in the shTP53/RB1-LNCaP tumors treated with 

fludarabine (10 mg/kg), compared to vehicle control. Fludarabine was administrated through 

intraperitoneal injection at consecutive 5 days per week, for total 2 weeks. (G) The impact of 

IFIT5- or STAT1-knockdown on the IFNγ-induced miR-128 or miR-101 downregulation, 

compared to control vector (shCon) (ns, No significance, *p<0.05, **p<0.001, ***p<0.0001). (H) 

The impact of mutant miR-128 on the IFNγ-facilitated sphere formation in Du145 cells (ns, No 

significance, ***p<0.0001). 





Figure 7. STAT1 signaling activation confers CSC properties in castration-resistance PCa 

(A) Elevation of STAT1 and IFIT5 protein in C4-2B MDVR cells, compared to C4-2B parental 

line. (B) Expression level of BMI1 and SOX2 mRNA in C4-2B MDVR cells, compared to C4-2B 

parental line (*p<0.05, **p<0.001). (C) The sphere forming ability of C4-2B MDVR cells, 

compared to C4-2B parental line (***p<0.0001). (D) Induction of BMI1 and SOX2 gene 

upregulation in C4-2B cells cultured in CS-FBS-supplemented phenol red-free RPMI without (CS-

FBS) or with 10 µM enzalutamide (CS-FBS+Enz), compared to regular culture condition (Reg). 

(*p<0.05, ***p<0.0001). (E) Expression level of phosphorylated STAT1, STAT1, IFIT5, BMI1, 

Sox2 and Nanog proteins in C4-2B cells cultured in CS-FBS-supplemented phenol Red free RPMI 

without (CS-FBS) or with 10µM enzalutamide (CS-FBS+Enz), compared to regular culture 

condition (Reg). (F) The sphere forming ability of C4-2B cells primarily cultured in CS-FBS-

supplemented pheno red-free RPMI without (CS-FBS) or with 10 µM enzalutamide (CS-

FBS+Enz) for 2 weeks, compared to regular culture condition (Reg). (*p<0.05). (G) The sphere 

forming ability of C4-2B MDVR cells primarily cultured in regular condition for 2 weeks, 

compared with culture condition of CS-FBS-supplemented phenol Red free RPMI with 20µM 

enzalutamide (CS-FBS+Enz) (***p<0.0001). (H) The expression level of STAT1, IFIT5, Bmi1, 

SOX2 and Nanog proteins in C4-2B MDVR cells treated with fludarabine (500 nM, 48 hrs).  (I) 

The sphere forming ability of C4-2B MDVR cells treated with increased dose of fludarabine 

during sphere culture.   

 

 

 

 

 

 

 

 

 

 

 

 



SUPPLEMENTARY FIGURES AND TABLE 

 
 

 



Figure S1. (A) GSEA identifying enrichment of upregulated genes associated with demonstrated 

pathways in PCa patients with lymph node metastasis (N1, n=80), compared to cohort without 

metastasis (N0, n=345). (B) GSEA identifying enrichment of IRDS genes in the tumor specimens 

of PCa patients with lymph node metastasis (N1, n=80), compared to cohort without metastasis 

(N0, n=345). (C) TCGA PCa dataset demonstrating STAT1 expression level among low (Gleason 

score=6 and 7, n=292) and High (Gleason score >8, n=206) grade tumor specimens from PCa 

patients. (*p<0.05). (D) GEPIA analysis of STAT1 expression level among tumor (red) and normal 

(gray) specimens derived from different malignancies (*p<0.01) (http://gepia.cancer-

pku.cn/index.html). (E) Expression level of cancer stemness-associated genes (CD44, CD133, 

CD49f and TROP2) in sgTP53/RB1-LNCaP cell, compared to control vector (sgNT) (*p<0.05, 

**p<0.001, ***p<0.0001). (F) Induction of STAT1 mRNA upregulation in the sphere (S) derived 

from each PCa line, compared to corresponding monolayer (M) culture. (G-H) Dose-dependent 

impact of Ruxolitinib on the sphere forming ability of sgTP53/RB1-LNCaP and Du145 cells 

(**p<0.001, ***p<0.0001). (I-J) Dose-dependent impact of Fludarabine or Ruxolitinib on the 

sphere forming ability of 22Rv1 cells (***p<0.0001). 



 
 



Fig. S2 (A) GSEA-identified enrichment of IFNα response-associated genes in ARCaP-F11 

subline, compared to ARCaP-Fast and ARCaP-B5 sublines. (B) GSEA-identified enrichment of 

IFNγ response-associated genes in ARCaP-F11 subline, compared to ARCaP-Fast and ARCaP-

B5 sublines. (C) Protein expression level of STAT1, IFIT5, SOX2, EZH2, BRN2, SYP, and CgA 

in sgTP53/RB1-LNCaP cell, compared to sgNT control. (D) Expression level of STAT1, IFIT5, 

SOX2, EZH2, BRN2, SYP and CgA proteins among C4-2B parental and MDVR lines. (E) 

Downregulation of STAT1, IFIT5, SOX2, EZH2, BRN2, SYP and CgA proteins in C4-2B MDVR 

line treated with Fludarabine (500nM, 48hrs). (F) Induction of STAT1, IFIT5, SOX2, EZH2, 

BRN2, SYP and CgA proteins in Du145 cells treated with IFNβ (20 ng/ml, 48 hrs). (G) Expression 

of ten IFN-inducible STAT1-driven genes in Du145 tumor spheres, compared to monolayer 

adherent culture (*p<0.05, **p<0.001, ***p<0.0001).  



 
 

 

  

 

 

 



Figure S3. (A) IFNγ induced upregulation of IFIT5 protein and mRNA in Du145 cells. (B) Impact 

of STAT1 shRNA knockdown on IFNγ-induced upregulation of IFIT5 protein in Du145 cells. (C) 

Impact of fludarabine-mediated STAT1 inhibition on IFNγ-induced upregulation of IFIT5 protein 

in PC3 cells. (D) TCGA dataset demonstrating the clinical correlation of IFIT5 with STAT1 in 

Gliblastoma Multiform (GBM, N=538), and Kidney renal clear cell carcinoma (KIRC, N=607). 

(E) Expression level of IFIT5 mRNA and protein among listed PCa lines. (F) Level of IFIT5 

mRNA and protein in IFIT5-overexpressing (IFIT5) LNCaP and 22Rv1 cells, compared to vector 

control (Vec) (***p<0.0001). 

 



 
 



Figure S4. (A) Expression level of Bmi1, Sox2, Nanog and IFIT5 in IFIT5-overexpressed 22Rv1 

cells, compared to vector control (**p<0.001, ***p<0.0001). (B-C) Induction of BMI1, SOX2, 

Nanog and IFIT5 gene upregulation during LNCaP and C4-2 tumor sphere formation (*p<0.05, 

**p<0.001, ***p<0.0001). (D) mRNA and protein upregulation of BMI1, SOX2, NANOG and 

IFIT5 in sgTP53/RB1-LNCaP cell, compared to control vector (sgNT). (E) TCGA dataset 

demonstrating the clinical correlation of IFIT5 with BMI1 in Kidney renal clear cell carcinoma 

(KIRC, N=607), Gliblastoma Multiform (GBM, N=538), and Breast invasive carcinoma (BRCA, 

N=1212) (F) TCGA dataset demonstrating the clinical correlation of STAT1 with BMI1 in Pan 

Kidney cancer cohort (KIPAN, N=552) and Glioblastoma Multiform (GBM, N=538). 



 
 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S5. (A) Dose-dependent impact of IFIT5-overexpression on the level of miR-101 and miR-

128 expression in 22Rv1 cells (**p<0.001, ***p<0.0001). (B) Representative matched nucleotide 

sequences between the seed region of miR-128 and the 3’UTR of Nanog and Bmi1 mRNA. (C) 

Representative matched nucleotide sequences between the seed region of miR-101 and the 3’UTR 

of Sox2 and Bmi1 mRNA (D) Left: The impact of miR-128 overexpression on BMI1 and NANOG 

level in 22Rv1 cells (**p<0.001, ***p<0.0001). Right: The impact of miR-101 overexpression on 

BMI1 and SOX2 level in 22Rv1 cells (***p<0.0001). (E-F) The impact of Native, DSMut or 

SS6Mut pre-miR-128 on the sphere formation of 22Rv1 and LNCaP cells. (*p<0.05, **p<0.001, 

***p<0.0001). 

 

 

 

 

 



 
 



Fig. S6 (A) The impact of IFNγ on 22Rv1 tumor sphere formation (***p<0.0001). (B) The impact 

of IFNβ and IFNγ on the sphere formation of Du145 cells (**p<0.001) (C) IFNβ-induced 

upregulation of STAT1, IFIT5, BMI1, SOX2 and Nanog in Du145 cells (**p<0.001, 

***p<0.0001). (D) The impact of fludarabine on the IFNβ-facilitated sphere forming ability of 

Du145 cells (*p<0.05, **p<0.001, *p<0.0001). (E) The impact of IFNγ on the induction of IFIT5 

in sgTP53/RB1-LNCaP cells, compared to sgNT control (ns, No significance, ***p<0.0001). (F) 

Protein level of STAT1, RB1 and TP53 in shTP3/RB1 LNCaP cells with additional knockdown 

of SOX2. (G) The sphere forming ability of shTP3/RB1 LNCaP cells with additional knockdown 

of SOX2. (*p<0.05, *p<0.0001). (H) Suppression of Bmi1 protein level in Du145 cells treated 

with BMI1 inhibitor PTC-209 (500 nM, 48 hrs). (I-J) PTC-209-mediated dose-dependent 

suppression on the sphere formation of Du145 and sgTP53/RB1-LNCaP cells (***p<0.0001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





Fig. S7 (A) Time-dependent elevation of STAT1 or IFIT5 mRNA level in C4-2B cells cultured in 

CS-FBS-supplemented phenol red-free RPMI without or with additional 10 µM enzalutamide 

(**p<0.001, ***p<0.0001). (B) Induction of ten IFN-inducible STAT1-driven genes in C4-2B 

primarily cultured with CS-FBS without or with additional enzalutamide (10 µM), compared to 

regular medium (*p<0.05, **p<0.001, ***p<0.0001). (C) The sphere forming ability of 22Rv1 

cells primarily cultured in androgen-deprived condition with 5 µM enzalutamide (ENZ), compared 

to regular condition (Reg) (***p<0.0001). (D) Left: The impact of fludarabine treatment (500 nM, 

48 hrs) on the expression level of STAT1, IFIT5, BMI1, SOX2 and Nanog proteins in C4-2B cells 

primarily cultured in CS-FBS-supplemented phenol red-free RPMI for 3 wks. Middle-Right: The 

dose-dependent impact of fludarabine on the sphere forming ability of C4-2B cells primarily 

cultured in CS-FBS-supplemented phenol red-free RPMI for 2 weeks (*p<0.05, ***p<0.0001). 

(E) The dose-dependent impact of fludarabine on the sphere forming ability of 22Rv1 cells 

primarily cultured in androgen-deprived condition with 5 µM Enzalutamide for 2 weeks (*p<0.05, 

***p<0.0001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 1. GSEA identifying genes enriched in listed pathways in ARCaP-IIF11 

cell, compared to ARCaP-Fast and ARCaP-IIB5 sublines. 

NAME NOM p-val SIZE ES NES FDR q-val
HALLMARK_INTERFERON_GAMMA_RESPONSE <0.0001 197 0.902104 1.113394 0.9031964
HALLMARK_INTERFERON_ALPHA_RESPONSE <0.0001 94 0.941871 1.106214 0.8066409
HALLMARK_PI3K_AKT_MTOR_SIGNALING <0.0001 104 0.803492 1.211047 1
HALLMARK_KRAS_SIGNALING_DN <0.0001 194 0.779206 1.186822 1
HALLMARK_HEDGEHOG_SIGNALING 0.22166666 35 0.81645 1.163759 1
HALLMARK_XENOBIOTIC_METABOLISM 0.31441048 198 0.699175 1.150249 1
HALLMARK_UV_RESPONSE_UP 0.125 155 0.599276 1.136887 0.9761724
HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 0.22 46 0.848599 1.11999 0.97129846
HALLMARK_HEME_METABOLISM 0.2646503 191 0.597934 1.101115 0.72334665
HALLMARK_ADIPOGENESIS 0.24584104 195 0.628668 1.098276 0.6762306
HALLMARK_MITOTIC_SPINDLE 0.26055047 198 0.562246 1.077838 0.73321736
HALLMARK_FATTY_ACID_METABOLISM 0.26741996 157 0.586373 1.034118 0.8529015
HALLMARK_APICAL_JUNCTION 0.32026145 195 0.533531 1.023842 0.8157521
HALLMARK_APICAL_SURFACE 0.30769232 44 0.633561 1.01972 0.76893455
HALLMARK_DNA_REPAIR 0.4385965 143 0.565447 1.005199 0.7779733
HALLMARK_MYOGENESIS 0.57918555 199 0.538736 0.956211 0.91874576
HALLMARK_COMPLEMENT 0.6229261 195 0.500121 0.955069 0.88064915
HALLMARK_OXIDATIVE_PHOSPHORYLATION 0.4385965 198 0.650016 0.951478 0.84035134
HALLMARK_E2F_TARGETS 0.5671642 198 0.641151 0.945224 0.8144215
HALLMARK_MTORC1_SIGNALING 0.5260223 198 0.562164 0.926194 0.82797027
HALLMARK_NOTCH_SIGNALING 0.7170213 32 0.469431 0.856663 0.9837505
HALLMARK_CHOLESTEROL_HOMEOSTASIS 0.776699 73 0.444428 0.855078 0.9440868
HALLMARK_G2M_CHECKPOINT 0.7185501 198 0.583791 0.836091 0.9330952
HALLMARK_BILE_ACID_METABOLISM 0.73491377 112 0.473109 0.736843 1
HALLMARK_MYC_TARGETS_V2 0.85532993 58 0.56871 0.693345 0.98105043



Supplementary Table 2. RNA-seq analysis of 18 IRDS genes express among three ARCaP 

sublines. 



 

Supplementary Table 3. Tumor size of sub-cutaneous injected Du145-shCon and Du145-shIFIT5 

lines. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

shCon shIFIT5 shCon shIFIT5 shCon shIFIT5

466.80 65.40 143.60 49.40 190.40 0.00

296.50 33.50 128.10 49.40 98.10 0.00

222.30 26.20 125.50 33.50 71.90 0.00

205.90 25.10 94.10 26.20 47.70 0.00

147.10 25.10 65.40 25.10 0.00 0.00

110.50 16.70 65.40 16.70 0.00 0.00

87.00 14.10 65.40 14.10 0.00 0.00

65.40 0.00 63.30 0.00 0.00 0.00

Average (mm3) 200.18±132.41 25.76±18.95 93.85±33.83 26.80±17.12 51.01±68.14 0.00±0.00

P value 0.003620 0.000240 0.026303

Cell number
1X10^6 1X10^4 1X10^2

Tumor size 
(mm3)



 

Supplementary Table 4. Tumor weight of sub-cutaneous injected Du145-shCon and Du145-
shIFIT5 lines. 
   

 
 

shCon shIFIT5 shCon shIFIT5 shCon shIFIT5

0.75 0.10 0.48 0.09 0.16 0.00

0.68 0.09 0.43 0.08 0.08 0.00

0.67 0.08 0.32 0.06 0.05 0.00

0.61 0.07 0.25 0.03 0.03 0.00

0.28 0.04 0.14 0.03 0.00 0.00

0.26 0.03 0.13 0.03 0.00 0.00

0.21 0.02 0.12 0.02 0.00 0.00

0.14 0.00 0.06 0.00 0.00 0.00

Average (g) 0.45±0.25 0.06±0.03 0.24±0.16 0.05±0.03 0.08±0.06 0.00±0.00

P value

Tumor weight 
(g)

0.001522 0.005140 0.040319

Cell number
1X10^6 1X10^4 1X10^2
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IFNg-Induced IFIT5 Promotes Epithelial-to-
Mesenchymal Transition in Prostate Cancer
via miRNA Processing
U-Ging Lo1, Rey-Chen Pong1, Diane Yang1, Leah Gandee1, Elizabeth Hernandez1,
Andrew Dang1, Chung-Jung Lin1, John Santoyo1, Shihong Ma1, Rajni Sonavane1,
Jun Huang2, Shu-Fen Tseng3, Loredana Moro4, Arnaldo A. Arbini5, Payal Kapur6,
Ganesh V. Raj1, Dalin He2, Chih-Ho Lai7, Ho Lin8, and Jer-Tsong Hsieh1,9

Abstract

IFNg , a potent cytokine known to modulate tumor immu-
nity and tumoricidal effects, is highly elevated in patients
with prostate cancer after radiation. In this study, we dem-
onstrate that IFNg can induce epithelial-to-mesenchymal
transition (EMT) in prostate cancer cells via the JAK–STAT
signaling pathway, leading to the transcription of IFN-stim-
ulated genes (ISG) such as IFN-induced tetratricopeptide
repeat 5 (IFIT5). We unveil a new function of IFIT5 complex
in degrading precursor miRNAs (pre-miRNA) that includes
pre-miR-363 from the miR-106a-363 cluster as well as pre-
miR-101 and pre-miR-128, who share a similar 50-end
structure with pre-miR-363. These suppressive miRNAs
exerted a similar function by targeting EMT transcription

factors in prostate cancer cells. Depletion of IFIT5 decreased
IFNg-induced cell invasiveness in vitro and lung metastasis
in vivo. IFIT5 was highly elevated in high-grade prostate
cancer and its expression inversely correlated with these
suppressive miRNAs. Altogether, this study unveils a pro-
metastatic role of the IFNg pathway via a new mechanism of
action, which raises concerns about its clinical application.

Significance: A unique IFIT5–XRN1 complex involved
in the turnover of specific tumor suppressive microRNAs
is the underlying mechanism of IFNg-induced epithelial-to-
mesenchymal transition in prostate cancer.

See related commentary by Liu and Gao, p. 1032

Introduction
IFNg isfirst characterized as a cytokine associatedwith antivirus

and antitumor activities during cell-mediated innate immune
response (1, 2). Mechanistically, IFNs can activate JAK–STAT
signaling pathway leading to the transcriptional activation of a
variety of IFN-stimulated genes (ISG), resulting indiverse biologic
responses (3). Among ISGs, IFN-induced tetratricopeptide repeat

(IFIT) family members are highly inducible. They are viral RNA-
binding proteins (4) and a part of antiviral defense mechanisms.
Among IFIT orthologs, human IFIT1, IFIT2, and IFIT3 form a
complex through the tetratricopeptide repeats (TPR) to degrade
viral RNA. However, the functional role of IFIT5 is not fully
understood because it acts solely as a monomer that can not only
bind directly to viral RNA molecules via its convoluted RNA-
binding cleft, but also endogenous cellular RNAs with a 50-end
phosphate cap, including transfer RNAs (tRNA; refs. 5, 6). In this
study, we demonstrate a new function of IFIT5 in regulating
miRNAs turnover.

miRNAs regulate approximately 60% of protein-coding
genes via posttranscriptional suppression, mRNA degradation,
or translation inhibition (7, 8). Many miRNAs associated with
different stages of tumor development are regulated at tran-
scriptional or posttranscriptional level (9). Unlike most eukary-
otic protein genes, several miRNAs such as miR-106a-363 (10)
and miR-17-92 are clustered together to generate a polycistron-
ic primary transcript (11–13), which implies a complicated
regulation of miRNA biogenesis. For example, miR-363
belongs to the polycistronic miR-106a-363 cluster containing
six miRNAs. Unlike the other five miRNAs with similar seed
sequences and functions as the oncogenic miR-17-92 cluster
(14), the seed sequence of miR-363 is distinct from the rest
of miRNAs, suggesting different function. Indeed, based on
the specific interaction with IFIT5, miR-363 biogenesis is medi-
ated by miRNA turnover, which appears to be a new function of
IFIT5.
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Based on themechanismof IFIT5-eliciedmiR-363 degradation,
additionalmiRNAs such asmiR-101 andmiR-128 are subjected to
IFIT5 complex and target several epithelial-to-mesenchymal tran-
sition (EMT) transcriptional factors. Clinically, loss of these
miRNAs is associated with tumor grade of prostate cancer, which
is inversely correlated with elevated IFIT5 mRNA level. However,
IFIT5 mRNA expression is correlated with ZEB1 and Slug mRNA
expression in prostate cancer specimens. Taken together, IFIT5
regulated by IFNg is involved in unique miRNA degradation that
can promote EMT, leading to prostate cancer metastasis.

Materials and Methods
Cell lines

Cells were obtained from ATCC: LAPC4 in Iscove DMEM
containing 10% FBS; RWPE-1 in keratinocyte medium contain-
ing 10% FBS; LNCaP and PC3 in RPMI1640 medium contain-
ing 10% FBS. All the DAB2IP-KD and control (Con) prostate
cell lines (such as RWPE1, PC3, and LAPC4) were described
previously (15). Stable IFIT5-knockdown (KD; shIFIT5) and
control (shCon) prostatic cell lines were generated from PC3,
LAPC4-KD, RWPE1-KD, and C4-2Neo cell lines using pLKO-
shIFIT5. Stable IFIT5-overexpressing (IFIT5) and control (Vec)
cell lines were generated from LAPC4-Con, RWPE1-Con, and
C4-2D2 cell lines using pcDNA3.1-3XFlag-IFIT5 plasmid from
Dr. Collins (5). All these cell lines were used within 20
passages and authenticated with the short tandem repeat (STR)
profiling by Genomic Core in UT Southwestern (UTSW) peri-
odically and Mycoplasma testing was performed by MycoAlert
Kit (Lonza Walkersville Inc.) every quarterly to ensure
Mycoplasma-free.

