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ABSTRACT 11 

Signal transducer and activator of transcription 3, STAT3, is an essential member of 12 

the STAT family. STAT3 regulates diverse genes mediating inflammatory reaction, 13 

cell survival, proliferation, and angiogenesis, and it is aberrantly upregulated and 14 

activated in various types of malignancies. Meanwhile, STAT3 signaling is involved 15 

in multiple feedback loops and pathways. In this study, we demonstrate that in renal 16 

cell carcinoma, miR-93-3p act an oncogenesis role in renal cell carcinoma. It 17 

enhanced RCC cell proliferation and suppressed apoptosis. Besides, STAT3 could 18 

regulate the transcription of miR-93 by directly binding with its promoter region. 19 
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miR-93 can inhibit the protein level of death-associated protein kinase 1, DAPK1. 20 

What’s more, STAT3 could block the expression of DAPK1 on the level of RNA. 21 

Importantly, we verify that, through over-expression, DAPK1 might, in return, 22 

suppress the activated-STAT3 entering cell nucleus. Thus, the study uncovers a 23 

potential signaling transduction pathway, STAT3-miR93-DAPK1, which is 24 

continuously activated, and may provide a novel clinical therapeutic approach for 25 

RCC. 26 

Keywords 27 
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Introduction 29 

Renal cell carcinoma (RCC) accounts for 2–3% of all adult malignancies, and the 30 

incidence of RCC ranks third of the urinary tumor, only following prostate and 31 

bladder carcinoma in China. Statistics data from the Chinese National Cancer 32 

spectrum show that the incidence of RCC has increased by 6.5% per year over the 33 

past 20 years and with 40% of patients dying from RCC. Early diagnosis became the 34 

best chance for curing. However, patients with early-stage RCC lack typical clinical 35 

symptoms, such as pain, the presence of a mass, or haematuria. Unfortunately, more 36 

than 30% of RCC patients have metastatic lesions once diagnosed. Therefore, the 37 

development of efficient clinical diagnostic strategies is critical for the prevention and 38 

management of RCC [1-3].  39 

MicroRNAs (miRNAs) are a class of highly conserved endogenous small non-coding 40 

RNAs, existing in almost all organisms. They function as negative regulators of gene 41 

expression by base pairing and binding with the 3′-untranslated region (3′-UTR) of 42 

target mRNA, causing RNA degradation or translation suppression. Accumulating 43 
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evidence has demonstrated that miRNAs play essential roles in biological processes, 44 

such as differentiate, proliferation, and apoptosis. The dysregulation of miRNAs is 45 

recognized as the crucial factor in the development and progression of diverse cancers 46 

[4-8]. The miR-106a-25 cluster encodes for three miRNAs, miR-106b, miR-93, and 47 

miR-25, and is embedded within the 13th intron of Mini-chromosome Maintenance 48 

protein 7 (MCM7) gene [9, 10]. MiR-93 is up-regulated in many human cancers, such 49 

as gastric, breast, prostate, and ovarian tumors [11-14]. It acts as an oncogene to 50 

modulate cell apoptosis, cell cycle, and proliferation. However, the function of miR-51 

93-3p in RCC and its associated with signalling pathway remain unknown. 52 

Methods 53 

Cell Lines 54 

The human renal carcinoma cell lines (786-O, ACHN, 769-P, OSRC-2, and CAKI-1) 55 

and the proximal tubule epithelial cell line (HK-2) were obtained from the Chinese 56 

Academy of Sciences Committee on Type Culture Collection cell bank (Shanghai, 57 

China). All media were supplemented with 100 U/ml penicillin, and 100 mg/ml 58 

streptomycin (TBDscience, Tianjin, China), and cells were cultured at 37°C in 5% 59 