In vitro transcription of pre-miRNA and RNA pull-down assay
The PCR-amplified DNA fragment of T7- precursor-miRNAs

(pre-miRNA; Supplementary Table S1) was separated by 2%
agarose gel electrophoresis and purified using Mermaid SPIN Kit
(MP Biomedicals) then subjected to in vitro transcription assay
using T7 High Yield RNA Synthesis Kit (New England Biolabs).
The pre-miRNA molecules were treated with DNase I for 15
minutes at 25�C and purified by acid phenol–chloroform extrac-
tion and ethanol precipitation at�20�C for 1 hour. Themolecular
size and sequence of each purified precursor miRNA was con-
firmed by gel electrophoresis using 15% TBE-Urea gel and qRT-
PCR, respectively.

The in vitro transcribed pre-miRNA was subjected to RNA pull-
down assay using Pierce Magnetic RNA-Protein Pull-Down Kit
(ThermoScientific). An approximate 100 pmol of pre-miRNA
were incubated with 10X RNA Ligase reaction buffer, RNase
inhibitor, Biotinylated Cytidine Bisphosphate, and T4 RNA ligase
at 16�C for 16 hours. The biotinylated pre-miRNA was then
purified and incubated with streptavidin magnetic beads for
30 minutes at room temperature. Whole cell lysates (200 mg)
were incubated with the biotinylated pre-miRNA beads at 4�C for
1 hour. After elution, proteins–pre-miRNA complex was separat-
ed by SDS-PAGE using Bolt 4% to 12% Bis-Tris Plus gel and
stained with Coomassie blue then subjected to LC/MS-MS anal-
ysis. For identifying the interaction betweenmutant pre-miR-363s
(SS6Mut, DSMut) and IFIT5 ormiRNA processingmachinery, the
proteins–pre-miRNA complex was subjected to Western blot
analysis and blotted by using primary antibodies against IFIT5,
Dicer, or Drosha proteins.

In vitro pre-miRNA degradation assay
The in vitro transcribed pre-miRNAs were incubated with

recombinant IFIT5 protein and/or XRN1 (New England Biolab)
at 37�C, then the RNA-containing buffer were collected at indi-
cated time points and subjected to 15% TBE-Urea gel electropho-
resis. To quantify the degradation of precursor miRNA, the 15%
TBE-Urea gel was then stained with GelRed Nucleic Acid Gel
Stains (VWR) and visualized under UV light in the AlphaImager
device (Protein Simple). The RNA bands were quantified by
Multiplex band analysis (AlphaView Software) and the rate of
degradation was calculated from each time point normalized to
time zero.

Migration and invasion assay
Cells (4–10 � 104) in the serum-free medium were plated on

the upper chamber (8-mm pore size) of Transwell (Corning) with
or without Matrigel for invasion or migration assay, respectively,
whereas bottom chamber containedmedium supplemented with
10% FBS. After 5 days, cells in the bottom chamber were fixed by
4%paraformaldehyde, stained, and visualized undermicroscope.
Quantification of migratory cells was carried out with Crystal
Violet staining and measurement at OD555nm. Each experiment
was performed in triplicates.

Animal model
All animal workwas approved by the Institutional Animal Care

and Use Committee from UTSW. Stable clones of PC3-shCon or
-shIFIT5 were infected with luciferase lentivirus. Onemillion PC3
cells pretreated with vehicle (PBS) or IFNg (20 ng/mL, 48 hours)
were resuspended in 50 mL PBS and then injected into the tail vein
of male SCID mice, followed by intravenous injection of IFNg
(5 ng/mL,) weekly for 4 weeks. At eighth-week post-injection,
lung metastasis of PC3 tumor was observed by bioluminescent
imaging (BLI) using IVIS system then lungs were excised,
fixed in 10% formalin, paraffin-embedded, and stained with
hematoxylin and eosin for pathologic identification of tumor
nodules presented in the lung parenchyma.

Clinical specimens and ex vivo culture of patient-derived
prostate cancer explants

A total of 41 prostate cancer specimens obtained from UT
Southwestern Tissue Bank were collected from 6-mm core
punch from radical prostectomy and examined by pathologist
to determine tumor grade then subjected to RNA extraction and
12 fresh prostate cancer tissues were obtained from men
undergoing radical prostatectomy at UT Southwestern Univer-
sity Hospital.

The ex vivo culture was performed as previously described
(16). Briefly, fresh prostate cancer tissue was dissected into
1mm3 cube and placed on a Gelatin sponge (Novartis) bathed
in RPMI1640 media supplemented with 10% heat-inactivated
FBS, 100 units/mL penicillin–streptomycin, 0.01 mg/mL
hydrocortisone, and 0.01 mg/mL insulin (Sigma). In addition,
to the media, was added either vehicle, IFNg (25 ng/mL) or
IFNg (100 ng/mL). Tissues were cultured at 37 �C for 48 hours
then snap-freeze in liquid nitrogen for RNA purification. The
Institutional Review Board of UTSW approved the tissue pro-
curement protocol for this study and written informed consent
was obtained from all patients.
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Statistical analysis
Statistics analyses were performed by using GraphPad Prism

software. Statistical significancewas evaluated using Student t test.
P < 0.05 or P < 0.0001 was considered a significant difference
between compared groups and marked with an asterisk. The
statistical association between miR-363, miR-101, miR-128, and
IFIT5 expression among different grades of humanprostate cancer
was evaluated with regression correlation analysis.

Results
The specific regulation of miR-363 expression

IFNg is known to modulate cancer immunity and increase
cytotoxicity. In addition, we observed that IFNg was able to

induce the expression of Slug and ZEB1, both are potent EMT
transcription factors, in prostate cancer cell lines C4-2 (Fig. 1A)
and PC3 cells (Supplementary Fig. S1A) in a dose-dependent
manner. In contrast, Disabled homolog 2–interacting protein
(DAB2IP) protein expression was reduced in treated cells
(Fig. 1A; Supplementary Fig. S1A). We have previously identi-
fied DAB2IP as an EMT inhibitor in prostate cancer (15, 17).
Thus, we believe that the mechanism of IFNg-induced EMT
is mediated through DAB2IP-regulated pathway. Because
emerging evidence demonstrates a critical role of miRNA in
EMT process, we decided to profile miRNA between DAB2IP-
positive and -KD cells. From miRNA microarray screening
(Supplementary Fig. S1B), a significant reduction of miR-363
(1176 folds decrease) was detected in DAB2IP-KD cells. The

Figure 1.

The effect of DAB2IP on miR-363 expression in
prostate cell lines. A, Induced expression of DAB2IP,
ZEB1, and Slug protein level in C42 cells after treated
with IFNg for 48 hours. B, Expression levels of miR-363
in DAB2IP-KD prostate cell lines after normalizing
to the Con cell of each cell line pair. � , P < 0.05.
C, Induction of miR-363 by ectopic expression of
DAB2IP in C4-2Neo and LAPC4-KD cell lines. Fold
change of miR-363 levels were normalized to vector
control. � , P < 0.05. D, Expression levels of primary
miR-106a-363 in DAB2IP-positive and -negative
sublines after normalizing to the Con cell of each cell
line pair. NS, no significant differences. E, Expression
levels of precursor miR-363 andmature miR-363 in
DAB2IP-positive and -negative cells after
normalizing to the control vector of each cell line
pair. ��� , P < 0.0001. Quantitative qRT-PCR data
of miR-363 expression level were analyzed using
DCt (Ct value normalized to internal snord95
miRNAs) and DDCt (difference between the DCt

of control and each experimental group) values
to obtain the fold change after normalizing with
vector control.
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downregulation of miR-363 in DAB2IP-KD cells was further
validated in immortalized normal prostatic epithelial cell
(RWPE1 and PNT1A) and prostate cancer lines (LAPC-4 and
PC3; Fig. 1B). Ectopic expression of DAB2IP in C4-2Neo or
LAPC4-KD cells (Fig. 1C) was able to induce mature miR-363

levels, indicating that DAB2IP could modulate miR-363
expression.

miR-363 is located in the polycistronic miR-106a-363 cluster
that is first transcribed into a single primary miRNA containing
the entire sequence of the cluster genes. We therefore examined

Figure 2.

The impact of IFIT5 onmiR-363
maturation from the miR-106a-363
cluster. A, The interaction between
IFIT5 protein and pre-miR-363 in
DAB2IP-positive and -negative cells
using RNA pull-down assay. B and
C, Suppression of IFIT5 protein
expression by ectopic transfecting
DAB2IP into LAPC4-KD (B) and
C4-2Neo (C) cells after normalizing
with the control vector (Vec).
D, Expression levels of precursor
and mature miR-363 in IFIT5-siRNA
KD (si-IFIT5) LAPC4-KD,
RWPE1-KD, and C4-2Neo cells after
normalizing to control siRNA
(si-Con; � , P < 0.05). E, Expression
levels of precursor and mature
miR-363 in IFIT5-overexpressing
(IFIT5) LAPC4-Con, RWPE1-Con,
and C4-2D2 cells after normalizing
to control vector (Vec; � , P < 0.05).
F, Left and middle, induction of
IFIT5 protein and mRNA level by
IFNa, IFNb, and IFNg treatment for
48 hours in PC3 cells, compared
with vehicle control. � , P < 0.05.
Right, expression level of miR-363
in PC3 cells treated with IFNa, IFNb,
and IFNg for 48 hours after
normalizing to vehicle control.
� , P < 0.05. G, IFNg-induced IFIT5
promoter activity in PC3 cells with
shRNA KD of STAT1 (shSTAT1),
compared with control shRNA
(shCon). Relative (Rel.) luciferase
activity was normalized with
protein concentration. H and I, Left
and middle, dose-dependent
induction of IFIT5 protein and
mRNA level in LAPC4-KD and PC3
cells treated with IFNg for 48 hours,
compared with vehicle control.
� , P < 0.05; �� , P < 0.0001. Right,
induction levels of mature miRNAs
(miR-106a, miR-18b, miR-20b,
miR-19b-2, miR-92a-2, and
miR-363) in LAPC4-KD and
PC3 cells treated with IFNg
(þ, 20 ng/mL) for 48 hours,
compared with vehicle control
(�). � , P < 0.05. All quantitative
data of IFIT5 mRNA or miRNA
expression level were analyzed
using DCt (Ct value normalized to
internal 18S RNA or snord95
miRNA) and DDCt (difference
between the DCt of control and
experimental groups) values to
obtain the fold change after
normalizing with control group.
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Figure 3.

The inhibitory effect of miR-363 on EMT by targeting Slug. A, Upregulation of miR-363 in RWPE1-KD cells transfected with pCMV-miR-363 plasmid after
normalizing with vector control. �, P < 0.05. B, Reduction of Slug mRNA expression and protein level in miR-363–expressing RWPE1-KD cells after normalizing to
vector control. � , P < 0.05. CL, stable clone of miR-363-expressing RWPE1-KD cells. C, Luciferase reporter assay in RWPE1-KD cells cotransfected with
psiCHECK2-slug-WT 30UTR or psiCHECK2-Slug Mut363 30UTR and pCMV-miR363 or empty vector (�). Luciferase activity unit is plotted as Renilla to Firefly
luciferase activity (RFU). Each bar represents mean� SD of four replicated experiments. �� , P < 0.0001.D, Induced mRNA and protein expression of E-cadherin,
Slug, and vimentin in miR-363–expressing RWPE1-KD cells after normalizing to vector control. � , P < 0.05. E, Immunofluorescence staining of E-cadherin protein
expression in miR-363–expressing RWPE1-KD cells, compared with vector control. F, Transwell migration assay in miR-363–expressing RWPE1-KD cells.
Transmigrated RWPE1 cells were observed by crystal violet staining and quantified at OD 555 nm. Each bar represents mean� SD of three replicated
experiments. � , P < 0.05. G, Transwell invasion assay in RWPE1-Con transfected with different dose of anti-miR-363. Transmigrated cells were stained with crystal
violet and quantified at OD 555 nm. Each bar represents mean� SD of three replicated experiments. �� , P < 0.05. H, E-cadherin and vimentin mRNA and protein
expression level after restoration of slug in miR-363–expressing RWPE1-KD cells, compared with vector control (� , P < 0.05). All quantitative data of mRNA or
miRNA expression level were analyzed using DCt (Ct value normalized to internal 18S RNA or snord95 miRNA) and DDCt (difference between the DCt of control
vector and experimental groups) values to obtain the fold change after normalizing with vector control.

Lo et al.

Cancer Res; 79(6) March 15, 2019 Cancer Research1102

on March 15, 2019. © 2019 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst November 30, 2018; DOI: 10.1158/0008-5472.CAN-18-2207 

http://cancerres.aacrjournals.org/


Figure 4.

The effect of IFIT5 on pre-miR-363 degradation in vitro. A, Time-dependent change of degraded pre-miR-92a-2 and pre-miR-363 fragments (bracket) after
incubation with IFIT5 protein complex at 37�C normalized with 0 min. � , P < 0.05. B,Mutation of nucleotides (red box) for generating 50-end six nucleotides
single-stranded pre-miR-363 (SS6Mut pre-miR-363) and blunt 50-end double stranded pre-miR-363 (DSMut pre-miR-363). Both mature miR-363 and
miR-363� sequences are shown in pink. C, Expression levels of primary, precursor, and mature miR-363 in LAPC4-KD cells transfected with Native, SS6Mut, or
DSMut pre-miR-363 plasmids for 24 hours after normalizing with the vector control. D, Time-dependent degradation of native, SS6Mut, and DSMut pre-miR-363
fragments (bracket) after incubation with IFIT5 protein at 37�C; each time point was normalized with 0min. � , P < 0.05. E, Dose-dependent induction of mature
miR-363 in cells transfected with SS6Mut pre-miR-363 or DSMut pre-miR-363 plasmids and IFIT5 siRNA after normalizing with the control vector (Vec). Con,
control siRNA. F, Interaction between IFIT5 protein and SS6Mut or DSMut pre-miR-363 RNAmolecules using RNA pull-down assay.G, Immunofluorescence
staining of E-cadherin and Slug in mutant pre-miR-363–overexpressed RWPE1-KD cells, compared with vector control. H, The effect of Native, DSMut-, or
SS6Mut-pre-miR-363 on cell invasion in PC3 cells. Cells invaded at the lower bottom at the Transwell were stained with crystal violet and counted. Each bar
represents mean� SD of nine fields of counted cell numbers. � , P < 0.05; �� , P < 0.0001. All quantitative data of miR-363 expression level were analyzed using DCt

(Ct value normalized to internal snord95 miRNA) and DDCt (difference between the DCt of control vector and experimental groups) values to obtain the fold
change after normalizing with vector control.
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the effect of DAB2IP on the expression levels of primary
transcript of miR-106a-363. In contrast to the significant down-
regulation of mature miR-363 in DAB2IP-KD cells, the expres-
sion levels of either primary miR-106a-363 (Fig. 1D) or pre-
miR-363 (Fig. 1E) were similar between DAB2IP-positive and
-KD cells. Noticeably, among the miRNA members in the miR-
106a-363 cluster, only mature miR-363 levels dramatically
decreased in DAB2IP-KD cells (i.e., LAPC4-KD and RWPE-1-
KD; Fig. 1E; Supplementary Fig. S1C and S1D). However, only
mature miR-363 levels increased significantly in C4-2D
(Fig. 1E; Supplementary Fig. S1E) with ectopic expression of
DAB2IP. These findings indicate that DAB2IP specifically reg-
ulates miR-363 maturation from the miR-106a-363 cluster.

Effect of IFIT5 on the biogenesis of miR-363
To elucidate the machinery responsible for miR-363 matura-

tion process, the protein candidates were pulled down by syn-
thetic pre-miR-363 RNA and subjected to LC/MS-MS analysis.
IFIT5 (Supplementary Table S2) is consistently showing higher
affinity with pre-miR-363 among all three DAB2IP-negative cell
lines (LAPC-KD, RWPE1-KD, andC4-2Neo)when comparedwith
DAB2IP-positive cell lines, LAPC4-Con, RWPE1-Con, and C4-
2D2, respectively. Moreover, IFIT5 appeared to be a viral-RNA-
binding protein, whichmatchwith our criteria while searching for
a RNA-interacting protein as a potential candidate from the pre-
miR-363 RNA pull-down results. The steady-state levels of IFIT5
mRNA and protein were inversely correlated with DAB2IP (Sup-
plementary Fig. S2A). IFIT5 has not been shown to bind to
miRNAs; therefore, the interaction between pre-miR-363 and
IFIT5 was confirmed in DAB2IP-negative and -positive prostate
cancer cell lines (Fig. 2A). This inhibitory effect of DAB2IP on
IFIT5 expression was also demonstrated by the ectopic expression
of DAB2IP in LAPC4-KD (Fig. 2B), C4-2 (Fig. 2C), and LNCaP
cells (Supplementary Fig. S2B).

To determine the role of IFIT5 in miR-363 maturation, we
used siRNA to KD IFIT5 in DAB2IP-negative cells. In LAPC4-KD
cells treated with several IFIT5 small-interfering RNA (siRNA),
the elevated levels of mature miR-363 were detected, which was
inversely correlated with the reduction of the endogenous IFIT5
mRNA levels (Supplementary Fig. S2C). Because IFIT5-C siRNA
exhibited high efficiency, this siRNA was further tested with
RWPE1-KD cells and data showed a significant elevation of
mature miR-363 (Supplementary Fig. S2D). Despite the signif-
icantly elevated mature miR-363 in IFIT5-siRNA KD cells
(Fig. 2D; Supplementary Fig. S2E), the levels of mature miR-
106a, miR-18b, miR-20b, miR-19b-2, miR-92a-2 remained
relatively unchanged (Supplementary Fig. S2F). However, we
ectopically expressed IFIT5 in DAB2IP-positive cells and

observed a significant reduction of mature miR-363 levels but
not other mature miRNAs from the same cluster (Fig. 2E;
Supplementary Fig. S2G). Overall, our finding indicates that
IFIT5 can specifically inhibit miR-363 maturation from the
miR-106a-363 cluster.

Effect of IFNs on the biogenesis of miR-363 in prostate cancer
cells

Knowing IFIT5 as a typical ISG, we further confirmed that all
IFNs can induce IFIT5 in PC3 cells (Fig. 2F). Meanwhile, a
significant reduction of miR-363 was observed under the same
condition (Fig. 2F). Among three IFNs, the type II IFN, IFNg , has
the most potent effect on inducing IFIT5 mRNA and suppressing
miR-363. We therefore, used IFNg to examine its impact on IFIT5
downstream target miRNAs. We first identified that the induction
of IFIT5mRNAby IFNg was the result of transcriptional activation
mediated by STAT1 signaling using IFIT5 gene promoter construct
(Fig. 2G).Moreover, a dose-dependent induction of IFIT5 protein
and mRNA by IFNg was detected in LAPC4-KD and PC3 cells
(Fig. 2H and I) and significantly reduce mature miR-363 levels
compared with other miRNAs in miR-106a-363 cluster (Fig. 2H
and I). These data support a key mediator role of IFIT5 in IFNg-
mediatedmiR-363 suppression. Noticeably, the other member of
IFIT family, such as IFIT1, was absent in PC3 cell after IFNg
treatment in contrast to RWPE1 cell (Supplementary Fig. S2H),
implying IFIT5 plays a unique role in prostate cancer progression.

The functional role of miR-363 in EMT
Based on the predicted sequences and gene profiling, Slug/

SNAI2mRNA appears to be a potential target gene ofmiR-363. By
transfecting miR-363 vector into DAB2IP-KD cells, the suppres-
sion of Slug/SNAI2mRNA levels was detected inmiR-363 expres-
sing cells compared with controls (Fig. 3A and B; Supplementary
Fig. S3A). Using both wild-type Slug/SNAI2 30UTR (Slug-
WT30UTR) and mutant Slug/SNAI2 30UTR (Slug-Mut36330UTR)
luciferase reporter genes, a significant reduction of the Slug-
WT30UTR but not the Slug-Mut36330UTR activity was detected
in RWPE-1-KD (Fig. 3C) and LAPC4-KD cells (Supplementary
Fig. S3B).

Slug/SNAI2 is known to promote EMT by suppressing E-
cadherin. As expected, an elevation of E-cadherin mRNA and
protein was observed in miR-363 overexpressing RWPE1-KD
(Fig. 3D and E) and LAPC4-KD cells (Supplementary Fig. S3C).
In contrast, vimentin, a mesenchymal marker, was suppressed
(Fig. 3D; Supplementary Fig. S3C). Functionally, ectopic
expression of miR-363 was able to reduce cell migration in
RWPE1-KD (Fig. 3F) and LAPC4-KD cells (Supplementary Fig.
S3D). Noticeably, cells collected from the bottom chamber of a

Figure 5.
Interaction between XRN1 with IFIT5 leading to pre-miR-363 degradation in vitro. A, Interaction between IFIT5 and XRN1 proteins using immunoprecipitation by
Flag and XRN1 antibodies, respectively. B, Left, KD of XRN1 in LAPC4-KD cells using siRNA. Right, induction of mature miR-363 in LAPC4-KD cells transfected
with XRN1 siRNA after normalizing with the control siRNA (Con). � , P < 0.05; �� , P < 0.0001. C, Expression levels of precursor and mature miRNAs (miR-106a, miR-
18b, miR-20b, miR-19b-2, miR-92a-2, and miR-363) in XRN1-KD (siRNA-XRN1) LAPC4-KD cells after normalizing with the control siRNA (siRNA-Con). D, Time-
dependent change of degraded native, SS6Mut, and DSMut pre-miR-363 fragments after incubation with immunoprecipitated XRN1 protein at 37�C after
normalizing with 0minute. � , P < 0.05. E, Time-dependent change of degraded SS6Mut pre-miR-363 fragments after incubation with immunoprecipitated XRN1
alone (XRN1þVec) or XRN1-IFIT5 complex (XRN1þIFIT5) at 37�C after normalizing with 0minute. � , P < 0.05. F, Time-dependent change of degraded SS6Mut
pre-miR-363 after incubation with the immunocomplex derived from cells transfected with IFIT5 and control siRNA (IFIT5þsiRNA-Con) or XRN1 siRNA
(IFIT5þsiRNA-XRN1) at 37�C after normalizing with 0 minute. � , P < 0.05. G, Degradation of native pre-miR-363 after incubation with recombinant IFIT5 protein
(rIFIT5), XRN1 enzyme (XRN1), or combination of XRN1 and rIFIT5 at 37�C after normalizing with 0minute. H, Degradation of SS6Mut- or DSMut-pre-miR-363
after incubationwith rIFIT5, XRN1, or combination of XRN1 and rIFIT5 at 37�C after normalizing with 0minute. Quantitative data of miR-363 expression level were
analyzed using DCt (Ct value normalized to internal snord95 miRNA) and DDCt (difference between the DCt of control vector and experimental groups) values to
obtain the fold change after normalizing with vector control.
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Transwell exhibited lower miR-363 levels than those from the
upper chamber (Supplementary Fig. S3D). In contrast, inhibi-
tion of miR-363 in RWPE1-Con (Fig. 3G), Du145, and C4-2
cells (Supplementary Fig. S3E) increased cell invasion and
migration, respectively. Moreover, restored Slug/SNAI2 levels
in miR-363–expressing cells were resulted in a dose-dependent
reduction of E-cadherin and elevation in vimentin in RWPE1-
KD (Fig. 3H) and LAPC4-KD cells (Supplementary Fig. S3F).
These data indicate that miR-363 can suppress EMT by targeting
Slug in prostate cancer.

Themechanismof IFIT5 onmiR-363 turnover at precursor level
IFIT5 has been suggested to suppress virus replication by

targeting the 50-phosphate end of single-stranded viral RNAs for
rapid turnover (6). Thus, we examined whether IFIT5 has a direct
impact on the stability of pre-miR-363. In fact, pre-miR-363 RNA
prepared from in vitro transcription was relatively stable at 37�C
(Supplementary Fig. S4A) but quickly degraded in the presence of
IFIT5 protein complex (Supplementary Fig. S4A), indicating that
the degradation of pre-miR-363 is accelerated by the IFIT5 protein
complex. To examine the specificity of IFIT5 in the acceleration of
pre-miR-363 degradation, we found no significant change for
in vitro degradation rate of pre-miR-92a-2 (immediate adjacent to
miR-363) under the same condition (Fig. 4A). Previous studies
(4, 5) indicate that IFIT5 protein binds to viral RNA molecules at
either 50-phosphate cap or 50-tri-phosphate group. By comparing
the 50-end structure between pre-miR-92a-2 and pre-miR-363, we
hypothesized that a single nucleotide (uracil) overhang in pre-
miR-363, in contrast to the double-stranded blunt end in pre-
miR-92a-2, is critical for IFIT5 recognition. Therefore, we gener-
ated two mutant pre-miR-363 constructs: one with 50-end six
nucleotides single-stranded overhang (SS6Mut) and the other
with double-stranded blunt end (DSMut; Fig. 4B) to test their
stabilities. The in vivo result (Fig. 4C; Supplementary Fig. S4B)
indicated that the expression levels of pre-miR363 ormaturemiR-
363derived fromSS6Mutwere significantly lower than those from
native or DSMut form (Fig. 4C; Supplementary Fig. S4B), indi-
cating that the 50-end structure of pre-miR-363 dictates the sta-
bility of miR-363 maturation. By determining the in vitro degra-
dation rates of native, pre-SS6Mut- and pre-DSMut -miR-363RNA
molecules, as we expected, pre-SS6Mut-miR-363 was very sensi-
tive to IFIT5 whereas pre-DSMut-miR-363 was the most resistant
one (Fig. 4D). Furthermore, we observed a steady elevation of
SS6Mut -derived mature miR-363 level in a dose-dependent
manner in the presence of an incremental IFIT5 siRNA, whereas
the expression of mature DSMut-miR-363 was not impacted by

IFIT5 siRNA (Fig. 4E). Meanwhile, using RNA pull-down assay,
pre-SS6Mut-miR-363 exhibited higher affinity to IFIT5 protein
than pre-DSMut -miR-363 (Fig. 4F). Noticeably, the biogenesis
of these artificial constructs is similar to native one (Fig. 4C;
Supplementary Fig. S4B). As expected, all these precursor con-
structs exhibited low binding affinity to Drosha (Supplementary
Fig. S4C), compared with the primary transcript containing both
miR-92a-2 andmiR-363 (Pri-92a-2þ363). However, pre-DSMut-
miR-363 exhibited the highest binding affinity to DICER among
native and pre-SS6Mut-miR-363 (Supplementary Fig. S4C), sug-
gesting IFIT5 could prevent Dicer from binding to pre-miR-363.
Knowing the high stability of pre-DSMut-miR-363 in vivo, it
exhibited more potent effect on inhibiting EMT (Supplementary
Fig. S4D) evidenced by elevated E-cadherin and reduced Slug
protein expression in RWPE1 (Fig. 4G) and PC3 cells (Supple-
mentary Fig. S4E). Also, DSMut exhibited a greater impact on
diminishing PC3 and LAPC4-KD cell invasion (Fig. 4H; Supple-
mentary Fig. S4F) andmigration (Supplementary Fig. S4F). These
data conclude that IFIT5 recognizes the unique 50-end overhang-
ing structure of pre-miR-363 for its degradation.

To further demonstrate the specificity of this unique 50-end
structure of pre-miRNA, we also generated a mutant construct of
pre-miR-92a-2with single nucleotide at 50-overhang (SS1Mut pre-
miR-92a-2; Supplementary Fig. S4G), which is similar to the 50-
end of pre-miR-363 (Fig. 4B). Using RNA pull-down assay, we
observed an increased interaction between SS1Mut pre-miR-92a-2
and IFIT5 protein, compared with native pre-miR-92a-2 (Supple-
mentary Fig. S4G).Moreover, the degradation rate of pre-SS1Mut-
miR-92a-2 increased in the presence of IFIT5 complex, compared
with that of pre-miR-92a-2 (Supplementary Fig. S4H). Thus, the
50-end overhanging structure of pre-miRNAs dictates IFIT5-eli-
cited miRNA turnover.

The role of XRN1 in IFIT5-mediated miR-363 turnover
Although IFIT5 can elicit miR-363 turnover, IFIT5 does not

possess ribonuclease activity. To determine whether a ribonucle-
ase is associated with the IFIT5–pre-miR-363 complex, we further
examined LC/MS-MS results derived from pre-miR-363 pull-
down protein candidates and identified an exoribonuclease can-
didate-XRN1. XRN1 is known to regulate mRNA stability via
cleavage of de-capped 50-monophosphorylated mRNA (18, 19)
and a recent study also implied its potential role in miRNA
turnover (20). Indeed, an interaction was observed between IFIT5
and XRN1 protein in LAPC4-Con cells transfected with Flag-
tagged IFIT5 (Fig. 5A).Meanwhile, an interaction between endog-
enous IFIT5 and XRN1 protein is also observed in PC3 cells

Figure 6.
The impact of IFIT5–XRN1 on pre-miRNA degradation and EMT of prostate cancer cells. A, Expression level of mature miR-101, miR-128, and miR-363 in IFIT5-
overexpressed (þ) PC3 cells, compared with vector control (�) � , P < 0.05. B, Expression level of miR-101, miR-128, and miR-363 in PC3 and LAPC4-KD cells
treated with IFNg (þ), compared with control vector (�) � , P < 0.05. C, Expression level of miR-101, miR-128, and miR-363 in PC3 cells treated with IFNg after KD
of IFIT5 (shIFIT5), STAT1 (shSTAT1), or XRN1 (shXRN1), compared with vector control (shCon). D,Mutation of nucleotides (box) for generating blunt 50-end
double-stranded pre-miR-101 (DSMut pre-miR-101) and 50-end nine nucleotides single-stranded pre-miR-101 (SS9Mut pre-miR-101). Gray, mature miR-101 and
miR-101� sequence. E,Mutation of nucleotides (box) for generating blunt 50-end double-stranded pre-miR-128 (DSMut pre-miR-128) and 50-end six nucleotides
single-stranded pre-miR-128 (SS6Mut pre-miR-128). Gray, mature miR-128 andmiR-128� sequence. F, The effect of DSMut or SS9Mut pre-miR-101 on the
expression level of mature miR-101 and ZEB1 mRNA (� , P < 0.05) after normalizing to vector control. G, The effect of DSMut or SS6Mut pre-miR-128 on the
expression level of mature miR-128 and ZEB1 mRNA. � , P < 0.05. H, The effect of DSMut or SS9Mut pre-miR-101 on the cell invasion in PC3 cells. Cells invaded at
the lower bottom at the Transwell were stained with crystal violet and counted. Each bar represents mean� SD of nine fields of counted cell numbers. � , P < 0.05.
I, The effect of DSMut or SS6Mut pre-miR-128 on the cell invasion in PC3 cells. Cells invaded at the lower bottom at the Transwell were stained with crystal violet
and counted. Each bar represents mean� SD of nine fields of counted cell numbers. � , P < 0.05. All quantitative data of miRNA or mRNA expression level were
analyzed using DCt (Ct value normalized to internal snord95 miRNA or 18S RNA) and DDCt (difference between the DCt of control and experimental groups)
values to obtain the fold change after normalizing with control.
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(Supplementary Fig. S5A). Also, the expression levels of miR-363
were correlated with the diminished level of XRN1 protein
(Fig. 5B; Supplementary Fig. S5B). Similar to IFIT5-KD, data from
XRN1-KD cells clearly demonstrated that only mature miR-363
exhibited a significant accumulation whereas the levels of other
mature miRNAs (miR-106a, miR-18b, miR-20b, miR-19b-2,
and miR-92a-2) remained relatively unchanged (Fig. 5C). By
incubating XRN1 immunocomplex (Supplementary Fig. S5C)
with native, SS6Mut or DSMut pre-miR-363 RNA in vitro, a
significantly increased degradation of both native and pre-
SS6Mut-miR-363 was detected in a time-dependent manner,
whereas pre-DSMut-miR-363 levels remained relatively
unchanged (Fig. 5D; Supplementary Fig. S5C), implying that
the IFIT5 binding structure in the 50-end of pre-miR-363 is
critical for recruiting XRN1. In addition, by increasing IFIT5
expression in XRN1-positive LAPC4-Con cells, XRN1–IFIT5
immunocomplex apparently increased the in vitro degradation
of SS6Mut-pre-miR-363 compared with control (XRN1
alone; Fig. 5E; Supplementary Fig. S5D). However, knocking
down XRN1 in IFIT5-overexpressing LAPC4-Con cells dimin-
ished the in vitro degradation rate of pre-SS6Mut-miR-363 after
incubation with IFIT5 (Fig. 5F; Supplementary Fig. S5E). These
findings provide further evidence for the specific function of
IFIT5–XRN1 complex in miR-363 turnover. In addition, using
recombinant IFIT5 protein with or without XRN1 enzyme, the
result (Fig. 5G; Supplementary Fig. S5F) clearly indicated that
both IFIT5 and XRN1 proteins are required to degrade pre-miR-
363 transcript in vitro. Similarly, the pre-SS6Mut-miR-363 is
more sensitive to rIFIT5–XRN1 complex-mediated degradation
than pre-DSMut-miR-363 (Fig. 5H; Supplementary Fig. S5G).
Overall, these data demonstrate that the IFIT5–XRN1 complex
is responsible for the degradation of pre-miR-363.

The effect of IFNg on miR-101, miR-128, and miR-363
processing mediated by IFIT5

To survey additional miRNAs subjected to IFIT5-mediated
precursor miRNA degradation, we performed miRNA micro-
array screening in IFIT5-overexpressing LAPC4-Con and IFIT5-
siRNA KD LAPC4-KD cells (Supplementary Table S3). In par-
ticular, among IFIT5-regulated miRNA candidates, both miR-
101 and miR-128 appear to have 50-end single nucleotide
overhang structure similar to the pre-miR-363 (Supplementary
Table S3) and exhibit tumor suppressor function. We further
confirmed that the presence of IFIT5 reduced the expression of
mature miR-101 and miR-128 as well as miR-363 in PC3 cell
line (Fig. 6A). In contrast, IFIT5-KD in LAPC4-KD cells
increased the expression of all three miRNAs (Supplementary
Fig. S6A). Also, XRN1 KD in IFIT5-expressing cells could rescue
the expression levels of mature miR-363, miR-101 andmiR-128
(Supplementary Fig. S6B), indicating the requirement of XRN1
in IFIT5 complex in degrading these miRNAs. Similarly, IFNg
treatment resulted in reducing the expression of miR-101, miR-
128, and miR-363 (Fig. 6B). This inhibitory effect of IFNg can
be reversed or diminished by knocking down IFIT5, STAT1, or
XRN1 (Fig. 6C). Similarly, overexpression of DAB2IP in PC3
cells also diminished the inhibitory effect of IFNg on the
suppression of miR-101, miR-128, and miR-363 level (Supple-
mentary Fig. S6C), supporting the key role of IFIT5 in IFNg-
elicited precursor miRNAs processing. Based on the 30UTR
sequence, ZEB1 mRNA was predicted as a common target for
both miR-101 and miR-128 (Supplementary Fig. S6D), and the

results indeed indicated that both miR-101 and miR-128 could
suppress ZEB1 mRNA levels (Supplementary Fig. S6D).

By comparing the precursor structures of miR-101 and miR-
128, it appeared that both pre-miR-101 and pre-miR-128 have
similar 50-end structure with pre-miR-363 (Supplementary Table
S3), we therefore generated two mutant constructs: one with 50-
end single stranded overhang (SSMut) and the other with double-
stranded blunt end (DSMut; Fig. 6D and E) to test their expression
in IFIT5-expressing PC3 and LAPC4-KD cell lines. As we expected,
DSMuts were resistant to IFIT5-elicited miRNA degradation and
resulted in elevated expression of mature miRNA in PC3 (Fig. 6F
and G) and LAPC4-KD cells (Supplementary Fig. S6E and S6F).
Again, DSMuts appeared to degrade ZEB1more efficiently in PC3
(Fig. 6F and G) and LAPC4-KD cells (Supplementary Fig. S6E and
S6F), which are correlated with the suppression of cell invasion in
PC3 cells (Fig. 6H and I) and cell migration in LAPC4-KD cells
(Supplementary Fig. S6E and S6F). Overall, the effect of IFIT5–
XRN1 complex on pre-miR-101/128/363 processing is unique
with respect to the similar 50-end overhang structure.

Effect of IFNg on EMT mediated by IFIT5
Based on the mechanism of action of IFIT5–XRN1 complex

in the degradation of miRNAs that can target EMT factors, we
further examined whether IFNg could elicit EMT by suppressing
these miRNAs via STAT1 signal axis and its downstream effec-
tor–IFIT5/XRN1 complex. Indeed, IFNg treatment increased the
PC3 cell invasion (Fig. 7A) and migration (Supplementary Fig.
S7A) that was diminished in the absence of STAT1 or IFIT5
(Fig. 7A; Supplementary Fig. S7A), which is consistent with the
expression of EMT factors (Slug and ZEB1) or decrease in the
mesenchymal marker (vimentin) or increase in the epithelial
marker (E-cadherin; Fig. 7B and C). As we expected, the expres-
sion of all these three miRNAs was inhibited by IFNg in a dose-
dependent manner (Fig. 6C) and IFNg failed to suppress the
expression of these miRNAs in the absence of XRN1, STAT1, or
IFIT5 (Fig. 6C) in which no induction of Slug and ZEB1 mRNA
was detected (Fig. 7D). Similarly, the effect of IFNg on Slug and
ZEB1 mRNA induction can be diminished in cells transiently
transfected with miR-101, miR-128, or miR-363 (Supplemen-
tary Fig. S7B).

Apparently, IFNg is capable of inducing EMT at low concentra-
tions that are not antitumorigenic or antiproliferation (Supple-
mentary Fig. S7C); its direct antitumor activity is known at much
higher concentration (>1,000 ng/mL; ref. 21). These data provide
new evidence that IFNg is a potent inducer of EMT via STAT1–
IFIT5/XRN1 signal axis of miRNA regulation.

The clinical correlation of IFIT5, miRNAs, and EMT biomarkers
in prostate cancer

To examine the in vivo effect of IFNg on prostate cancer
metastasis and the role of IFIT5 in this event, we treated control
and IFIT5-KD PC3 cells with IFNg for 48 hours then cells were
injected intravenously into SCID animal via tail vein. IFNg
treatment significantly increases the number and size of met-
astatic nodules at lung parenchyma, in contrast, loss of IFIT5
dramatically reduces metastasis of prostate cancer with or
without IFNg (Fig. 7E and F; Supplementary Table S4). Fur-
thermore, we demonstrated the effect of IFNg on EMT clini-
cally, we used an ex vivo culture system (16) using human
prostate cancer specimens and data indicated that IFNg was
able to induce the expression of IFIT5, ZEB1, Slug (Fig. 7G), and
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vimentin (Supplementary Fig. S7D) genes whereas miR-363,
miR-101, and miR-128 levels were significantly suppressed by
IFNg treatment (Supplementary Fig. S7E). Meanwhile, the level
of miR-363, miR-101, and miR-128 in these ex vivo specimens is
inversely correlated with the clinic-pathologic stage of prostate
cancer patient donors (Supplementary Table S5; Supplemen-
tary Fig. S7F). We also surveyed the expression status of IFIT5
from different grades of prostate cancer specimens and data
(Fig. 7H) indicate that IFIT5 mRNA levels were significantly

elevated in the high-grade prostate cancer. As expected, the
expression pattern of miR-363, miR-101, and miR-128 levels
was opposite to that of IFIT5 (Fig. 7H), which is consistent with
our observation from tissue culture cell lines. In contrast, miR-
92a-2 and miR-19b-2 known as oncomirs, exhibited an ele-
vated expression pattern in prostate cancer tissues compared
with normal tissues (Supplementary Fig. S7G), supporting the
specificity of IFIT5 on miRNA degradation. Meanwhile, data
from prostate cancer specimens also demonstrated a similar

Figure 7.

IFNg elicits its impact on EMT via activating IFIT5–XRN1-mediated miRNA turnover through STAT1 signaling pathway. A, Transwell invasion of STAT1- or IFIT5-KD
(shSTAT1, shIFIT5) PC3 cells after treatment of IFNg for 48 hours, compared with vector control (shCon). Invaded cells were stained with crystal violet and
quantified at OD 555 nm (scale bar, 100 mm). Each bar represents mean� SD of three replicated experiments. ��� , P < 0.0001. B and C, Induction of IFIT5, E-
cadherin, andmesenchymal factors (ZEB1, Slug, and vimentin) in STAT1- or IFIT5-KD (shSTAT1 or shIFIT5) PC3 cell lines in response to IFNg treatment, compared
with PC3 cells with control vector (shCon). D, IFNg-induced expression level of Slug and ZEB1 mRNA in PC3 cells with KD of IFIT5 (shIFIT5), STAT1 (shSTAT1), or
XRN1 (shXRN1), compared with vector control (shCon). ���, P < 0.0001. E, Hematoxylin and eosin staining of lung tissue derived frommice receiving tail vein
intravenous injection of IFIT5-KD PC3 cells (PC3-shIFIT5) pretreated with vehicle (Veh, PBS) or IFNg (20 ng/mL), compared with PC3 cells transfected with
control vector (shCon). The black dotted line-circles region indicate the presence of metastatic nodules observed at lung parenchyma. Representative tumor
nodules from each group are shown at right side panels (scale bar, 100 mm). F, Comparison of tumor nodule numbers and comparative area ratio in the lung
parenchyma among each group. �, P < 0.05. G, Induction level of IFIT5, ZEB1, and Slug mRNA expression in ex vivo culture of human prostate cancer specimens
treated with IFNg for 48 hours, compared with vehicle control. � , P < 0.05. H, Relative expression level of IFIT5 mRNA andmature miR-363, miR-101, and miR-128
level in human prostate cancer specimens derived from different grades including benign (N¼ 10), G6 (N¼ 9), G7(N¼ 9), G8(N¼ 6), and G9(N¼ 7). � , P < 0.05;
�� , P < 0.0001. I, Clinical correlation of miR-363, miR-101, and miR-128 with IFIT5 mRNA expression in human prostate cancer specimens graded from benign, G6
to G9. J, Clinical correlation between IFIT5 and ZEB1 or Slug mRNA level in prostate cancer from TCGA prostate cancer dataset. K, Schematic representing IFN-
induced IFIT5-mediated precursor miRNA degradation leading to EMT in cancer. All quantitative data of mRNA or miRNA expression level were analyzed using
DCt (Ct value normalized to internal 18S RNA or snord95 miRNA) and DDCt (difference between the DCt of control and experimental groups) values to obtain the
fold change after normalizing with control.
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correlation between IFIT5 mRNA and miR-363 or miR-101
(Fig. 7I). In addition, analyses of EMT factors or markers in
a The Cancer Genome Atlas (TCGA) prostate cancer dataset
demonstrated a positive correlation between IFIT5 and ZEB1
(or Slug; Fig. 7J), and vimentin (Supplementary Fig. S7H).

Discussion
A recent study using whole exon and whole transcriptome

sequencing of patients with metastatic tumors demonstrated
a strong correlation between cancer metastasis and the expres-
sion of interferon-induced genes or EMT. Prostate cancer
is often found to have many different kinds of infiltrated
immune cells such as macrophages, dendritic cells, and
tumor-infiltrating lymphocytes. Instead of eliciting tumor
immunity, these immune cells with secreting cytokines are
capable of facilitating prostate cancer development. For exam-
ple, a study has demonstrated that fibroblast growth factor 11
(FGF11) released by the recruited CD4þ T cells can induce cell
invasion by increasing matrix metalloproteinase 9 (MMP9) in
prostate cancer cells (22). In addition, IL4 produced from
CD4þ T cells has shown to increase prostate cancer cell survival
and proliferation by activating the JNK signaling pathway in
cancer cells (23). Moreover, IL17 secreted from T helper cells is
capable of facilitating prostate cancer invasiveness by increas-
ing several EMT transcription factors and MMP7 (24).