CO2. 60 

Tissue samples and clinical data collection 61 

In this study, we analyzed 96 patients who underwent surgical resection and were 62 

diagnosed pathologically with RCC at the First Hospital of Chinese Medical 63 

University from 2016 to 2017, and collected tissue samples were stored at -80°C until 64 

used. The study was approved and supervised by the Ethics Committee on Human 65 

Research of the First Affiliated Hospital of Chinese Medical University, and 96 66 

patients volunteered for this study and had written informed consent.  67 
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RNA preparation and quantitative real-time polymerase chain reaction 68 

mRNA was obtained from clinical samples and treated cells with RNAiso Plus 69 

(Takara, Dalian, Liaoning, China). cDNA was synthesized with PrimeScript
TM

 RT 70 

Master Mix (Takara, Dalian, Liaoning, China), and quantitative real-time PCR was 71 

performed using SYBR Premix EX Taq
TM

 (Takara, Dalian, Liaoning, China). 72 

microRNA was extracted using a miRNeasy
TM

 Mini Kit (Qiagen, Hilden, Germany). 73 

cDNA synthesis and quantitative real-time PCR were performed using Mir-X™ 74 

miRNA First-Strand Synthesis Kit and SYBR® Premix Ex Taq™ II (Takara, Dalian, 75 

Liaoning, China) according to the manufacturer’s protocol. All data were normalized 76 

to the expression of beta-actin(𝛃-actin) and U6. The relative expression was evaluated 77 

using the 2−ΔΔCt method. The primers for target genes and the internal reference 78 

used in this study were as follows: DAPK1 F: 5’-AGAAATTCAAGAAGTTTGCAG-79 

3’; R: 5’-GTCTTCCTCATCCAGAGTAT-3’, STAT3 F: 5’-80 

ATCACGCCTTCTACAGACTGC-3’; R: 5’-CATCCTGGAGATTCTCTACCACT-81 

3’, β-actin F: 5’-CAGTACGTTGCTATCCAGGC-3’; R: 5’-82 

CTCCTTAATGTCACGCACGAT-3’, Hsa-miR-93-3p 5’: 83 

ACTGCTGAGCTAGCACTTCC. 84 

Plasmid and Transfection 85 

The human pCMV3-DAPK1 (Sino Biological, Beijing, China) plasmids and dual-86 

luciferase reporter plasmids (GenePharma Corporation, Suzhou, Jiangsu, China) were 87 

transfected with P3000
TM

reagents and Lipofectamine
TM

 3000 transfection reagent 88 

(Invitrogen, Carlsbad, CA, USA), and operated strictly according to instruction. 89 

The two most effective STAT3 siRNAs, agomir, antagomir, and their negative control 90 

(GenePharma Corporation, Suzhou, Jiangsu, China), were transfected with 91 
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lipofectamine
TM

 3000 transfection reagent. The siRNA sequences were as follows:  si-92 

STAT3-1 5’-CAUCUGCCUAGAUCGGCUAdtdt-3’; 5’-93 

UAGCCGAUCUAGGCAGAUGdtdt-3’, si-STAT3-2 5’-94 

GCAGGAUCUAGAACAGAATT-3’; 5’-UUUCUGUUCUAGAUCCUGCTT-3’. 95 

Lentivirus vector transduction 96 

Cells were transduced with STAT3-overexpressed lentiviruses (GenePharma 97 

Corporation, Suzhou, Jiangsu, China) in complete medium containing 5 µg/ml 98 

polybrene and incubated at 37°C in 5% CO2. Cells were culture for 48 hours and 99 

harvested for detecting of transduction efficiency by qRT-PCR, and GFP expression 100 

was observed by fluorescence microscopy 72 hours after transduction, 101 

Xenograft tumor model and staining 102 

BALB/c nude mice (4-week-old, 14–16 g, female) were purchased from Beijing Vital 103 

River Experimental Animal Technology Co Ltd, housed in barrier facilities on a 12h 104 

light/dark cycle. The Institutional Animal Care and Use Committee of China Medical 105 

University supervised and approved all of the experimental procedures. 106 

Overexpressed miR-93-3p ACHN cells and negative control cells (4-6×10
6
) were 107 

inoculated subcutaneously in the left dorsal flanks. The length and width were 108 

measured with calipers, and tumor volumes were calculated using the equation 109 

(Length × Width
2
)/2. The volume of xenograft tumors was recorded every week. On 110 

the 45
th

 day, the animals were euthanized, and the tumors were excised, weighed, and 111 

paraffin-embedded. Serial 6.0µm sections were cut and subjected to staining assays. 112 

The proportion of Ki-67 (Abcam, Cambridge, MA, USA) stained cells was counted 113 

and determined to assess the proliferative capacity. Apoptosis was assayed by the 114 