However, IFNg , a type II IFN derived predominantly from
CD4þ/CD8þ lymphocytes and NK cell, is shown to have
antitumor activities during innate immune response. Also,
IFNg has been used as a therapeutic agent exhibiting antipro-
liferative (25), antimetastatic (26), pro-apoptotic (27–30), and
anti-angiogenesis (31–34) effects in various cancer types. How-
ever, several reports indicate that IFNg could also facilitate
tumor progression. For example, IFNg can elicit CD4þ T-cell
loss and impair secondary antitumor immune responses after
initial immunotherapy using tumor-bearing mouse model
(35). In colorectal carcinoma, IFNg has been shown to facilitate
the induction of indoleamine 2,3-dioxygenase (IDO) that
induces the production of kynurenines metabolites and impairs
the function of surrounding T cells (36). In addition to its role
in immune modulation, blockade of IFNg receptor (IFNGR)
can inhibit peritoneal disseminated tumor growth of ovarian
cancer (37). Noticeably, serum IFNg levels become elevated
after radiotherapy in patients with prostate cancer (38). Nev-
ertheless the effect of IFNg on the overall survival of patients
with prostrate cancer remains controversial (39).

In our study, we provide additional evidence that IFNg is
capable of inducing EMT, leading to cancer invasiveness via
IFIT5-mediated turnover of tumor suppressor miRNAs (Fig. 6).
We also noticed that low concentration of IFNg without
cytotoxicity is capable of inducing EMT of prostate cancer
(Fig. 7). To strengthen the clinical evidence of IFN-induced
EMT, we treated ex vivo prostate cancer explants with IFNg and
demonstrated that IFNg could induce similar elevations of
IFIT5 and EMT transcriptional factors and suppression of
miR-101, miR-128, and miR-363 (Fig. 7G; Supplementary Fig.
S7E). Taken together, these data show that IFNg has a biphasic
effect on cancer development. Nevertheless, the protumori-
genic effect of IFNg at low concentration is expected to raise a
concern for its application as an antitumor or immunothera-
peutic agent.

Unlike other IFIT family proteins, IFIT5 is characterized as a
monomeric protein that is capable of binding to viral RNA with
50-triphosphate group (4) and a broad spectrum of cellular RNA
with either 50-monophosphate or 50-triphosphate group,
including tRNA and other RNA polymerase III transcripts
(6). However, the interaction of IFIT5 with miRNA is largely
unknown. Knowing that precursor miRNA shares a similar stem
loop structure with tRNA and a precursor miRNA still retains 50-
monophosphate group after processing from its primary tran-
script, we are able to show that IFIT5 is capable of interacting
with 50-end of pre-miRNA molecules. After binding to pre-
miRNA, IFIT5 recruits XRN1 to form unique miRNA turnover
complex (Fig. 5). For the first time, we demonstrated that
the specificity of miRNA recognition by IFIT5 is mainly deter-
mined by the 50-end overhang structure of pre-miRNAs (Figs. 4
and 6). Interestingly, these three tumor suppressor miRNAs
(i.e., miR-101, miR-128, and miR-363) share similar 50-end
structure in their pre-miRNA and function in suppressing EMT
despite of targeting different EMT transcriptional factors such as
ZEB1 and Slug.

To conclude, our study provides a new functional role of IFIT5
inmiRNA biogenesis (Fig. 7K), particularly, a new understanding
of differential regulation of cluster miRNAs.

Until now, the clinical correlation of IFIT5 in prostate cancer
is largely undetermined. In this study, we were able to dem-
onstrate that the expression of IFIT5 is elevated in high-grade
prostatic tumor and inverse correlation between IFIT5 and miR-
101, -128, and -363 in prostate cancer tumor specimens as well
as from prostate cancer TCGA database; this correlative rela-
tionship was not observed in other members of the miR-106a-
363 cluster. In addition, a significant clinical correlation
between IFIT5 and EMT transcription factors (ZEB1 or Slug)
was observed from prostate cancer TCGA dataset, which sup-
ports the regulatory network of IFIT5-miRNAs-EMT in prostate
cancer. Also, data from explants provide additional evidence for
the promoting effect of IFNg on prostate cancer progression,
Taking together, we have unveiled new function of IFNg related
with prostate cancer progression and potential therapeutic
target(s) from its underlying mechanism.
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IFNg, a Double-Edged Sword in Cancer Immunity
and Metastasis
Chengfei Liu and Allen C. Gao

IFNg has antitumorigenic effects; however, the findings of
IFNg in promoting the tumor cell survival and inducing
adaptive immune resistance via CD4þ T-cell loss and pro-
grammed death ligand 1 (PD-L1) upregulation challenge this
concept. Lo and colleagues determined that IFNg induces
epithelial–mesenchymal transition (EMT) by regulating the
turnover ofmiRNA inprostate cancer, emphasizing the duplic-
itous effects of IFNg . IFIT5, an IFN-induced tetratricopeptide

repeat (IFIT) family member, was found to form a complex
with the exoribonuclease-XRN1 to process miRNA matura-
tion. These findings unveil a new IFNg–STAT1–IFIT5–
miRNA–EMT pathway in prostate cancer progression. The
biphasic effects of IFNg in prostate cancer raise concerns about
its therapeutic application, which need to be evaluated in
future studies.

See related article by Lo et al., p. 1098

In this issue of Cancer Research, Lo and colleagues (1) describe
an interesting observation wherein IFNg induces epithelial–mes-
enchymal transition (EMT) in prostate cancer cells by regulating
the degradation of precursormiRNAs through a complex between
the known IFNg-stimulated RNA-binding protein, interferon-
induced tetratricopeptide 5 (IFIT5), and the exoribonuclease
candidate XRN1 (IFIT5-XRN1). Their study emerged from
research on the GTPase-activating protein, DAB2IP, which has
long been a focus for this group. They found that IFNg promotes
EMT in prostate cancer cells through DAB2IP, which has been
previously identified as an upstream regulator of EMT, and went
on to profile the miRNAs and show that miR-363 expression and
maturation are specifically regulatedbyDAB2IP and that IFIT5 is a
key factor regulating miR-363 turnover. The authors next sought
to further characterize the network among IFIT5, miRNA, and
EMT in prostate cancer. They first discovered that miR-363 sup-
presses EMT by targeting Slug in prostate cancer cells and that
IFIT5 recognizes the unique 50-end overhanging structure of pre-
miR-363 to target it for degradation. Because IFIT5 does not
possess ribonuclease activity, the authors then demonstrated that
IFIT5 alone is not sufficient in regulating miRNA maturation and
degradation but needs to form a complex with exoribonuclease-
XRN1 to promotemiR-363 turnover. To expand the overall effects
of the network they established, the authors further examined
other miRNAs that could be regulated by IFNg . Two additional
miRNAs, miR-101 and miR-128, were also identified to be
involved in the IFIT5-EMT process. Finally, they found that IFIT5
is inversely correlated with miR-363, miR-101, and miR-128 and
positively correlated with EMTmarkers ZEB1, Slug, and vimentin
in prostate cancer specimens. From benchwork to clinical vali-

dation, Lo and colleagues identified a network of immune factors,
transcriptional factors, and miRNAs involved in prostate cancer
progression and metastasis.

Although we now recognize that miRNA plays crucial roles in
prostate cancer progression, regulation of miRNA expression
remains largely unknown. After transcription, pre-miRNA under-
goes nuclear and cytoplasmic processing to become mature
miRNA. Alteration of mature miRNA expression occurs in many
different ways, such as SNP, miRNA tailing, editing, methylation,
and regulation of stability (2). XRN1 is a 50-30 exoribonuclease
that predominantly degrades miRNAs after they have been
decapped in cells. Lo and colleagues discovered for the first time
that IFIT5 recruits XRN1 to form a unique miRNA complex with
the 50-end of pre-miRNAmolecules. The reciprocal correlation of
IFIT5 and miR-363 and miR-101 expression in prostate cancer
specimens further supports the role of IFNg signaling in miRNA
regulation. Human IFNg is predominantly from infiltrating
immune cells and whether this correlation also exists in these
cells in prostate tumors needs to be investigated in future studies.
Nevertheless, this function of IFIT5 inmiRNAprocessing provides
a new piece of evidence that IFNg signaling regulates miRNA
maturation and turnover in prostate cancer.

Over the last few decades, our understanding of the role of IFNg
in cancer immunity has been evolving. Numerous studies have
reported that IFNg is an important cytokine that facilitates both
the innate and adaptive immune systems. Initial induction of
IFNg significantly suppresses tumor growth via immune activa-
tion; however, it can also induce CD4þ T-cell apoptosis, alter the
CD4:CD8 ratio, and subsequently impair secondary antitumor
immune responses (3). As a type II IFN, IFNg plays both pro- and
antitumorigenic roles in immunoediting, a process that consists
of immunosurveillance and tumor progression (4). IFNg plays a
role in all three phases of the immunoediting process: elimina-
tion, equilibrium, and escape. During the elimination phase,
natural killer (NK) cells, NK T cells, CD8þ, and CD4þ T cells
secrete IFNg , which then activates macrophages, dendritic cells,
Th1 CD4þ helper T cells, and B cells that lead to complete tumor
elimination, suggesting that IFNg is predominantly antitumori-
genic in the tumor environment during this phase. During the
equilibrium phase, the immune system is able to maintain
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immune-mediated tumor dormancy. This phase is poorly under-
stood, in part, because of technical challenges in establishing
mouse models, but it is known that IFNg is required for main-
taining tumor dormancy by inducing cancer senescence. Finally,
during the escape phase, tumor cells grow and expand through
mechanisms including adaptive and acquired immune resis-
tance (5). Recent studies suggest that IFNg can upregulate the
expression of programmed-death ligand 1 (PD-L1), amembrane-
bound immune inhibitorymolecule on the surface of tumor cells.
Because PD-L1 binds to programmed cell death protein 1 (PD1)
expressed on the activated CD8þ T cells and leads to apoptotic
T-cell death, IFNg signaling activation facilities tumor cells escap-
ing from the antitumor CD8þ T-cell cytotoxicity through forma-
tion of the immunosuppressive tumor microenvironment, pro-
motes tumor cell survival, and induces adaptive resistance (6).
Therefore, IFNg possibly plays a protumorigenic role during the
tumor immunity escape stage. Although application of immu-
notherapy in prostate cancer lags behind that in other cancer
types, several clinical trials testing immune checkpoint inhibitors
in patients with prostate cancer have begun (7). The exact role of
IFNg in prostate cancer immunity remains to be determined and
the study by Lo and colleagues brings up more concern into the
prostate cancer immunotherapy arena by reinforcing the dual
nature of IFNg in prostate cancer progression.

Metastasis is the primary underlying cause of fatality in patients
with prostate cancer. Bone metastases occur in more than 90% of
patients with advanced prostate cancer and are associated with
poor survival. For men with metastatic prostate cancer, only one-
third survive for 5 years after diagnosis (8). There is an urgent need
to unravel potential resistant mechanisms that perpetuate disease
progression during effective androgen receptor blockade and to
deviseways of targeting resistant pathways. EMT is believed tobe a
crucial step in the conversion of early-stage disease to invasive and
metastatic cancer (9). Immortalized human mammary epithelial
cells acquire the mesenchymal phenotype and express stem cell
markers after induction of EMT (10). The aberrant expression and
localization of E-cadherin, N-cadherin, vimentin, Wnt5A, and
ZEB1 appears to be important in prostate cancer invasion and
bone metastasis. Although strong evidence supports EMT as the
essential step in the progression andmetastasis of prostate cancer,
difficulties in identifying migratory cancer cells have precluded
confirmation of the occurrence of EMT in vivo for many years.

Thus, better understanding of upstream EMT regulators is urgent
and important in the clinical arena. EMT can be triggered by
tumor-associated fibroblasts, immune cells, and secreted soluble
factors, such as Wnt ligands, TGFb, EGF, and hepatocyte growth
factor. These factors and inflammatory cytokines can exert their
effects through autocrine or paracrine systems. Slug, Snail, ZEB1,
ZEB2, and Twist have been previously identified as classical EMT
regulators. In their study, Lo and colleagues report that IFNg
induces EMT in prostate cancer cells by regulating expression of
EMT regulators and markers such as ZEB1, Slug, and vimentin as
well as miR-363, miR-101, andmiR-128. The take-homemessage
from this comprehensive study is that the administration of IFNg
might not benefit patients with prostate cancer and possibly cause
some harmful side effects. Nevertheless, clinical evidence and
clinical trials would be required before this could be considered as
a conclusion.

Together, IFNg signaling is still largely unfathomable in pros-
tate cancer. Considering the classical role of IFNg in cancer
immunoediting, the possibility of its utility in prostate cancer
immunetherapy arena should not be disregarded. Prostate cancer
immunotherapy awaits rigorous investigation to define the real
targets and pathways involved in the therapy. A better grasp of the
detailed mechanisms that underlie the effects of IFNg in prostate
cancer immunoediting appears to be necessary. Lo and colleagues
have identified a novel tumor-promoting IFNg–STAT1–IFIT5–
miRNA–EMT pathway in prostate cancer cells, suggesting that
IFNg might serve as a master regulator in controlling several
downstream signaling pathways, such as JAK-STAT1, IFIT5,
DAB2IP, and miRNA signaling leading to prostate cancer pro-
gression and metastasis through EMT, raising concerns about its
clinical application.
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cell is pluripotent with the ability of developing into different tissue 
types. Somatic stem cell in each organ is considered to be quiescent 
most of time with limited number and capable of self‑renewing 
and differentiation maintained in a homeostatic balance. Isaacs and 
Coffey4 first proposed that prostate stem cell resides in basal cell 
population; its expansion underlies the development of benign prostatic 
hyperplasia (BPH). Further study suggested that enrich stem cell is in 
the proximal duct of prostate.5 During normal prostate development, 
androgen binding to the AR in surrounding stromal cells plays a key 
role of basal stem cell different into luminal cell population.6 Recent 
study using gene‑tracing technology indicated that luminal cell 
population has stem cells as well with less potency than basal stem 
cell.7 For CSC, its self‑renewal ability allows a single cell remained 
after therapies to repopulate entire tumor population as therapeutic 
resistance. Further, the pluripotency of CSC is capable of differentiating 
into different cell types such as neuroendocrine. It has been reported 
that prostate CSC is likely derived from basal cell population.8 
Normal prostate gland can be divided into epithelial, stromal, and 
neuroendocrine cells; the epithelial cells include luminal and basal cells. 
Among all these heterogeneous cell types in the normal prostate, the 
gene expression profile of basal cell is highly correlated with that of stem 
cell. Noticeably, the basal cell gene profiles are enriched in advanced, 
anaplastic, castration‑resistant, and metastatic PCa in the human PCa 
sample set.9 However, it is still unclear whether clonal expansion and/or 
adaptation through epithelial‑to‑mesenchymal transition (EMT)10–12 or 
transdifferentiation13 during therapies results in the expansion of CSC.

Several markers have been commonly used to identify CSC 
population including CD44, stem cell antigen  (Sca‑1 or Ly6A), 
prominin‑1  (CD133), and ATP‑binding cassette subfamily G 
member 2 (Junior blood group) (ABCG2). CD44 is often associated 

INTRODUCTION
Prostate cancer (PCa) remains the most commonly diagnosed cancer, 
from the 2017 cancer statistic report, there were 180 890 estimated new 
cases in 2017, and PCa is also the third leading cause of death, with 
26 120 estimated deaths in the United States.

Clinical treatment for primary PCa includes radical prostatectomy 
and radiotherapy. Androgen deprivation therapy (ADT) is commonly 
used to decrease the androgen‑dependent tumor burden of metastatic 
PCa  (mPCa). Castration‑resistant PCa  (CRPC) is defined as the 
reappearance of cancer lesion from metastatic site(s) often with 
rising prostate‑specific antigen  (PSA) in patient’s serum. CRPC is 
recognized as the end‑stage disease since patients do not respond 
to chemotherapeutics very well with average 6‑month to 1‑year 
survival. Although recent introduction of second‑line anti‑androgen 
agents has prolonged patients’ survival, PCa eventually develops 
therapy‑resistant phenotypes. Clinically, therapy‑resistant tumors can 
be divided into several different phenotypes such as neuroendocrine, 
androgen receptor (AR) variants, and AR hyperactivation due to gene 
amplification and/or mutation, which raise a critical question for the 
cell origin of these subtypes. Many studies have demonstrated the 
presence of stem‑like population in normal prostate and abnormal 
prostate,1–3 which raises the potential role of cancer stem cell (CSC) in 
cancer progression. In this article, we have summarized the potential 
pathways associated with CSC leading to CRPC and the possible 
therapeutic strategies to improve the clinical outcomes of PCa patients.

CANCER STEM CELL IN CRPC
Cell markers for CSC
The CSC theory, as a potential mechanism for CRPC, has raised 
significant attention in recent years. In general, embryonic stem 
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with CSC, which is a cell membrane receptor that is involved 
in cell–cell interactions, adhesion, and migration. Especially, 
cells expressing CD44, but lacking CD24  (CD44+CD24−) PCa 
cells, were identified as the CSC population with in  vivo and 
in vitro models.14 These CD44+CD24− PCa cells have the ability of 
forming spheres and producing tumor from a single cell, which is 
known as stem cell self‑renewal ability. Sca‑1 is a mouse glycosyl 
phostidylinositol‑anchored surface protein that expressed by stem 
cells or progenitor cells. However, the human homolog of Sca‑1 has 
not been identified yet. Studies in mouse model demonstrated that 
cells with Sca‑1 expression have tumor‑initiating ability, and tumor 
cells expressing higher Sca‑1 were correlated with their aggressive 
phenotype.15,16 CD133 is a transmembrane glycoprotein, and is known 
as a marker for basal stem cell as well as PCa‑initiating cell. Richardson 
et al.17 reported that a subset of CD133+ population exhibited higher 
clonogenic potential than CD133−  population. Furthermore, these 
CD133+ populating can fully differentiate to prostatic acini from in vivo 
animal model. In addition, studies demonstrated that CD133 involved 
in cell growth, cell development, and tumor progression, in which the 
expression of CD133 was significantly increased in cancer‑initiating 
cells using patient‑derived primary cell model.18 ABCG2 is the 
ATP‑binding cassette membrane transporter. Patient‑derived cells 
with high ABCG2 expression correlated with cell that expresses stem 
cell markers, and these subsets of cells have shown to gain multidrug 
resistance and be responsible for the recurrence of PCa.19 Although 
these CSC markers20 listed in this review are indeed correlated with 
CSC population associated with cancer progression, recurrence, and 
therapy resistance, there is still lacking a specific PCa CSC marker.

Molecular signaling pathways lead to CSC in CPRC
Three signaling pathways have been suggested to be critical for CSC 
development including Wnt, Sonic Hedgehog, and Notch signaling 
pathways. Several reports have demonstrated that targeting these 
signaling pathways along with conventional treatment can prevent 
the emergence of CRPC.21,22

Wnt
In the canonical of Wnt pathway, Wnt ligands bind to Frizzled and 
low‑density lipoprotein receptor–related protein (LRP) 5/6, which activate 
downstream molecular targets, leading to the accumulation and nuclear 
translocation of β‑catenin, subsequently affecting cell survival; while, in the 
noncanonical pathways, Wnt activates downstream effectors and activates 
targeted gene expression and cytoskeleton rearrangement, resulting in 
altered cell survival. Abnormal Wnt signaling has been found in several 
cancer types, including brain, breast, and colorectal cancer.23 In PCa, 
elevated β‑catenin expression was often found in the nucleus of cancer 
cells.24 Importantly, Wnt signal regulates self‑renewal ability of several 
cell models including LNCaP, C42B, and PC3 cell in an AR‑independent 
manner,25,26 while downregulated Wnt/β‑catenin pathway significantly 
suppresses stem cell‑like properties.27 Furthermore, Wnt3 has been 
shown to increase the expression of its downstream effectors, as well as 
CSC markers including CD133 and CD44, which subsequently lead to 
sphere formation.25 In addition, Zhang et al.23 demonstrated that human 
telomerase reverse transcriptase  (hTERT)‑expressing PCa cells have 
higher Wnt/β‑catenin activity and can thereby regulate the self‑renewal 
and differentiation activity of PCa cells. Collectively, Wnt plays a key role 
in CSC development in CRPC (Figure 1a).

Sonic Hedgehog
Sonic Hedgehog signaling pathway is a conserved process that controls 
cell renewal and cell survival. Hedgehog signaling is initiated by 
hedgehog family ligands (Sonic, Desert, and Indian). These ligands 
bind to membrane receptors Patched (Ptch1 and 2) and Smoothened on 
the primary cilium, leading to the activation and nuclear translocation 
of glioma‑associated oncogene homolog (Gli) (Gli 1, 2, and 3), which 
trigger the expression of targeted genes that regulate cell survival. 
Abnormal Hedgehog signaling pathway has been found in several 
cancer types, including brain, gastrointestinal, lung, breast, and prostate 
cancers.28,29 Some studies also demonstrated that Hedgehog involved 
in tumor progression and CSC proliferation.30–32 Importantly, using 
several PCa cell line models,29 i.e., LNCaP, Du145, PC3, 22Rv1, and 

Figure 1: Schematic representation of signal contributes to CSC phenotype. (a) Wnt proteins bind to both frizzled receptor proteins and the co‑receptor LRP5/6. 
This binding further facilitates the activation of β‑catenin. Activated β‑catenin translocates into nucleus and promotes Wnt downstream gene transcription. 
Furthermore, Wnt/β‑catenin induced hTERT also acts as a transcriptional factor, resulting a positive feedback in the enhanced expression of Wnt target 
genes that leads to cancer‑promoting functions and CSC phenotypes. (b) Sonic Hedgehog pathway is initiated by binding one of the three secreted Hedgehog 
ligands to its receptor. This binding releases Smoothened that modulates the expression of three Gli zinc‑finger transcription factors. (c) The Notch receptor 
is activated by ligand binding, which is presented by a neighboring cell. Notch activation releases an active fragment, NICD. NICD then translocates into the 
nucleus and promotes the expression of targeted genes. Notch‑dependent signaling induces several genes associated with differentiation, survival, stemness, 
and EMT, which all relate to PCa progression and metastasis. Further, Notch signaling is often activated by hypoxia through HIF‑1α. CSC: cancer stem cell; 
PCa: prostate cancer; hTERT: human telomerase reverse transcriptase; LRP: low‑density lipoprotein receptor‑related protein; Gli: glioma‑associated oncogene 
homolog; Sox 2: sex determining region Y‑box 2; FOXA1/A2: forkhead box A1/A2; NICD: notch intracellular domain; HIF‑1α: hypoxia‑inducible factor 1 
subunit alpha; EMT: epithelial-to-mesenchymal transition; Bcl2: B-cell lymphoma 2; Oct4: octamer-binding transcription factor 4.

cba
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LAPC4, as well as xenograft model  (CWR22),30 several Gli‑related 
genes have been shown to correlate with the progression of CPRC. 
These Gli‑related genes, including CDKN2A/p16/INK4A, Myc, and 
CDK2, promote AR‑independent tumor cell growth33,34 and lead to 
tumor recurrence.35 Data from PCa patients-derived tissue microarray 
and PCa cell line models (PC3, LNCaP, and Du145) indicated that 
forkhead box A1 (FOXA1) was found to promote the progression 
of CRPC.36,37 Cell model  (LNCaP, PC3, Du145, and LAPC4) also 
showed that the expression of B-cell lymphoma 2 (Bcl2) correlates with 
therapy resistance ability in CRPC.38 Importantly, increased Hedgehog 
signaling was found in PCa CSC population (CD44+CD24−) in vivo and 
in vitro.14 Taken together, Hedgehog downstream signaling pathway 
contributes to CRPC progression and therapy‑resistant phenotypes 
of CSC (Figure 1b).

Notch
Notch signaling pathway has been extensively studied and has been 
correlated to promote CSC phenotype in several cancers. Notch 
signaling is mediated by four Notch receptors, including Notch1–4, and 
five ligands including delta‑like (DLL) 1, DLL 3, DLL4, Jagged 1, and 
Jagged 2, were involved. Various types of cancers exhibit dysfunction 
of the Notch pathway in their cells.39 Importantly, Notch interacts with 
AR pathway and the phosphoinositide 3‑kinase (PI3k)/Akt pathway, 
which are the two main signaling pathways in controlling prostate 
development and carcinogenesis.40–42  Studies from cell culture models 
and human PCa specimens have demonstrated that higher Notch 
ligand, Jagged 1‑Notch1 signaling contributes to PCa progression 
and metastasis, and promotes EMT and CSC phenotype.43–46 Higher 
Notch3 expression was found in CRPC, which was induced by hypoxia 
condition.47 Recently, Notch4‑targeted silencing, leading to the 
inhibition of nuclear factor kappa B (NF‑κB) activity, also showed a 
promising anti‑PCa growth and anti‑EMT effect.44,48,49 These reports 
all point out the importance of Notch signal in PCa progression and 
the initiation of CSC phenotype (Figure 1c).

Caveolin‑1 (Cav‑1)
The Caveolin protein family including caveolin‑1,  ‑2, and  ‑3 is the 
major component of caveolae; Cav‑1 is the first member identified and 
has been extensively characterized. It is known to regulate multiple 
cellular functions, including cell cycle, signal transduction, endocytosis, 
and cholesterol trafficking and efflux. Cav‑1 levels are correlated 
with PCa progression and metastasis.50–52 Extensive studies using 
PCa cell line (Du145, LNCaP, and 22Rv1), and human BPH sample 
model, also indicated that Cav‑1 signaling contributes to therapy 
resistance and the reoccurrence of PCa.52–54 Using xenograft model, 
Cav‑1 can be secreted into circulation to enhance tumor growth in a 
paracrine manner, implying that Cav‑1 can be a secretory protein.55,56 
Interestingly, other study has demonstrated that Cav‑1 can elevate 
the Notch‑1‑Akt‑NF‑kappaB pathway, leading to chemoresistance 
in ovarian cancer.57   Studies from PCa cell models  (LNCaP, PC3, 
and Du145) and immunostaining of PCa specimens have indicated 
that Cav‑1 can interact with LRP6 to regulate Wnt‑β‑catenin 
signaling.58,59  Moreover, Cav‑1 contributes to the expression of 
CSC‑related genes including Oct4, Nanog, CD44, CD133, and 
ABCG2 in lung cancer cell and breast cancer models,59,60 which all 
strongly suggest that Cav‑1 signaling involved in the induction of 
CSC phenotypes. However, additional data are required to link Cav‑1 
directly to CSC generation in CRPC.

MicroRNAs contribute to CSC properties of PCa cell
Emerging evidence has implied that microRNA (miRNA) regulation 

is crucial in promoting or repressing cancer metastasis via regulating 
the characteristics of CSCs. In particular, dysregulation of miRNAs is 
associated with tumor initiation and progression of PCa. A coordinated 
downregulation of miR‑34a, let‑7b, miR‑106a, and miR‑200 family has 
been observed in the progenitor stem cell population of PCa (Table 1).61

miR‑34, a p53 downstream target gene, is known as a 
tumor‑suppressor miRNA. Frequent hypermethylation of miR‑34 has 
been observed in many malignancies with p53 mutation. Cheng et al.62 
using conditional knockout/transgenic mouse model demonstrated 
that inactivation of both p53 and miR‑34a in mouse prostate epithelium 
leads to the expansion of the prostate stem cell compartment, as well 
as development of early invasive adenocarcinoma and high‑grade 
prostatic intraepithelial neoplasia. Consistent with their in  vivo 
observations, combined deficiency of both miR‑34 and p53 leads to 
accelerated EMT‑dependent growth, enhanced self‑renewal capacity, 
and increased cell motility in prostate stem/progenitor cells derived 
from the proximal region of prostatic ducts.62 In addition, miR‑34a is 
known to be a key negative regulator of CD44, an adhesion molecule 
that is a key player in metastasis. CSCs derived from multiple malignant 
tumors have shown high expression of CD44. These CD44‑positive 
CSC populations have colonogenic, tumor‑initiating, and metastatic 
capacities. Liu et al.63 demonstrated that systemic delivery of miR‑34a 
can inhibit PCa metastasis and regeneration by targeting CD44. 
A  recent study done by Bucay et  al.64 also revealed that another 
CD44‑targeting miRNA, miR‑383, is frequently downregulated due 
to loss of the chromosome 8p22 locus in the progression of PCa. 
Functionally, miR‑383 is shown to inhibit tumor‑initiating potential 
and metastasis of CD44‑positive PCa cells by direct targeting of CD44.64

miR‑320 is found significantly downregulated in the progression 
of PCa; reduction of miR‑320 associated with increased β‑catenin 
expression has been observed in a CD44‑high subpopulation of PCa 
cells and clinical prostatic tumor specimens. By global gene expression 
profiling, we reported that ectopic expression of miR‑320 in PCa cells 
leads to suppression of CSC markers such as CD133, CD117, CXCXR4, 
and ABCG2, as well as downstream target genes of Wnt/β‑catenin 
pathway.27 Functionally, miR‑320 deficiency facilitates the CSC 
properties including tumor‑sphere formation, chemo‑resistance, 
and tumorigenic abilities. Overall, this study strongly suggested that 
miR‑320 is a potent regulator of tumor‑initiating cells in prostate.

Similar to miR‑320, expression level of miR‑7 is also significantly 
reduced in a subpopulation of CD133‑positive/CD44‑positive 
PCa cells, which possess CSC‑like features and are sufficient for 
tumorigenesis based on a limited dilution analysis. On the other hand, 
restoration of miR‑7 in PCa cell lines results in sustained inhibition 
of CSC characteristics and impaired tumorigenesis via targeting 
Kruppel‑like factor 4 (Klf4). Overall, this study implies the critical role 
of miR‑7 in regulating the properties of PCa stem cell.65

Meanwhile, loss of the let‑7 family has been observed in PCa tissue 
specimens, particularly in high‑grade tumor. Kong et al.66 demonstrated 
an inverse correlation between let‑7 and enhancer of Zeste homolog 
2 (EZH2), a putative let‑7 family target that is highly expressed in CSCs of 
many malignancies and is known to regulate expansion and maintenance 
of CSC.67 Functionally, let‑7 is shown to diminish both colonogenic 
ability and sphere‑forming capacity via targeting EZH2 in PCa cells.66

Similar to let‑7, expression level of miR‑100 is also significantly 
decreased particularly in bone metastatic PCa specimens. Wang et al.68 
suggested that miR‑100 regulates spheroid and colony formation of 
PCa cells by targeting argonaute 2, RISC catalytic component (Ago2), 
leading to suppression of stemness markers such as c‑Myc, CD44, Klf4, 
and Oct4. This indicates that loss of miR‑100 may promote the stemness 
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properties of PCa. On the contrary, by screening miRNA expression 
in PCa patient‑derived xenograft tumor lineages, a recent study done 
by Nabavi et al.69 demonstrated that several miRNAs  (miR‑100‑5p, 
miR‑411‑5p, and miR‑185‑5p) are associated with the regression to 
dormancy status after ADT. Particularly, miR‑100 has been recognized 
as a key component contributing to initiation and evolution of CRPC; 
it is believed that miR‑100 is critical for the cell survival upon AR 
deprivation in AR‑positive PCa cell lines.69

The miR‑200 family (miR‑200a/b/c and miR‑141) is known for 
targeting mesenchymal transcription factors leading to inhibition of 
EMT. In particular, Yu et al.70 reported that miR‑200b is significantly 
downregulated in PCa in  vivo and in advanced PCa cell lines 
(LNCaP, PC3, and DU145), as well as patient samples (BPH) in vitro. 
Ectopic expression of miR‑200b sensitizes PCa cells to chemotherapeutic 
reagent, docetaxel, by targeting the gene, B‑cell‑specific Moloney 
murine leukemia virus insertion site 1 (Bmi‑1),70 which is a critical 
regulator of CSC properties in several malignancies such as breast 
and gastric cancers.71,72 In contrast, miR‑141‑3p has an opposite 
regulatory role. Li et al.73 utilized miR‑141‑3p mimics to demonstrate 
its effect on facilitating spheroid formation and proliferation of PCa 
cell line (PC3). The impact of miR‑141 on promoting PC3 stemness 
is associated with the upregulation of Oct4, Bmi‑1, sex‑determining 
region Y‑box 9 (Sox9), and CD44, suggesting that miR‑141 can target 
a common repressor of these genes.73 Certainly, more detailed studies 
are needed to unveil the mechanism of action of miR‑141.

Both miR‑143 and miR‑145 are known to regulate bone metastasis 
of PCa. Huang et al.74 reported that both miR‑143 and miR‑145 can 
inhibit colony formation, suppress sphere‑forming capacity, and 
reduce expression of CSC markers  (CD133, CD44, Oct4, c‑Myc, 
and Klf4) in bone‑metastasis‑derived PCa cell line. The finding of 
this study strongly suggested that miR‑143 and miR‑145 may play a 
crucial role in regulating CSCs in bone metastatic PCa. Accumulating 
studies have indicated that miR‑145 negatively regulates pluripotency 
of embryonic stem cells via targeting several stemness markers such 
as Oct4, Sox2, and Klf4.75,76 Ozen et al.77 demonstrated that ectopic 
expression of miR‑145 leads to reduced cell renewal of PCa cell lines 
by targeting Sox2 gene expression. By screening the miRNA expression 
between 3D‑sphere and 2D‑adherent PCa cells, Fan et al.78 unveiled 
that progressively elevated miR‑143 is found in the sphere‑re‑adherent 
culture of PCa cells, suggesting that miR‑143 is involved in stem cell 
formation.

In contrast to those miRNAs with CSC‑promoting activities, 
it is significantly reduced miR‑128 in PCa compared to benign 
prostate tissue that may have an opposite function. Indeed, Jin et al.79 
demonstrated that overexpression of miR‑128 leads to diminished 
CSC properties by reducing sphere formation and clonogenic potential 
in PCa cells. Mechanistically, miR‑128 is shown to target on several 
self‑renewal genes such as BMI‑1, NANOG, and transforming growth 
factor beta receptor 1 (TGFBR1).79 Overall, this study highly suggested 
that miR‑128 regulates tumor initiation in PCa by limiting the CSC 
properties mediated by BMI‑1 and NANOG.

NEUROENDOCRINE DIFFERENTIATION (NED) IN CRPC AND 
CSC
Prostate NED carcinoma is considered as a type of prostatic epithelial 
neoplasms that have NED feature,80 which usually identified by 
histopathological examination with NED markers. Therefore, NED 
can be found in small cell carcinoma, carcinoid, and carcinoid‑like 
tumors, as well as prostatic adenocarcinoma (Figure 2). Importantly, 
NED has been found in recurrent CPRC after second line of ADT.81,82 
Although small cell carcinoma in prostate only counts for less than 2% 
of total PCa population,80 neuroendocrine prostate cancer (NEPC) is 
detected in 10%–20% of CRPC population.83 Interestingly, a study with 
PCa cells (Du145 and PC3) and xenograft models demonstrates that 
CD44+ is selectively expressed in neuroendocrine cells and these cells 
are responsible for PCa recurrence.84 NEPC is an end stage of CRPC 
and most patients survive less than a year after recurrence.85 Clinically, 
NEPC is identified based on histology features. In general, the tumor 
cell morphology was similar to high‑grade neuroendocrine cancers, 
which have high numbers of mitotic cells with nuclear molding and 
chromatin‑like “salt and pepper” similar to small cell.81,86 In addition, 
there are neuroendocrine markers that can be used for validation.

Cell markers for NED in CRPC
There are several general NED markers that are currently used 
to diagnose NEPC, and the presence of at least one of these is 
diagnostic of the condition. These markers include (1) neuron‑specific 
enolase  (NSE), a cell‑specific isoenzyme of the glycolytic enzyme 
enolase, and it is one of the most reliable markers for the diagnosis of 
small cell in lung cancer;87 (2) synaptophysin (SYP), a major synaptic 
vesicle protein, is usually combined with the neuroendocrine secretory 
protein, chormogranin A (ChgA), for diagnosis;88 (3) ChgA, a secretory 

Table  1: MicroRNAs involved in prostate cancer progression to castration‑resistant prostate cancer

MicroRNAs Target gene Impacts on PCa progression Reference

miR‑34 CD44 Inhibits PCa metastasis, regeneration, and carcinogenesis 62,63

miR‑383 CD44 Inhibits tumor‑initiating potential and metastasis of CD44‑positive PCa cells 64

miR‑320 CD133, CD117, CXCXR4, ABCG2 Suppress tumor‑sphere formation, chemoresistance, and tumorigenic abilities of prostatic CSCs 27

miR‑7 Klf4 Inhibits stemness properties and impaires tumorigenesis of PCa stem‑like cells 65

let‑7 EZH2 Diminishes colonogenic ability and sphere‑forming capacity of PCa cells 61,66

miR‑100 AGO2 Regulates spheroid and colony formation of PCa cells 68,69

miR‑200b Bmi‑1 Suppresses proliferation and migration, as well as enhances chemosensitivity of PCa cells to 
docetaxel

70

miR‑141 Klf9 Facilitates spheroid formation and proliferation of PCa cell 73

miR‑143
miR‑145

Oct4, Sox2, Klf4, FNDC3B Inhibits cell viability and colony formation of bone metastatic PC3 cells. Suppresses tumor sphere 
formation and CSC marker expression in PC‑3 cells

74,76‑78

miR‑128 BMI‑1, NANOG, TGFBR1 Reduces sphere formation and colonogenic potential of PCa cells 79

miR‑663 Enhances cell proliferation, invasion and neuroendocrine differentiation characteristics in PCa 
cells

108

PCa: prostate cancer; CRPC: castration‑resistant PCa; CSC: cancer stem cell; Sox2: sex determining region Y‑box 2; Bmi‑1: B‑cell‑specific Moloney murine leukemia virus insertion site 1; 
TGFBR1: transforming growth factor beta receptor 1; Klf4: Kruppel‑like factor 4; FNDC3B: fibronectin type III domain containing 3B; EZH2: enhancer of Zeste homolog 2; Klf9: Kruppel 
like factor 9; CXCXR4: C-X-C chemokine receptor type 4; ABCG2: ATP‑binding cassette subfamily G member 2  (Junior blood group); AGO2: argonaute 2, RISC catalytic component
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protein found in the neuroendocrine cells, has commonly used in 
detecting neuroendocrine tumors;89 (4) CD56, also known as neural 
cell adhesive molecule  (NCAM), which belongs to a group of cell 
surface glycoproteins involved in cell‑cell adhesion.90 On the other 
hand, NEPC cells often lack the expression of luminal markers such as 
PSA and prostatic acid phosphatase.91 Recently, FOXA2 has also been 
suggested to be a reliable marker in diagnosis of NEPC.92

Molecular mechanisms leading to NED in CRPC
Several studies have indicated that Myc  (N‑Myc or c‑Myc) plays 
a key role in NEPC and also Myc gene amplification or protein 
overexpression is often detected in clinical specimens.93 Recently, 
Lee et  al.94 have indicated that ectopic expression of N‑Myc in 
basal cell population of prostate potentiates NEPC through the 
activation of Akt signaling pathway with human patient sample 
model in  vivo and in  vitro. Other embryonic transcription factors 
such as FOXA1 and FOXA2 are associated with NEPC.   FOXA1 is 
known as a pioneering factor in modulating AR activity, and is also 
involved in prostate epithelial differentiation by altering chromatin 
tertiary structure. However, the loss of FOXA1 is found to facilitate 
NEPC through the mitogen‑activated protein kinase/extracellular 
signal‑regulated kinase (MAPK/ERK) signaling pathways in both cell 
line model (TRAMP‑C and 22Rv1) and human patient sample.95 In 
contrast, FOXA2 expression was detected in NEPC, but not in primary 
and metastatic PCa samples (NCI‑H660, PC3),92 and it cooperates with 
hypoxia‑inducible factor 1 subunit alpha (HIF‑1α) activity to facilitate 
NED in PCa cell model (PC3, NCIH660, LAPC4, and LNCaP).96 In 
addition, other key regulators in neuronal differentiation such as BRN2, 
POU‑domain transcription factor, have recently shown to regulate 
Sox2, which contributes to NED in PCa cell model (PC3, NCI‑H660, 
LNCaP, and LAPC4).97

Under the influence of tumor microenvironment, studies with 
mouse PCa in vitro and in vivo model, as well as LNCaP cell model, 
have found  that interleukin 6/signal transducer and activator of 

transcription 3 (IL‑6/STAT3) pathway associated with aurora kinase 
A (AURKA), N‑Myc, and EZH2 have been shown to induce NEPC.98,99 
Mechanistically, in LNCaP cell model, autophagy process is involved in 
IL‑6‑induced NED and therapy‑resistant phenotype in PCa model;100 
thus, targeting autophagy synthesis or related signaling pathways can 
block neuroendocrine cell differentiation.101,102 In addition, secretory 
protein secretogranin II (SgII), a neuroendocrine secretory protein‑like 
ChgA that is widely distributed throughout the neuroendocrine system, 
has been shown to induce NEPC phenotype.103 G‑protein coupled 
receptor kinase 3 (GRK3) expression correlated with PCa progression 
has been shown to increase neuroendocrine phenotypes associated with 
ADT resistance in PCa cells (NCI‑H660, PC3, LNCaP, and VCaP).104 
In contrast to oncogenic factors, loss of retinoblastoma 1 (RB1) and 
tumor protein p53 (TP53) further facilitates ADT resistance of PCa 
cells that exhibit several NED markers in both clinical patient sample 
and mouse model.105,106

MicroRNAs correlated with NED in PCa
Dang et  al.107 demonstrated that the treatment of enzalutamide or 
casodex increases the infiltration of mast cells secreting C‑C motif 
chemokine ligand 8 (CCL8) and IL‑8 that can promote NED phenotypes 
by upregulating miR‑32 in PCa cells. Indeed, overexpression of miR‑32 
leads to enhanced NED characteristics in PCa cells associated with 
elevated NSE. Overall, this study demonstrates that the potential 
impact of immune cells on the emergence of NED in PCa is mediated 
by microRNA.107

Meanwhile, by examining PCa tissue specimens, Jiao et  al.108 
revealed a significant upregulation of miR‑663 in CRPC. Functionally, 
overexpression of miR‑663 in LNCaP cell results in enhanced cell 
proliferation, invasion, and NED. Clinically, expression level of 
miR‑663 is correlated with PCa grade, node, and metastasis (TNM) 
staging of PCa,108 suggesting miR‑663 as a potent regulator in NEPC.

In addition, Liang et  al.109 reported that hypoxia can promote 
NED in PCa cell lines such as LNCaP and PC3 by inducing the 
expression of a polycistronic miRNA cluster containing miR‑106b, 
miR‑93, and miR‑25, which can suppress the expression of 
neuron‑restrictive silencer factor, also known as RE1‑Silencing 
Transcription factor (REST) gene, but increase of pro‑neuronal genes 
such as paired mesoderm homeobox protein 2A (PHOX2A), absent 
small and homeotic disks protein 1 (ASH‑1), and ChgA. Clinically, an 
inverse correlation between miR‑106b‑25 and REST is observed in 
PCa with high Gleason grade.109 Altogether, this study suggested that 
loss of REST due to elevation of miR‑106b‑25 under hypoxia condition 
might promote NED in PCa.