DeadEnd Fluorimetric TUNEL system (Promega, Beijing, China).  115 
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Western blotting 116 

Cultured cells were washed, harvested, and lysed on the ice of RIPA lysis buffer 117 

containing Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktail (1:100, 118 

Bimake, 9330 Kirby Drive, STE 200, Houston, TX, USA). Rabbit monoclonal 119 

primary antibodies were specific to DAPK1, STAT3, pSTAT3 (Cell Signaling 120 

Technology, Danvers, MA, USA), GAPDH (Sigma-Aldrich, MO, USA), Histone H3 121 

(Abcam, Cambridge, MA, USA). Following washing with TBST, the membranes 122 

were incubated with secondary antibodies to rabbit IgG (1:5000, ZSBG-BIO, Beijing, 123 

China). The densitometry values were calculated with Image J software. Nuclear 124 

extracts were obtained with a Nuclear Extraction Kit (Abcam, Cambridge, MA, USA) 125 

according to the manufacturer’s protocol. 126 

Cell proliferation and viability assay  127 

Cells were seeded before treatment, and Cell Counting Kit-8 assay (CCK-8, Dojindo 128 

Molecular Technologies, Inc. Shanghai, China) was used to assess the proliferation 129 

potential. Each assay was repeated at least 3 times. Three replicates were made for 130 

each time point. 131 

Cell apoptosis assay 132 

Cell apoptosis was examined using flow-cytometry analysis, performed using a 133 

FACSCalibur flow cytometer (Becton Dickinson Biosciences, San Jose, CA) 134 

equipped with CellQuest software (BD Biosciences). The cells were collected and 135 

stained with FITC Annexing V and PI (Pharmingen Annexin V FITC Apoptosis Kits, 136 

BD, San Diego, CA, USA).  137 

IL-6 and Stattic treatment  138 
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IL-6 (Sino Biological, Beijing, China) and Stattic (Selleck, Shanghai, China) were 139 

reconstituted according to the manufacturer’s protocol. Before treatment, cells were 140 

cultured with serum-free medium for 12 hours. IL-6 and stattic solution was diluted in 141 

serum-free medium to the different concentration. Serum-free medium was used in 142 

the control group. 143 

Immunofluorescence  144 

Immunofluorescence images were captured with an inverted fluorescence microscope 145 

(Olympus, Tokyo, Japan). After transfection, cells were seeded in 24-well plates and 146 

treated with IL-6 at 20 ng/ml for 20 mins. Then, cells were reacted with rabbit 147 

polyclonal antibody against pSTAT3 (1:200, Cell Signaling Technology, Danvers, 148 

MA, USA) in blocking buffer overnight. Before viewing, the nuclei were stained with 149 

DAPI (Beyotime, Shenzhen, Guangdong, China).  150 

Chromatin immunoprecipitation assay 151 

The chromatin immunoprecipitation (ChIP) assay was performed using SimpleChIP® 152 

Plus Sonication Chromatin IP Kit (Cell Signaling Technology, Danvers, MA, USA) 153 

according to the manufacturer’s protocol. After reverse cross-linking by heating at 154 

60°C and vibrating for more than 2 hours, qRT-PCR was performed using promoter-155 

specific forward and reverse primers, as follows: F: 5’-156 

AAAACAAATTCCACGCTCCT-3’; R: 5’-GCTCTGCCACTTCCTCACA-3’. 157 

Precipitated DNA was also amplified for 25 cycles and was resolved on 2% agarose 158 

gel to evaluate the target DNA. 159 

Statistical analysis 160 



 8 

Each experiment was repeated three times. All statistical analyses were carried out 161 

using SPSS 21.0 statistical software (SPSS Inc., Chicago, IL, USA), and the results 162 

are presented as the mean ± SD. The 2-tailed Student’s t-test was used to evaluate the 163 

significance of differences between two groups of data in all pertinent experiments. 164 

Mann–Whitney U test was performed for unpaired group comparisons. A p-value < 165 