TRANSDIFFERENTIATION IN CPRC
Transdifferentiation is the process of cell conversion from one type 
to another type (Figure 2). For example, pancreatic progenitor cells 
transdifferentiate into hepatocyte‑like cells.110 Recent data clearly show 
that somatic cells can undergo reprograming process by exogenously 
introducing key transcription factors such as Sox2, Klf4, c‑Myc, 
Oct4, Nanog, and lin‑28 homolog A (LIN28).111,112 For cancer cells, 
particularly, high‑grade poorly differentiated cancer cells exhibiting 
CSC phenotypes can transdifferentiate into different cell types by 
turning on similar genes endogenously.113 For example, loss of Rb1 
and TP53 underlying cancer lineage plasticity106 is mediated by 
increased Sox2 expression in these cells.114 Similarly, loss of PTEN 
and TP53 facilitates ADT resistance and initiates transdifferentation 
event in adenocarcinoma, which is evidenced by elevated NED 
markers.115 All these data conclude that CSC is the result of cancer 
cell de‑differentiation through genetic alteration and/or epigenetic 

Figure 2: Schematic representation of the relationship of CSC, PCa cells, and 
NE‑like cell. CSC maintains its multipotency to form different types of tumor 
cell and is capable of self‑renewing to expand its progeny. NE‑like tumor 
cell can originate from the same type of tumor cells that undergo NED or 
transdifferentiation from other type of tumor cell (i.e., adenocarcinoma to 
small cell adenocarcinoma with NE phenotype). CSC: cancer stem cell; PCa: 
prostate cancer; NE: neuroendocrine; NED: neuroendocrine differentiation.



Asian Journal of Andrology 

The regulation of prostate cancer stem cell 
CJ Lin et al

238

alteration from tumor microenvironment. In CRPC, accumulating 
evidence supports that CSC plays a central role of therapeutic 
resistance, NED. Thus, developing anti‑CSC strategy is expected to 
improve the survival of CRPC patients.

CONCLUSION
The presence of CSC has been identified in hematopoietic and 
testicular cancers but less known in solid tumors, particularly PCa . 
Accumulating data support the critical role of prostate CSC in disease 
progression.  Despite these progresses, there is still lacking human 
PCa‑specific CSC marker(s). Further, the underlying mechanisms of 
transdifferentiation as well as NED in CSC are not fully understood, 
which will be critical for further developing better therapeutic strategies.
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Abstract: Interferon is known as a pleiotropic factor in innate immunity, cancer immunity and therapy. Despite an 
objective short-term response of interferon (IFN) therapy in renal cell carcinoma (RCC) patients, the potential ad-
verse effect of IFN on RCC cells is not fully understood. In this study, we demonstrate that IFNs can enhance RCC 
invasion via a new mechanism of IFIT5-mediated tumor suppressor microRNA (miRNA) degradation resulted in the 
elevation of Slug and ZEB1 and epithelial-to-mesenchymal transition (EMT). Clinically, a significant upregulation of 
IFNγ signaling pathway (such as IFNGR1, IFNGR2, STAT1 and STAT2) is observed in RCC patients with metastatic 
disease. Overall, this study provides a new mechanism of action of IFN-elicited canonical pathway in regulating sup-
pressor miRNAs. Most importantly, it highlights the potential pro-metastatic effect of IFNs, which could undermine 
the clinical applicability of IFNs for treating RCC patients.

Keywords: Interferon (IFN), interferon-induced tetratricopeptide repeat 5 (IFIT5), epithelial-to-mesenchymal transi-
tion (EMT)

Introduction

Renal cell carcinoma (RCC) is by far the most 
lethal urologic malignancy of cancer-specific 
mortality of 40% compared with 25% of overall 
mortality of prostate and bladder cancers 
because it is resistant to chemotherapeutics 
and radiotherapy [1]. Pathologically, RCC is a 
heterogenous disease consisting three major 
types: clear cell RCC (ccRCC) [2], papillary RCC 
[3] and chromophobe RCC [4]. As for the thera-
peutic strategy for RCC patients, usually local-
ized primary tumor can be managed success-
fully with radical nephrectomy. On the contrary, 
despite the prognosis of metastatic RCC 
(mRCC) patients has improved with targeted 
therapies, 20-25% of the patients are refracto-
ry to chemotherapy at the first response 
assessment and acquire drug resistance dur-
ing the treatment [5].

Accumulating studies have demonstrated that 
tumor-associated immune cells play a critical 
role in cancer development. The presence of 
tumor-associated macrophage (TAM) is able to 
increase tumor cell proliferation and dissemina-
tion in different cancer types [6-12]. Action of 
these tumor-infiltrating lymphocytes (TILs) is 
mainly mediated through secretion of cytokines 
such as interleukins (IL-1, IL-6, IL-8 and IL-10), 
tumor necrosis factors (TNF), and interferons 
(IFNs). Many studies have shown that these 
cytokines could stimulate tumor cell prolifera-
tion, protect tumor cells from apoptosis, or pro-
mote angiogenesis and metastasis. Interleu- 
kin-6 (IL-6) is known to act as pro-tumorigenic 
cytokine by facilitating cell growth and anti-
apoptosis in multiple myeloma [13, 14]. High 
concentration of interleukin-1 (IL-1) is associat-
ed with more malignant tumor phenotype [15-
18]. Both IL-1α and IL-β are implied to aggra-
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vate tumor angiogenesis and invasiveness via 
induction of vascular endothelial cell growth 
factor (VEGF) and tumor necrosis factor (TNF) 
[18]. On the other hand, the role of IFNs in can-
cer development remains controversial. For 
example, both IFN and IFNγ can exhibit anti-
tumor activities [19-25]. IFNγ is also responsi-
ble for antigen-specific tumor immunity [26-
29]. In contrast, IFNγ was reported to facilitate 
lung metastasis in melanoma 30 and peritone-
al dissemination of ovarian cancer [31]. In pros-
tate cancer, our recent study also indicates that 
IFNγ can promote epithelial-to-mesenchymal 
transition (EMT) via a new mechanism of IFIT5 
in specific microRNA (miRNA) turnover [32]. 

Clinically, a significant elevation of several key 
effectors (such as IFNγ receptor 1 and 2 
[IFNGR1, IFNGR2], STAT1, STAT2) in IFNγ signal-
ing pathway is associated with metastatic RCC 
tumor [33]. Nevertheless, the role of IFNs in 
RCC development is not fully characterized. In 
this study, we demonstrate that IFN-elicited 
RCC invasion is mediated by IFIT5-XRN1 com-
plex responsible for specific microRNA (such as 
miR-363) turnover; loss of miR-363 expression 
has been detected in RCC specimens [34]. 
Taken together, IFN is a potent tumor promoter 
that is mediated by a new mechanism of action 
of IFIT5 in degrading tumor suppressor miRNA. 

Materials and methods

Cell lines 

ACHN, 768O and 769P cell lines were main-
tained in RPMI-1640 medium supplemented 
with 10% fetal bovine serum (FBS). 293 cells 
were maintained in Dulbecco’s Modified Eagle’s 
Medium (DMEM) containing 10% FBS. Stable 
IFIT5-shRNA knockdown (shIFIT5) and control 
(shCon) RCC cell lines were established from 
ACHN, 786O and 769P cell lines using pLK0.1-
shCon or pLK0.1-shIFIT5 plasmids provided 
from Academia Sinica, Taiwan. All RCC cell lines 
were authenticated using the short tandem 
repeat (STR) profiling by Genomic Core in UT 
Southwestern Medical Center (UTSW). Myco- 
plasma testing was performed using Myco- 
Alert® kit (Lonza Walkersville, Inc. Walkersville, 
MD) every quarterly to ensure Mycoplasma-free 
condition.

Invasion assay 

RCC cells cultured in the serum-free RPMI-
1640 medium for 18 hrs were plated onto the 

upper chamber of Transwell (8-um (i.e., 
8-micrometer) pore size, Corning) pre-coated 
with 2.5% Matrigel, and bottom chamber con-
tained RPMI-1640 medium with 10% FBS. After 
24 hrs, cells from the bottom side of chamber 
were fixed by 4% paraformaldehyde, stained 
with 0.4% Crystal Violet and observed under 
microscope (Keyance). The crystal-violet-
stained cells from each field were quantified 
using BZ-X Analyzer software. Relative invaded 
cells were normalized to control group of each 
experiment. Each experiment was performed in 
triplicates.

Construction of SSMut and DSMut pre-miRNA-
expression plasmid

miR-363 and miR-128 expression plasmid was 
initially purchased from Origene and Gene- 
copoeia, respectively. Native miR-363 or miR-
128 expression plasmid was engineered to 
generate mutant pre-miR-363 or mutant miR-
128 with 5’-end six nucleotides single stranded 
overhang (pre-SS6Mut-miR-363 or pre-SS6Mut-
miR-128) or double-stranded blunt end (pre-
DSMut-miR-363 or pre-DSMut-miR-128) con-
structs using QuickChange II site-directed 
mutagenesis kit (Agilent Technologies) and the 
mutated sequence was confirmed by DNA 
sequencing from Genomic Core in UTSW. 

RNA purification 

RCC cells were pelleted by centrifuge at 5000 
rpm for 2 mins then snap-frozen in liquid nitro-
gen before RNA extraction. Chilled 1-Thio- 
glycerol/Homogenization Solution (200 µl) was 
added to re-suspend the pellet, followed by 
additional of 200 µl Lysis Buffer with 15 µl 
Proteinase K solution. Samples were vortexed 
and incubated at room temperature for 10 mins 
before loading into Maxwell® cartridge. RNA 
sample was purified in the Maxwell® RSC 
Instrument using the microRNA Tissue Kit and 
eluted in 40-60 µl Nuclease-Free Water.

Quantitative real-time RT-PCR (qRT-PCR)

For the quantification of miRNA expression 
level, total RNA 2.5 ug (i.e., 2.5 microgram) was 
subjected to miScript II RT kit (QIAGEN) then 
2.0 µl cDNA was applied to a 25-μL reaction 
volume using miScript SYBR® Green PCR kit 
(QIAGEN) in CFX96 Touch Real-Time PCR detec-
tion system (BioRad). Primer assays for each 
miRNA species were purchased from QIAGEN. 
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The relative expression levels of matured miR-
NAs from each sample were determined by nor-

malizing to SNORD95 small RNA. For the quan-
tification of mRNA expression level, total RNA 

Figure 1. IFNγ promotes renal cancer invasion via induction of IFIT5. A. Increased invasiveness of ACHN or 786O 
cells after IFNα or IFNγ treatment (20 ng/ml) for 48 hrs, compared to vehicle control. (***P<0.00001). B. Dose-
dependent elevation of IFIT5 protein and mRNA level in renal cancer cell lines (ACHN and 786O) treated with IFNγ 
for 48 hrs, compared to vehicle control. (*P<0.05). C. The impact of IFIT5 loss (shIFIT5) on the IFNγ-enhanced 
aggravation of invasiveness in ACHN cells, compared to shCon. (**P<0.001, ***P<0.00001). D. The impact of 
IFIT5 loss (shIFIT5) on the IFNγ-induced elevation of Slug and ZEB1 mRNA level in ACHN cells, compared to shCon 
(**P<0.001). E. The impact of IFIT5 loss (shIFIT5) on the IFNγ-induced alteration of Slug, ZEB1 and E-Cadherin (E-
Cad) protein level in ACHN cells, compared to shCon.
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(2 g) was subjected to iScript advanced cDNA 
synthesis kit (BioRad) then 2.0 μl cDNA was 
applied to 25-μl qRT-PCR reaction volume using 
iTaq Universal SYBR® Green supermix (BioRad) 
in CFX384 Touch Real-Time PCR detection sys-
tem (BioRad). The relative expression levels of 
IFIT5, Slug, ZEB1, E-cadherin, and Vimentin 
mRNA from each sample were determined by 
normalizing to 18S mRNA. All quantitative data 
were analyzed using ΔCt (Ct value normalized 
to internal SNORD95 miRNA or 18S RNA) and 
the fold change (ΔΔCt) was obtained after nor-
malizing with the control group.

Western blot analysis 

RCC Cells were lysed in lysis buffer [50 mM 
Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Triton 
X-100, 1 mM sodium orthovanadate, 1 mM 
sodium fluoride, 1 mM sodium pyrophosphate, 
10 mg/mL, aprotinin, 10 mg/mL leupeptin, 2 

mM phenylmethylsulfonyl fluoride, and 1 mM 
EDTA] for 30 mins on ice. Cell lysates were spin 
down at 20,000×g for 20 mins at 4°C. Protein 
extracts were subjected to SDS-PAGE using 
Bolt 4-12% Bis-Tris Plus gel (Invitrogen), and 
transferred to nitrocellulose membrane using 
Trans-Blot Turbo Transfer system (BIORAD). 
Membranes were incubated with primary anti-
bodies against IFIT5 (ProteinTech), Slug (Cell 
Signaling Technology), ZEB1 (Cell Signaling 
Technology), E-Cadherin (BD Transduction La- 
boratory), Vimentin (Sigma-Aldrich), STAT1 
(Santa Cruz Biotechnology), GAPDH (Santa Cruz 
Biotechnology) or HRP-conjugated Flag (Sigma-
Aldrich) antibodies at 4°C for 16-18 hrs, fol-
lowed by incubation with horseradish peroxi-
dase-conjugated secondary antibodies at room 
temperature for 1.5 hrs. Results were visual-
ized with ECL chemiluminescent detection sys-
tem (Thermo Scientific Pierce) using Alph- 
aimager instrument. The relative protein ex- 

Figure 2. Recruitment of XRN1 is required for the machinery of IFIT5-mediated miR-363 degradation. A, B. The 
impact of IFIT5 shRNA knockdown (shIFIT5) on the expression level of miRNAs derived from the miR-106a-363 
cluster (miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92a-2 and miR-363) in ACHN and 293T cells, compared to 
control shRNA (shCon). (*P<0.05, ***P<0.00001). C. Co-Immunoprecipitation using flag antibody to pulled down 
flag-tagged WT or mutant (Δ7-8 TPR deletion) IFIT5 protein overexpressed in 293 cells, and immunoblotted with 
or and flag antibody. D. Expression level of miR-363 in cells overexpressed with WT or mutant (Δ7-8 TPR deletion) 
IFIT5, compared to vector control (**P<0.001, ***P<0.0001). E. Dose-dependent expression level of miR-363 in 
IFIT5-positive 293 cells transfected with siRNA-knockdown of XRN1 (***P<0.0001). F. Expression level of Slug in 
IFIT5-overexpressed 786O cells transfected with siRNA-XRN1, compared to vector control (*P<0.05, **P<0.001).
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pression level in each sample was normalized 
by GAPDH levels.  

Luciferase reporter assay 

Established stable clones of control (shCon) or 
STAT1-knockdown (shSTAT1) 786O cells (8×104) 
were seeded onto 12-well plates at 75% conflu-

ence before transfection with IFIT5 promoter-
luciferase reporter plasmid. Cells were harv- 
ested and lysed with Passive Lysis buffer (Pro- 
mega) at 48 hrs after transfection. Luciferase 
activity was measured using the Firefly lucifer-
ase reporter assay (Promega) on the Veritas 
Microplate Luminometer (Turner Biosystems). 

Figure 3. IFIT5 regulates miR-363 turnover via recognition of precursor miRNA 5’end. A, B. The impact of IFNγ on the 
expression level of miRNAs derived from the miR-106a-363 cluster (miR-106a, miR-18b, miR-20b, miR-19b-2, miR-
92a-2 and miR-363) in ACHN and 786O cells, compared to vehicle control (*P<0.05, ***P<0.0001). C. The impact 
of IFIT5 loss (shIFIT5) on the IFNγ-induced downregulation of miR-363 level in ACHN cells. (*P<0.05). D. Attenu-
ated cancer invasiveness by miR-363 overexpression in 786O or ACHN cells, compared to vector control (*P<0.05, 
***P<0.00001). E. Left: Mutation of nucleotides (box) for generating 5’-end 6 nucleotides single stranded pre-
miR-363 (SS6Mut pre-miR-363) and blunt 5’-end double stranded pre-miR-363 (DSMut pre-miR-363). Both mature 
miR-363 and miR-363* sequence are shown in lighter gray. Right: Expression level of mature miR-363 in 293 cells 
transfected with plasmids carrying mutant SS6Mut or DSMut pre-miR-363 sequence. (**P<0.001). F. The impact 
of mutant SS6Mut or DSMut pre-miR-363 on suppression of cell invasion in ACHN cells (*P<0.05, ***P<0.00001). 
G. Expression level of Slug mRNA in 293 cells transfected with plasmids carrying mutant SS6Mut or DSMut pre-
miR-363 sequence. (**P<0.001). 
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Relative luciferase activity was determined by 
normalizing with control. Each experiment was 
performed in triplicates. 

Statistics analysis 

Statistics analyses were performed using Gra- 
phPad Prism software. Statistical significance 
was evaluated using Student t-test. P values of 
P<0.05, P<0.001 and P<0.00001 were consid-
ered significant difference between compared 
groups and marked with asterisks. 

Results

IFN promotes RCC invasion via induction of 
IFIT5

Prior to targeted therapy for RCC patients, IFNα 
has demonstrated a short-term efficacy as a 
single agent [35-39] and improved the overall 
survival by combining with other agents such 
as cyclooxygenase-2 inhibitor (celecoxib) [40], 

interleukin-2 [41], capecitabine [42] or sora- 
fenib [43, 39, 44]. On the other hand, IFNγ ther-
apy resulted in minimal anti-tumor activity 
among mRCC patients [45, 46]. Thus, we decid-
ed to study potential adverse effect of IFNγ and 
observed that either IFNα or IFNγ was able to 
facilitate cell invasion of ACHN and 786O cell 
lines using Transwell invasion assay (Figure 
1A). Since IFNγ appeared more potent than 
IFNα, we decided to focus IFNγ to unveil its 
mechanism of action. Indeed, IFNγ treatment is 
able to activate the canonical pathway of STAT1 
phosphorylation to increase IFIT5 expression 
(Figures 1B, S1A and S1B), a bona fide IFN-
induced gene [47, 48] that is capable of pro-
moting EMT in prostate cancer [32]. To eluci-
date the role of IFIT5 in IFNγ-induced RCC cell 
invasion, we knocked down IFIT5 in ACHN, 
786O and 769P cell lines and demonstrated 
that IFNγ-induced cell invasion is diminished in 
IFIT5-knockdown (KD) cells (Figures 1C, S1C 
and S1D). Indeed, IFNγ is able to increase both 

Figure 4. IFIT5 regulates miR-128 turnover via recognition of 5’-end of precursor miRNA. A. Left: Mutation of nucleo-
tides (box) for generating 5’-end 6 nucleotides single stranded pre-miR-128 (SS6Mut pre-miR-128) and blunt 5’-end 
double stranded pre-miR-128 (DSMut pre-miR-128). Both mature miR-128 and miR-128* sequence are shown 
in lighter gray. Right: Expression level of mature in 293 cells transfected with plasmids carrying mutant SS6Mut or 
DSMut pre-miR-128 sequence. (**P<0.001). B. The impact of mutant DSMut or SS6Mut pre-miR-128 on suppres-
sion of cell invasion in ACHN cells (***P<0.00001). C. Expression level of ZEB1 mRNA in 293 cells transfected with 
plasmids carrying mutant SS6Mut or DSMut pre-miR-128 sequence. (**P<0.001). D. The impact of IFNγ and IFIT5 
knockdown on the expression level of miR-128, compared to vehicle and control shRNA, respectively. (*P<0.05). E. 
The impact of IFIT5 loss (shIFIT5) on the IFNγ-induced downregulation of miR-128 level in ACHN cells. (*P<0.05). 
F. Attenuated cancer invasiveness by miR-128 overexpression in 786O or ACHN cells, compared to vector control 
(*P<0.05, ***P<0.00001). 



The role of IFIT5 in RCC cell invasion

37	 Am J Clin Exp Urol 2019;7(1):31-45



The role of IFIT5 in RCC cell invasion

38	 Am J Clin Exp Urol 2019;7(1):31-45

Figure 5. Machinery of IFIT5-mediated miRNA degradation is enhanced in the metastatic progression of RCC. A. Expression level of IFIT5, SNAI2/Slug, ZEB1, IF-
NGR1 and IFNGR2 in paired adjacent benign and tumor specimens derived from 75 RCC patients. B. Expression of IFIT5 in the patient-derived xenografts from 
normal benign (N=191), primary (N=294) and metastatic tumors (N=86) of RCC patients. Expression level of IFNGR1 and IFNGR2 genes in tumor specimens de-
rived from RCC patients with non-metastasis (M0, N=550) and metastasis (M1, N=90) status. C. Kaplan-Meier overall survival curves estimate patients with RCC 
including types of clear cell RCC, papillary RCC and Chromophobe RCC, stratified in low and high expression of IFIT5, IFNGR1 or IFNGR2 genes. D. Clinical correla-
tion between IFIT5 and SNAI2(Slug), ZEB1, IFNGR1 or IFNGR2 in TCGA dataset derived from 888 RCC patient tumor specimens. 
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Slug and ZEB1 gene expression leading to EMT 
in ACHN cells (Figure 1D and 1E). However, in 
IFIT5-knockdown (KD) cells, IFNγ failed to in- 
duce Slug and ZEB1 gene expression as well as 
EMT change based on E-Cadherin and Vimentin 
expression (Figures 1D, 1E and S1E). Taken 
together, these data support the notion that 
IFIT5 is the key mediator in IFNγ-induced RCC 
invasion. 

IFIT5 complex regulates miR-363 turnover

IFIT5 has been characterized to function as a 
binding protein for various RNA species (such 
as viral RNA, tRNA) [47, 49, 50]. Our recent data 
[32] demonstrate that a new function of IFIT5 is 
to recruit XRN1 exoribonuclease to degrade 
miRNA by recognizing the unique 5’-structure of 
precursor miRNA. In addition, loss of miR-363 
is detected in RCC specimens [34]. Thus, we 
further validated whether IFIT5 with a similar 
functional role could contribute the loss of miR-
363 in RCC cells. Noticeably, miR-363 belongs 
to the miR-106a-363 cluster containing miR-
106a, miR-18b, miR-20b, miR-19b, miR-92a-2 
and miR-363 [51-54]. As shown in Figure 2A 
and 2B, only mature miR-363 but no other 
miRNA species from this cluster was elevated 
in IFIT5-KD cells. 

Since XRN1 is required for the activity of IFIT5 
complex, we further determine the binding 
domain in IFIT5 for XRN1 and found 7-8 TPR 
domain (Δ7-8) as a key binding domain (Figure 
2C). This truncated IFIT5 was incapable of deg-
radation of miR-363 (Figure 2D). Furthermore, 
our data demonstrate that XRN1 is required for 
IFIT5-mediated miRNA degradation (Figure 2E). 
Consistently, the restoration of miR-363 level 
by siRNA-knockdown of XRN1 resulted in the 
suppression of Slug mRNA expression in 786O 
cells (Figure 2F). Taken together, we believe 
that the presence of IFIT5-XRN1 contributes to 
the loss of miR-363 in RCC cells. 

miR-363 functions as a potent suppressor in 
IFNγ-induced cell invasion

Knowing IFIT5 as a potent regulator for miR-
363 turnover (Figure 2A and 2B), we further 
demonstrated that IFNγ exhibited the same 
specific degradation of miR-363 from miR-
106a-363 cluster in both ACHN and 786O cells 
(Figure 3A and 3B). Also, IFNγ-induced down-
regulation of miR-363 can be reversed in IFIT5 

KD cells (Figure 3C), supporting the mecha-
nism of IFNγ on miRNA turnover is mediated by 
IFIT5 complex. 

By increasing miR-363 expression in either 
ACHN and 786O cells, a significant reduction of 
IFNγ-elicited cell invasion was observed (Figure 
3D). Recently, we have demonstrated that IFIT5 
preferentially bind to 5’-end single-stranded 
overhang sequence of precursor miRNAs [32]. 
Thus, the blunt-end (i.e., DSMut) of pre-miR-363 
appears more resistant to IFIT5-mediated deg-
radation than open-end (i.e., SS6Mut) of pre-
miR-363 (Figure 3E). Functionally, the DSMut 
of pre-miR-363 is more potent in suppressing 
cell invasion of several RCC cells (Figures 3F 
and S2A) as well as Slug gene expression 
(Figure 3G). Overall, these data provide some 
understanding of induction of Slug by IFNγ in 
RCC cells.

IFIT5 regulates the turnover of miR-128 that 
can target ZEB1

In addition, ZEB1 induction was detected in 
IFNγ-treated RCC cells (Figure 1E). We hypoth-
esized that this regulation could be mediated 
by the same mechanism. Thus, by searching 
IFIT5-binding miRNA candidates, we identified 
pre-miR-128 with as similar single-stranded 
overhang structure at its 5’-end (Figure 4A left 
panel) and targeting ZEB1. By modify its native 
structure, the DSMut of pre-miR-128 became 
more resistant than the SS6Mut of pre-miR-128 
(Figure 4A right panel). Similar to miR-363, the 
DSMut of pre-miR-128 is more potent in sup-
pressing cell invasion of several RCC cells 
(Figures 4B and S2B) as well as ZEB1 gene 
expression (Figure 4C).

Consistent with the down-regulation of miR-
363 by IFNγ (Figure 3A), we also observed the 
reduction of miR-128 level in IFNγ-treated 
ACHN cells (Figure 4D). Moreover, IFNγ-induced 
down-regulation of miR-128 can be rescued in 
the IFIT5 KD cells (Figure 4E). On the other 
hand, by increasing miR-128 expression in 
either ACHN and 786O cells, a significant 
reduction of IFNγ-elicited cell invasion was 
observed (Figure 4F). Taken together, we be- 
lieve that decreased miR-128 regulated by 
IFIT5 complex underlies IFNγ-induced ZEB1 
contributing to RCC cell invasion.
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IFNγ-signaling pathway is correlated with RCC 
progression 

To strengthen our observation from in vitro 
model, we further analyzed the IFNγ-signaling 
pathway from 75 paired adjacent benign and 
tumor tissues of ccRCC patients and the results 
(Figure 5A) indicated a significant elevation of 
IFNγ receptor 1 or 2 (IFNGR1, IFNGR2) and 
IFIT5 in tumor specimens. In addition, the 
expression levels of IFNGR1, IFNGR2, and IFIT5 
in mRCC patients are significantly higher than 
primary tumor or benign tissue (Figure 5B). 
Moreover, patients with higher level of elevated 
IFNGR1, IFNGR2, and IFIT5 predicts poor over-
all survival of RCC patients based on the 
Kaplan-Meier curves analyses (Figure 5C). As 
expected, a positive correlation between IFIT5 
and Slug, ZEB1, IFNGR1 or IFNGR2 expression 
level is also observed after analyzing TCGA RCC 
dataset (Figure 5D). Overall, these clinical data 
support the pro-tumorigenic role of IFNγ-
signaling axis in RCC progression. 

Discussion 

The incidence of RCC has been steadily rising 
by 2-4% each year; a 5-fold increase in the inci-
dence and a two-fold increase in mortality com-
pared to 1971 [55]. RCC is by far the most 
lethal urologic malignancy of cancer-specific 
mortality of 40% compared with 25% of overall 
mortality of prostate and bladder cancers once 
it becomes metastatic. The median OS of un-
treated metastatic disease is 5 months with 
1-year survival of only 29%. Although, a recent
study elegantly demonstrated the predisposi-
tion of different genetic mutation in RCC
patients to various organ metastases [56, 57],
the influence of tumor microenvironment and
its regulatory network are not fully chara- 
cterized.

At the initial stage of cancer metastasis, tumor 
cells could undergo a phenotypic change from 
epithelial type to mesenchymal type (i.e., EMT), 
leading to loss of cell-cell adhesion, increased 
cell motility and invasion into vascular circula-
tion [58]. Loss of E-Cadherin (epithelial marker) 
and gain of Vimentin (mesenchymal marker) is 
associated with RCC metastasis [59] and the 
presence of a sarcomatoid component is often 
found in metastatic lesion of RCC and associ-
ated with high mortality. Slug (Snail2), an EMT 
transcription repressor of E-Cadherin, has been 
demonstrated to induce EMT in RCC cell lines 

[60-62]. Slug expression is substantially in- 
creased in high-grade ccRCC tissues and sar-
comatoid carcinoma, which predicts the worse 
prognosis for patients with RCC [63]. Tumor 
surrounding microenvironment is known to play 
an important role in EMT [64-67] induction by 
producing several cytokines such as TNF-α 
[68], TGF-β [69] and IL-10 [67].    

In RCC, a number of cytokines have shown anti-
tumor activity, the most consistent results have 
been reported with IFNα [70]. IL-2 and IFNγ 
have also been given to patients with metastat-
ic RCC with limited success [70]. Although the 
mechanism of action of these cytokines is 
poorly understood, anti-tumor effects in murine 
models have been linked to the direct killing of 
tumor cells by activated T cells and natural kill-
er cells, as well as to anti-angiogenic effects 
[71-73]. However, in this study, we demonstrat-
ed the pro-tumorigenic role of IFNγ in promot-
ing RCC cancer invasion. IFNγ signaling path-
way is highly elevated in primary as well meta-
static RCC and significantly correlated with OS 
RCC patients, suggesting the oncogenic role of 
IFNγ-IFNGR1/IFNGR2-IFIT5 signal axis in the 
progression of RCC. Noticeably, this study 
unveils a new mechanism of action of IFIT5 in 
regulating turnover of tumor suppressor miR-
NAs (miR-363 and miR-128), leading to the 
upregulation of EMT drivers (Slug and ZEB1). 
Moreover, IFNγ promoting cancer metastasis is 
not only limited to RCC; it has been recently 
reported in other malignancies such as pros-
tate [32] and gastric cancer [74]. In summary, 
we demonstrate an adverse effect of IFNγ on 
RCC progression via a unique regulation of 
miRNA turnover. Therefore, targeting IFNγ sig-
naling pathway using inhibitory RNA strategy 
may provide a new avenue for the clinical man-
agement of RCC progression.
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Figure S1. A. Dose-dependent elevation of IFIT5 protein and mRNA level in 769P cells treated with IFNγ for 48 hrs, 
compared to vehicle control. (*P<0.05). B. The impact of STAT1 shRNA knockdown (shSTAT1) on IFIT5 promoter 
activity using luciferase reporter assay. C. The impact of IFIT5 loss (shIFIT5) on the IFNγ-enhanced aggravation of 
invasiveness in 786O cells, compared to shCon. (*P<0.05, ***P<0.00001). D. The impact of IFIT5 loss (shIFIT5) on 
the IFNγ-enhanced aggravation of invasiveness in 769P cells, compared to shCon. (**P<0.001, ***P<0.00001). E. 
The impact of IFIT5 shRNA knockdown (shIFIT5) on the protein expression level of E-Cad, ZEB1, Slug and Vimentin 
(VIM) in ACHN cells, compared to control shRNA (shCon).
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Figure S2. A. The impact of mutant DSMut or SS6Mut pre-miR-363 on suppression of cell invasion in 786O and 769P 
cells (*P<0.05, **P<0.001, ***P<0.00001). B. The impact of mutant DSMut or SS6Mut pre-miR-128 on suppres-
sion of cell invasion in 786O and 769P cells (*P<0.05, ***P<0.00001).
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Abstract: In prostate cancer (PCa), similar to many other cancers, distant organ metastasis symbolizes
the beginning of the end disease, which eventually leads to cancer death. Many mechanisms
have been identified in this process that can be rationalized into targeted therapy. Among them,
epithelial-to-mesenchymal transition (EMT) is originally characterized as a critical step for cell
trans-differentiation during embryo development and now recognized in promoting cancer cells
invasiveness because of high mobility and migratory abilities of mesenchymal cells once converted
from carcinoma cells. Nevertheless, the underlying pathways leading to EMT appear to be very
diverse in different cancer types, which certainly represent a challenge for developing effective
intervention. In this article, we have carefully reviewed the key factors involved in EMT of PCa with
clinical correlation in hope to facilitate the development of new therapeutic strategy that is expected
to reduce the disease mortality.

Keywords: epithelial-to-mesenchymal transition; metastasis; prostate cancer progression

1. Introduction

The plasticity of cellular phenotypic transformation is fundamental to embryonic development.
During gastrulation stage, the reprogramming process of epithelial-to-mesenchymal transition (EMT)
mainly governs the phenotypic change of polarized ectodermal epithelial cells into migratory
mesenchymal cells that ultimately constitute the mesodermal layer of the embryo [1]. EMT occurs by
breakdown of cell-to-cell or cell-to-extracellular matrix (ECM) adherence at the polarized epithelium
lining. E-cadherin is a major component of epithelial adherence junction and acts as the master
gatekeeper of EMT. Loss of E-cadherin, considered to be the key step to initiate EMT, leads to
collapse of intercellular mechanical communication. In contrast, critical mesenchymal markers such as
vimentin and N-cadherin, as well as several E-cadherin transcriptional repressors including zinc finger
proteins Snail/SNAI1 and Slug/SNAI2, twist-related protein 1 (Twist 1) and zinc finger E-box-binding
homeobox 1 and 2 (ZEB1 and ZEB2) are highly elevated during EMT (Figure 1), leading to acquisition
of mesenchymal phenotype of enhanced cell mobility [2]. EMT is critical for tissue remodeling during
embryonic morphogenesis [3–6]; however, this reprogramming process is also observed in different
pathological process such as organ fibrosis, wound healing and carcinoma progression. In particular,
primary carcinoma cells switch from epithelial characteristics to mesenchymal-like phenotype while
responding to either intrinsic genetic and molecular alteration or extrinsic microenvironmental
stimuli, which leads to the invasion into surrounding stroma and subsequent vasculature, ultimately
colonization at a distant pre-metastatic niche [6,7]. Particularly, the role of EMT in metastasis has
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been demonstrated in many cancer types including prostate cancer (PCa) to elicit their metastatic
potentials [2,8,9], which is supported by significant correlation between TGF-β and EMT-related genes
detected from circulating prostate cancer cells of PCa patients [10]. PCa is the most common male
malignancy and the second leading cause of cancer mortality in the men of US. Current treatments
for primary prostatic tumor involve radical prostatectomy, external radiotherapy, brachytherapy, and
androgen deprivation therapy (ADT). The major cause of PCa mortality is the onset of metastatic
castration-resistant PCa (mCRPC). Although none of these therapeutic strategies are curative for PCa,
surgery and radiation remain the most effective regimen for patients with organ-confined disease.
It is known that PCa is a multifocal disease with heterogeneous cell population. Thus, understanding
cellular and molecular mechanisms underlying metastatic dissemination of PCa, such as EMT could
generate potential therapeutic strategies to prevent PCa related mortality. In this review, we will
discuss several key players in driving EMT in PCa and the different mechanisms that produce distinct
signaling cascades to modulate gene transcription or epigenetic regulation, and post-transcriptional
regulation by microRNA (miRNA) or long non-coding RNAs (lncRNAs).
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Figure 1. The regulatory mechanisms associated with epithelial-to-mesenchymal transition (EMT)
in prostate cancer (PCa). MPP8: M-phase phosphoprotein 8; SIRT1: NAD-dependent deacetylase
sirtuin-1; HIC1: Hypermethylated in cancer 1; EZH2: Enhancer of zeste homolog 2; YB-1: Y-box
binding protein 1; MTA1: Metastasis Associated 1 protein; mTOR: Mammalian target of rapamycin;
TGFβR: Transforming growth factor beta receptor; FGFR: Fibroblast growth factor receptor; IL-6R:
Interleukin 6 receptor; Snail: Zinc finger protein SNAI1; Slug: Zinc finger protein SNAI2; ZEB1: Zinc
finger E-box-binding homeobox 1; Twist: Twist-related protein 1.

Accumulating studies have demonstrated that activation of EMT transcription factors induces
acquisition of stem cell properties in epithelial cells and contributes to the emergence of tumor-initiating
cell population in several cancer types such as breast and pancreatic cancer [11–13]. In PCa, one
study also indicates that N-cadherin can increase prostate tumor spheroid formation by elevating
expression of stemness markers such as c-Myc, Klf4, Sox2 and Oct4 via ErbB signaling pathway [14].
In addition, the ectopic expression of Semaphorin 3 C can concurrently enhance the invasiveness and
stemness in normal prostate epithelial cells, and that mesenchymal markers such as N-cadherin and
Vimentin are highly upregulated in CD44-positive populations, compared to CD44-negative ones [15].
Using transgenic mouse model, prostate tumor cells with mesenchymal characteristics displayed
enhanced invasiveness and stemness [16]. However, using primary prostate cancer-derived cells,
there is no significant correlation between stemness and the expression level of EMT markers such as
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vimentin and N-cadherin [17], suggesting that more studies are needed to delineate the regulation of
EMT leading to PCa stemness.

EMT-related transcription factors such as Snail, Slug and Twist are shown to confer
chemo-resistance in ovarian, breast and nasopharyngeal carcinoma [18–20]. In PCa, a study
demonstrated that reintroduction of E-cadherin significantly sensitizes chemo-resistant PCa cell lines
to paclitaxel [21]. A recent study showed that Skp2-mediated Twist stabilization can facilitate the
acquisition of chemo-resistant to paclitaxel or doxorubicin during PCa progression toward CRPC [22].
In addition, ZEB1 has been shown to promote the chemo-resistance in Paclitaxel-resistant PCa [23].
Taken together, the onset of EMT can lead to PCa cells acquiring drug resistance during progression.

2. The Signal Pathways Leading to Epithelial-To-Mesenchymal Transition (EMT) in Prostate
Cancer (PCa)

The tumor surrounding microenvironment has been shown to play an important role in eliciting
EMT of carcinoma cell through paracrine/endocrine fashion. Many extracellular signals are responsible
for cell–cell communication that alter PCa cell behavior through a receptor-dependent manner.
Several peptide hormones such as TGF-β, IL-6, FGF and Wnt are detected in prostatic stromal cells,
which are associated with cancer progression [24–27] (Table 1). Among these factors existing in the
tumor microenvironment, TGF-β is one of the most well characterized EMT inducer in PCa. It is known
that TGF-β can promote EMT via induction of vimentin, fibronectin and suppression of E-cadherin
level in vitro [28,29]. It appears that the canonical pathway of TGF-β plays a key role in increasing
the expression of EMT transcriptional factor such as (Snail1/2 or ZEB1), which is supported by the
evidence that E74-like factor (Elf5), a member of the large E-twenty-six (ETS) transcription factor
family, can directly bind to Smad3 and block EMT [30]. Noticeably, the expression of this protein is
associated with and E-cadherin expression in PCa specimens [30]. In addition to the canonical pathway,
TGF-β-induced Twist expression appears to be mediated by non-canonical pathway of Stat3 in PCa
cell lines such as PC3 and DU145 [31,32].

IL-6 is also demonstrated to be an EMT inducer leading to PCa invasiveness [33] and its elevated
level is found in metastatic specimens of PCa patients [34]. A study investigating TRAMP (transgenic
adenocarcinoma of the mouse prostate) mouse-derived PCa cell lines demonstrated elevated IL-6
levels in hormone resistant cells. Knocking down IL-6 can increase E-cadherin expression and
decrease vimentin expression via Stat3 pathway, which also reduces tumor invasion in vivo [35].
Consistently, in LNCaP cells, IL-6 can induce cell migration as well as altered mesenchymal morphology.
Mechanistically, IL-6 can induce Twist expression via State3 pathway and lead to the increased
fibronectin expression and the inhibited E-cadherin expression [36]. In addition, a similar effect of IL-6
on EMT has been reported using BPH cells [37].

Accumulating evidence has demonstrated that fibroblast growth factor (FGF) family is associated
with EMT in PCa. An in vitro study using PCa cell lines demonstrated that FGF2 increases
mesenchymal markers, N-cadherin, vimentin and decreases epithelial marker, E-cadherin, leading
to cell invasion [38]. Moreover, by using a transgenic mouse-expressing FGF9 in PrECs crossed with
the TRAMP mouse model, the authors found that forced expression of FGF9 can accelerate the PCa
progression in TRAMP mice. Mechanistically, FGF9 derived from LNCaP cells is shown to activate
c-Jun dependent TGF-β secretion from prostatic stromal cells, which in turns triggers EMT of LNCaP
cells in a paracrine manner [39].

PCa is a typical androgen-dependent disease and ADT is a standard treatment for patients with
metastatic disease. It is known that androgen receptor (AR) can induce the expression of several
proteases such as MMP2/9 and TMPRSS2 underlying cell invasion [40–42]. In contrast, AR ablation
has been shown to induce EMT genes [43]. Mechanistically, AR directly represses Snail gene expression
by directly binding to its responsive elements of the promoter. Thus, enzalutamide can promote PCa
EMT by de-repressing Snail [44]. Similarly, AR-negative PCa cell lines, PC3 and DU145, show higher
mesenchymal gene expression and lower epithelial characteristics than androgen-dependent PCa
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cell lines, LNCaP [45]. By using patient-derived xenograft model, a study demonstrated that both
N-cadherin and vimentin become elevated after ADT [46]. Furthermore, ADT can affect EMT gene
expression partly due to the emergence of AR variants [47,48]. For example, one of AR variant such
as AR-V7 has been shown to induce mesenchymal genes such as ZEB1 and vimentin, and stem cell
marker, Nanog, leading to metastasis [49–51].

Clinically, there is a positive correlation between AR and β-catenin in high-grade PCa [52].
It certainly implies Wnt/β-catenin signaling is associated to PCa [53]. Indeed, DAB2IP, a potent
tumor suppressor, is able to block Wnt-induced EMT by facilitating β-catenin degradation resulted
in increasing E-cadherin expression through the canonical pathway [54]. It has been reported that
up-regulation of Frizzled 8 (FZD8), which is a subtype of Wnt family receptor, induces PCa to
metastasize to bone [55]. Moreover, osteoblast derived Wnt-induced secreted protein-1 (WISP1)
facilitated PC3 and DU145 invasion through up-regulation of VCAM-1 [56]. In addition, non-canonical
Wnt signaling could also contribute EMT, for example, in high-grade PCa specimens exhibiting
elevated Wnt5A, N-cadherin and vimentin expression but no change in E-cadherin expression [57].

Table 1. Microenvironment soluble factors involved in EMT progression of PCa.

Soluble Factors Role in EMT Impacts on PCa Progression Reference

TGF-β1 Inducer Invasion, Migration, Metastasis, Sphere formation [28–32]
BMP Inducer Sphere formation [58]
IL-6 Inducer Invasion, Metastasis, Sphere formation, Tumor incidence [33–35,37]
FGF Inducer Invasion, Metastasis [38,39]
AR Suppressor EMT Suppression [24,43,44,52]

AR variants Inducer Metastasis [47–50]
Wnt/β-catenin Inducer Invasion, Metastasis, Stemness [42,52,53,55–57]

EMT: epithelial-to-mesenchymal transition; PCa: prostate cancer.

Accumulating evidence has demonstrated that interplay between signal transduction pathways
in response to external stimuli is a critical mechanism to drive the development of metastatic CRPC.
In particular, signaling pathways involved in the initiation of EMT often lead to suppression of
E-cadherin, resulting in enhanced cell proliferation and metastasis. Particularly, the phosphoinositide
3-kinase (PI3K)-Akt signaling pathway integrates external growth factor stimulations with internal
cellular processes. TGF-β can initiate EMT by dissociation of E-cadherin/catenin complexes from
the actin cytoskeleton via PI3K/Akt signaling [58]. In this study, the authors demonstrated that
TGF-β treatment induces PI3K activation, phosphorylation on either α- or β-catenin associated
with E-cadherin localized at the actin cytoskeleton. Dissociation of phosphorylated α- or β-catenin
molecules from the E-cadherin results in diminished cell–cell adhesion, as well as enhanced cell
migration and invasion. Moreover, TGF-β treatment also leads to significant down-regulation of
E-cadherin protein level, accompanied by dramatic change of cancer cell shape from epithelial-like
to spindle-like morphology. In contrast, PTEN is a PI3K-Akt signaling regulator involved in
stabilization of adherent junctions via de-phosphorylation of β-catenin. TGF-β treatment causes
PTEN dissociation from β-catenin, and thus reduced β-catenin dephosphorylation further facilitates
PI3K-induced β- and α-catenin phosphorylation, leading to reduction of E-cadherin/catenin complex
at the adherent junction and transformation into a more mesenchymal-like phenotype. Meanwhile,
bone morphogenetic protein-7 (BMP-7) is shown to induce activation of PI3K and ERK signaling and
contributes to the morphological conversion of bone metastatic PCa cell line in both 2D monolayer and
3D spheroid culture system [59]. In particular, the authors observed a significant down-regulation of
E-cadherin, accompanied by up-regulation of both Twist and Slug in 3D-cultured PC3 spheroids after
exposure to BMP7 treatment. In contrast, inhibition of both Akt and ERK signaling cascades abolishes
BMP7-mediated EMT in PC3 cells by diminishing cell migration motility. Overall, this study suggests
that initiation of EMT by BMP7 can be regulated through PI3K and ERK signaling in PCa.

Moreover, another critical downstream effector of Akt during prostate tumorigenesis is the
mammalian target of rapamycin (mTOR) kinase. Hyper-activation of mTOR is observed in nearly 100%
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of advanced PCa [60,61]. In a study using ribosomal profiling approach, mTOR signaling mediates the
translation of a specific repertoire of PCa genes involved in cell proliferation, metabolism and invasion.
Based on the profiling outcome, mTOR translationally regulates genes including YB-1 (Y-box binding
protein 1), vimentin, and MTA1 (metastasis associated 1) that are mainly involved in PCa invasion and
metastasis [62]. Notably, ectopic expression of YB-1 can enhance translational activation of Snail and
Twist, leading to down-regulation of E-cadherin and enhanced cell migration motility. In contrast, loss
of YB-1 results in significant reduction of several mesenchymal factors such as Twist, N-cadherin and
Snail [63]. Overall, this study demonstrated a critical impact of YB-1 on EMT, MTA1 is a chromatin
remodeler playing an important role in PCa invasiveness. A study using MTA1 transgenic knock-in
mouse model displayed an inverse correlation between MTA1 and E-cadherin level in the murine
prostate tissue, and that MTA1 is shown to suppress E-cadherin expression at post-transcriptional
level [64]. Meanwhile, another study also showed that MTA1 impacts on the invasiveness of PCa
cells through regulating E-cadherin expression [65]. Functionally, ectopic expression of MTA1 leads
to increased invasive capacity of untransformed prostate epithelial cell line [64,66,67]. In addition,
studies using clinical specimen and tumor model also demonstrated a significant elevation of MTA1
in highly aggressive PCa, and that loss of MTA1 diminishes PCa invasion, bone metastasis and
angiogenesis [68–70]. Overall, these studies demonstrated a significant role of MTA1 and YB-1 in
the EMT of PCa leading to metastatic progression of the disease. In addition, different protein
components of the mTOR complex such as mTORC1 and mTORC2 exhibit its significant impact on
PCa metastasis. Loss of the mTORC1 or mTORC2 complex components, Raptor or Rictor, leads to
attenuation of PCa migration and invasion due to elevated E-cadherin and β-catenin expression and
reduced mesenchymal markers such as N-cadherin and vimentin [71]. Moreover, it appears that
paclitaxel-resistant PCa cells are invasive [21]; this is initiated by EMT via Notch-1 signaling and
suppression of E-cadherin expression. Overall, this study implies that Notch-1 signaling facilitates the
mesenchymal phenotype associated with the acquisition of chemo-resistance in PCa cells.

3. Transcription Factors Associated with EMT

E-cadherin is an essential cell–cell adhesion molecule involved in maintaining the epithelial
integrity of the carcinoma cell. Hence, loss of E-cadherin becomes a critical step for EMT initiation and
is mainly regulated by several transcriptional repressors such as Snail [72], Slug [73], Twist [74,75] and
ZEB1 [76].

Snail is a zinc-finger protein binding to E-box sequences of the E-cadherin promoter [72].
Aberrant up-regulation of Snail has been observed in many malignancies such as breast cancer,
ovarian cancer [77,78], colorectal cancer [79,80] and PCa [44,81]. In particular, elevation of Snail protein
expression has been seen in both enzalutamide-resistant PCa cell line as well as highly metastatic PCa
patient specimens [81]. Particularly, ectopic expression of Snail results in enhanced elevation of both AR
and AR variants, which might be an initial cause of enzalutamide resistance in PCa lines, suggesting
the impact of Snail on the recurrence of metastatic CRPC. In addition to its suppressor function,
Snail may facilitate cancer metastasis via enhancing the protein expression and enzymatic activity
of urokinase-type plasminogen activator (uPA) leading to enhanced motility in PCa cell lines [82].
In addition, Snail impacts on the expression level of several tight junction protein components by
repressing the promoter activity of claudins and occludin genes, and inhibiting Zona occludin 1 (ZO-1)
expression at post-transcriptional level [83,84]. Overall, the impact of Snail on EMT process and cell
adhesion molecules demonstrates its crucial regulatory role in the disease progression of PCa.

Slug is a dominant regulator of EMT in many cancers including PCa. In addition to acting
as an E-cadherin transcriptional repressor, Slug also regulates other factors leading to EMT in
PCa. An in vitro study showed that Slug up-regulates both CXCL12 and CXCR4 and impacts on
CXCL12/CXCR4 signaling downstream target gene, MMP9, leading to highly invasiveness of PCa [85],
implying that up-regulation of autocrine CXCL12 is a critical mechanism underlying Slug-mediated
migration and invasion of PCa. In primary PCa, Slug/SNAI2 gene expression are often down
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regulated due to the promoter methylation; the expression of Slug is restored or elevated in the
invasion front of high grade PCa and lymph node metastases [86]. In addition, Slug can suppress
several metastasis-suppressor genes such as KISS1. Particularly, KISS1 is able to inhibit EMT by via
suppressing N-cadherin and vimentin, and increasing E-cadherin expression then diminish tumor
cell migration and invasion motility [87]. Clinically, loss of KISS1 is widely observed in primary and
metastatic PCa compared with benign tissue. Restoring KISS1 expression in highly metastatic PCa cell
lines results in diminishing cell invasion motility [88]. Taken together, Slug is a highly potent promoter
for PCa metastasis via EMT induction, cytokine production and metalloprotease secretion.

Twist is a basic helix-loop-helix protein that plays critical roles during development and
tumorigenesis. Many studies have demonstrated that Twist can activate EMT, and that it enhances cell
migration via binding to the promoter of the E-cadherin gene. In the past, the mechanistic association
between Twist and transcriptional repression of E-cadherin has been shown in many malignancies
including esophageal squamous cell carcinoma [89], bladder cancer [90], breast cancer [91] and
PCa [92]. Clinically, Twist is found highly expressed in malignant prostatic tissue when compared to
BPH tissue, and its protein level is significantly correlated with Gleason grades and metastasis [75].
Meanwhile, overexpression of Twist at the marginal area of prostatic tumor has been correlated with
capsule invasion and biochemical recurrence (BCR) in PCa patients receiving radical prostatectomy [93].
In addition to acting as E-cadherin repressor, Twist also facilitates EMT by regulating N-cadherin
expression [94]. This study demonstrated that β1 integrin-mediated nuclear translocation of Twist is
capable of inducing N-cadherin transcriptional activation via binding of Twist to the E-box regulatory
element within the N-cadherin gene, suggesting that Twist acts as pivotal transcription factor in the
metastatic progression of PCa.

ZEB1 is a zinc finger homeodomain transcriptional repressor that regulates skeletal patterning
during development and suppresses E-cadherin transcriptional activity in multiple malignancies.

Clinically, ZEB1 is elevated in high-grade prostatic tumors, compared to benign or lower grade
PCa specimens [95]. A recent study demonstrated that ZEB1 is physically associated with the histone
H4K20-specific methyltransferase, SET8. Mechanistically, SET8-induced H4K20 methylation is implied
to exert a dual function in ZEB1-regulated gene expression. Functionally, ZEB1 and SET8 cooperatively
trigger EMT by suppression of E-cadherin and induction of vimentin in PCa cells, leading to the
invasive potential of PCa [96]. Moreover, an in vitro study has demonstrated that elevation of
ZEB1 and loss of E-cadherin is concurrently observed in a subpopulation of PC3 cells that acquired
trans-endothelial migration characteristics in vitro, compared to the parental cell line. In contrast, loss
of ZEB1 partially restores the epithelial phenotype and reduces trans-endothelial extravasation of PC3
cells [76]. Overall, this study suggests that ZEB1 is a critical regulator of EMT and mediates vascular
extravasation of PCa cells during the disease progression.

Forkhead box (FOX) proteins constitute a large family of 19 subgroups of transcriptional regulators
that contain an evolutionary conserved DNA binding domain (Forkhead or winged-helix). Among
them, FOXA1 is known as a pioneering transcription factor for AR [97–99]. However, FOXA1 loss
is often detected in metastatic PCa specimen [100] because FOXA1 has an AR-independent function
on suppressing EMT via regulating Slug in PCa cells. In contrast, FoxO family is able to block EMT
in malignant cells of multiple cancers [101,102]. Clinically, emerging evidence has demonstrated an
inverse correlation between FoxOs level and PCa grade as well as tumor dissemination, indicating
its suppressor role in PCa metastasis [103]. Mechanistically, the transcriptional activity of FoxO3a is
negatively regulated by PI3K/Akt signaling through post-translational phosphorylate modification.
During PCa progression, progressive activation of Akt leads to increased phosphorylation of FoxO3a,
which impacts on its nuclear localization and hence FoxO3a-dependent transcriptional activity is
further inhibited [104]. Functionally, FoxO3a can directly compete with T-cell factor (TCF) for the
interaction with β-catenin, leading to inhibition of β-catenin/TCF transcriptional activity and thus
reduction in expression of β-catenin-target genes, such as ZEB1 and Snail. Moreover, knockdown
of FoxO3a leads to elevation of N-cadherin, fibronectin, ZEB1 and vimentin in highly metastatic
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PC3 cells [105]. Overall, these data demonstrated a crucial role of FoxO family in PCa metastasis via
targeting EMT factors.

4. Epigenetic Regulation of EMT

Epigenetic regulation is considered as a key initial step in mammalian development. Since EMT
occurs during embryogenesis, it is conceivable that epigenetics also plays a critical role in pathologic
EMT. Accumulating evidence has demonstrated that both hyper- and hypomethylation of DNA are
involved in the deregulation of several genes contributing to PCa progression [106–108]. In particular,
aberrant DNA hypermethylation in cancer may lead to inactivation of tumor suppressor genes,
leading to increased invasiveness of PCa. HIC1 is a tumor suppressor gene located at 17p13.3,
a chromosomal region that is frequently hyper-methylated or deleted in human tumors. HIC1 acts as
a transcriptional repressor involved in the suppression of SIRT1 and the regulation of TP53-dependent
apoptotic DNA-damage responses [109]. A study using PCa specimens showed that high frequency
of HIC1 gene hypermethylation is observed in metastatic PCa, compared to primary and benign
tissue. Moreover, hypermethylation of HIC1 gene in PCa cells leads to induction of cell migration and
metastasis by promoting EMT via enhancing both Slug and CXCR4 expression that are crucial to PCa
metastasis [110]. Meanwhile, restoring HIC1 expression in several PCa cell lines markedly inhibits cell
proliferation, migration and invasion in vitro, as well as reduces tumor growth, tissue metastasis and
bone destruction in vivo [111,112]. Clearly, epigenetic modification of HIC1 promoter can impact EMT
induction in PCa.

Moreover, histone modification of critical genes has similar effect on EMT induction during PCa
metastasis. The histone methyltransferase, MMSET/WHSC1 (Multiple Myeloma SET domain), is
capable of facilitating EMT in PCa cells via induction of Twist1, which in turns suppresses E-cadherin
expression [113]. In addition, Zeste homolog 2 (EZH2) is a critical component of Polycomb repressive
complex 2 (PRC2) and causes gene silencing by increasing histone methylation. Increased level
of EZH2 has been observed in PCa and many other cancer types. Particularly, transcriptional
repression of E-cadherin by EZH2 is often observed in highly aggressive PCa [114–116]. In addition,
EMT-related transcription factor can be an epigenetic regulator to orchestrate EMT process. SIRT1 is,
known as class III Histone deacetylase, also characterized as an EMT-related transcription factor.
By silencing of SIRT1 can cause down-regulation of ZEB1. In addition, recruitment of SIRT1 at the
promoter region of E-cadherin can be facilitated by the presence of ZEB1 in PCa cells, leading to
transcriptional suppression of E-cadherin [117]. A recent study demonstrated that silencing of SIRT1
can suppress PCa cell migration and invasion via down-regulation of Vimentin and N-cadherin, leading
to subsequent up-regulation of E-cadherin [118]. Overall, SIRT1 is a unique epigenetic regulator as
well as EMT-related transcription factor in PCa.

5. MicroRNA Associated with EMT during PCa Progression

MicroRNAs (miRNAs) are small non-coding RNA molecules regulating gene expression
via post-transcriptional silencing of target genes. miRNA regulation is highly associated with
multiple biological processes such as differentiation, proliferation, migration, survival and invasion.
Several miRNAs are known to target transcription factors contributing to the mesenchymal phenotype
in PCa (Table 2). For incidence, members of the miR-200 family (miR-200a, miR-200b, miR-200c,
miR-141 and miR-449) are markedly down-regulated during PCa progression and are shown
to suppress EMT mainly by inhibiting E-cadherin repressors such as ZEB1 and ZEB2 at the
post-transcriptional level [119–121]. Both miR-203 and miR-205 are known to restore epithelial
phenotype in PCa cells by targeting Slug/SNAI2 and ZEB2. Clinically, expression level of miR-203
is significantly attenuated in bone metastatic PCa specimens compared with benign tissue, while
miR-205 is found to be decreased dramatically in lymph node metastasis when compared to primary
prostatic tumor [122,123]. Meanwhile, by miRNA microarray analysis, miR-508-5p, miR-145, miR-143,
miR-33a and miR-100 were found to be significantly down-regulated in metastatic PCa compared to
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the primary tumor. In particular, miR-143 and miR-145 derived from the same cluster are shown to
reverse EMT and reduce PCa cell migration and invasion by targeting fibronectin and ZEB2 [124,125].
Moreover, several mesenchymal factors such as N-cadherin, Twist and Snail are regulated by miR-29b,
which is also down-regulated significantly in PCa cell lines and PCa patient specimens when compared
to normal prostate epithelial cells and adjacent benign tissue, respectively. Ectopic expression of
miR-29b in PCa cells is capable of suppressing PCa invasiveness in vitro, and diminishing secondary
colonization at the lungs and liver following intravenous injection in vivo, suggesting miR-29b acts as
an anti-metastatic miRNA that is down-regulated during PCa progression [126]. Meanwhile, miR-23b
is found to be a methylation-silenced tumor suppressor that inhibits EMT via directly targeting
Src kinase and Akt. Moreover, this study also demonstrated that ectopic expression of miR-23b
in PC3 cells causes decline in mesenchymal markers vimentin and Snail, and increase of epithelial
marker, E-cadherin [127]. Similarly, miR-34a is a tumor suppressive miRNA implicated in EMT and
cancer stemness in multiple tumors. A study showed that miR-34a is negatively correlated with PCa
migration and invasion by targeting lymphoid enhancer-binding factor-1 (LEF1), a key transcription
factor involved in regulation of cell proliferation and invasion. This study also demonstrated that
ectopic expression of miR-34a causes the down regulation of N-cadherin and Snail, and induction
of E-cadherin in LNCaP and C4-2B cell lines, overall suggesting that miR-34a-LEF1 regulation plays
an important role in the metastatic progression of PCa [128]. In addition, miR-486 is significantly
down-regulated in metastatic C4-2 cells as well as disseminated tumors in PCa patients, compared to
parental LNCaP cell and localized PCa tissues, respectively. Functionally, miR-486 is demonstrated
to target Snail by post-transcriptional suppression and functionally inhibit PCa cell migration and
invasion [129]. Findings from this study suggest that miR-486 negatively mediates the migration and
invasion potential of PCa via targeting Snail.

In contrast to tumor suppressor miRNAs, aberrant expression of oncogenic miRNAs is observed
in highly aggressive PCa associated with EMT. A study using intra-cardiac inoculation of PCa cells in
mice demonstrated the oncogenic role of miR-409 in PCa bone metastasis [130]. Inhibition of miR-409
in highly metastatic PCa cells reverses EMT process by increasing E-Cadherin expression, reducing
N-cadherin level, and causing morphological change to the epithelial phenotype.

In addition, several studies demonstrated a negative feedback loop between miRNA and EMT
transcription factors. For example, ZEB2 known as a direct target of miR-145 can also suppress miR-145
at transcription level. This double negative feedback loop between ZEB2 and miR-145 determines
the invasiveness and stemness properties of PCa and contributes to the bone metastasis [131].
Moreover, ZEB1 can suppress the transcription of miR-375 that can inhibit EMT-elicited cell migration
and invasion via targeting YAP1 [132].
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Table 2. MicroRNAs involved in the EMT and metastatic progression of PCa.

MicroRNAs Role in EMT Target Impacts on PCa Progression Reference

miR-200b Suppressor ZEB1, ZEB2
Suppress cell proliferation, EMT, invasion,

and inhibit prostate tumor growth
and metastasis.

[120,133,134]

miR-141 Suppressor ZEB1, CD44, EZH2, Rac1
Inhibits cell sphere formation, invasion,

and suppresses tumor regeneration
and metastasis.

[119]

miR-203 Suppressor ZEB2, Bmi, Survivin, RunX2
Suppress prostate tumor metastasis, inhibit

cell proliferation, EMT, and
invasion motility

[122]

miR-205 Suppressor c-SRC, ZEB1, ZEB2 Attenuate cell proliferation, invasion and
tumor growth [123,135,136]

miR-143 Suppressor Fibronectin, ZEB2, MMP13 Suppress cell invasion and migration [125,137]

miR-145 Suppressor Fibronectin, ZEB2 Repress cell bone metastasis, invasion
and migration [125]

miR-29b Suppressor N-cadherin, Twist1, Snail Suppress cell invasion, migration and
attenuate prostate tumor lung metastasis [126]

miR-23b Suppressor Slug, Vimentin, Src Suppress cell migration, invasion and
attenuate prostate tumorigenecity [127]

miR-34a Suppressor LEF1, N-cadherin, Snail Attenuate cell invasion and migration [128,138]

miR-486 Suppressor Snail Suppresses migration and invasion of cells. [129]

miR-409 Inducer STAG2, RBL2, RSU1, NPRL2
Increase invasiveness and aggressiveness,
and promotes tumorigenecity, EMT and

stemness of prostate tumor
[130]

6. Long Non-Coding RNA Regulation of EMT in PCa

Long non-coding RNAs (lncRNAs), such as the prostate specific prostate cancer antigen
3 (PCA3/DD3), also plays a critical role in PCa EMT. Silencing of PCA3 in LNCaP cells modulates the
expression pattern of several cancer-related genes coding EMT markers such as MTA2 and PLAUR.
Meanwhile, PCA3 is shown to facilitate PRKD3-mediated invasion and migration via competitive
sponging of miR-1261 [139]. In addition, SChLAP1 (Second Chromosome Locus Associated
with Prostate-1) is prevalently expressed in a subset of metastatic PCa, compared to localized
primary PCa. Mechanistically, SChLAP1 is able to enhance PCa metastasis by altering the cellular
localization and gene regulation of tumor-suppressive SWI/SNF (Switch/Sucrose Nonfermenting)
chromatin-modifying complex through interaction with SNF5 [140]. In addition, a recent study also
demonstrates that SChLAP1 can modulate the MAPK1 signaling pathway, leading to accelerating
cell proliferation and enhancing metastatic potential of PCa in vitro and in vivo [141]. Another highly
up-regulated lncRNA in PCa is Metastasis-associated Lung Adenocarcinoma Transcript 1 (MALAT1)
that is shown to enhance EZH2-mediated repression of Polycomb-dependent target gene, E-Cadherin.
Mechanistically, by interacting with the Polycomb protein enhancer of EZH2, MALAT1 is capable of
facilitating EZH2 recruitment to target genes, such as E-cadherin and DAB2IP, resulting in enhanced
EZH2-mediated migration and invasion in aggressive CRPC cell lines [142–144]. PlncRNA-1 has been
shown to induce N-cadherin expression through modulating TGF-β1 signaling, and hence increase
PCa cell migration and invasion motility [145].

7. Conclusions

The initiation of EMT is considered the initial step leading to cancer metastasis that is expected
to contribute to the poor prognosis of cancer patient. Thus, targeting EMT is likely to improve the
overall survival of a patient. EMT is a highly regulated process that can be engaged by the reciprocal
interaction between tumor surrounding microenvironment and cancer cells. Through extensive survey
in PCa, several key inducers associated with the specific signaling pathways and their regulations have
been reported. With respect to the role of EMT in cancer metastasis, stemness, and chemo-resistance,
apparently, these key regulators can be druggable targets to be a new generation of cancer medicine as
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a targeted therapeutic strategy. In this case, small molecule inhibitor such as EZH2 inhibitor or certain
unique miRNA such as miR-200 [146] and miR-145 [147] can be further tested in vivo to evaluate their
efficacy and validate their mechanism of action.
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