0.05 was considered significant. 166 

 167 

Results 168 

miR-93-3p was up-regulated in RCC tissues and cell lines  169 

First, we assessed the expression levels of miR-93-3p in RCC tissues using online 170 

public data from the Cancer Genome Atlas (TCGA). We found that miR-93-3p 171 

expression levels were significantly up-regulated in RCC tissues compared with 172 

normal tissues (Supplementary Figure a). Furthermore, miR-93-3p expression levels 173 

were qualified in 96 paired RCC samples and adjacent normal tissues using qRT-174 

PCR, and normalized to GAPDH (P<0.05; Figure 1a). The results were consistent 175 

with the TCGA data analysis. What’s more, we assessed the expression of miR-93-3p 176 

in RCC cell lines (ACHN, 786-O, 760-P, OSRC-2, CAKI-1), and in a normal tubular 177 

epithelial cell line (HK-2). The expression of miR-93-3p was also found to be 178 

elevated in all of the RCC cell lines compared with the normal cell line (P<0.05; 179 

Figure 1b). 180 

miR-93-3p increased RCC cells proliferation in vitro and enhanced tumor 181 

growth in vivo 182 
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To investigate the function of miR-93-3p in tumors’ development and progression, 183 

RCC cell lines, ACHN and 786-O, were transfected with the agomir and antagomir of 184 

miR-93. After transfection, we performed colony formation assays and CCK-8 assays 185 

to evaluate the function of miR-93-3p on cell proliferation and viability. Over-186 

expression of miR-93-3p increased the proliferation and viability rates of RCC cells, 187 

while inhibition of miR-93-3p expression suppressed cell proliferation and viability 188 

(P<0.05; Figure 1c and 1d).  189 

To examine the effects of miR-93-3p on the progression of RCC in vivo, nude mice 190 

were subcutaneously inoculated with ACHN cells. After cells transfected with agomir 191 

of miR-93-3p and negative control were injected intratumorally, two groups were 192 

backed into cages to continue to be raised for 45 days. The results showed that the 193 

tumors, received an agomir injection grew much faster than the tumors from negative 194 

control groups (Figure 1e). The size of xenograft tumors in agomir groups were 195 

significantly smaller compared with that in the control group. The further histological 196 

examination showed that the miR-93 over-expression groups increased the expression 197 

of Ki67 in xenograft tumor cells compared with the control groups (Figure 1f). These 198 

results further confirmed that up-regulated miR-93 enhanced tumor growth in vivo 199 

and in vitro. 200 

miR-93 mediated RCC cells apoptosis by inhibiting DAPK1 expression 201 

To evaluate the effect of miR-93 on the apoptosis of RCC in vitro, flow cytometry 202 

analysis was performed. The proportion of apoptotic cells transfected with miR-93 203 

agomir significantly decreased compared with the negative control group, while 204 

inhibition of miR-93 expression promotes cell apoptosis (P<0.05, Figure 2a). 205 
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Moreover, TUNEL Assays showed that in vivo, the apoptotic cells, marked as green 206 

spots, in agomir groups were less than the negative control group (Figure 2b). 207 

Next, we explored the potential targets of miR-93 by miRWalk 2.0 208 

(http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/index) 209 

and found that death-associated protein kinase 1, DAPK1, was a putative target of 210 

miR-93-3p (Figure 2c). Next, we investigated whether miR-93 could regulate 211 

specifically the expression of DAPK1 through qRT-PCR and western blotting. 212 

Western blotting confirmed that in the cells transfected with agomir, up-regulated 213 

miR-93 significantly decreased and protein levels of DAPK1, while the cells 214 

transfected with antagomir showed the opposite result in the two RCC cell lines 215 

(P<0.05, Figure 2d). However, there were no differences among each transfection 216 

groups from the results of qRT-PCR (ns P>0.05, Supplemental Figure b). That 217 

indicates miR-93 might impact on the protein levels of DAPK1, but it would have no 218 

effects on mRNA levels of DAPK1. Then, the dual-luciferase reporter assay was 219 

performed to examine miR-93 directly bound with the 3′UTR region of DAPK1 220 

mRNA. According to the predicted binding site, we structured and co-transfected 221 

pmirGLO luciferase reporter plasmids, respectively containing a wild-type and a 222 

mutant-type DAPK1 3′UTR, with miR-93 agomir or negative control in 293T cells. 223 

The data from the ration of absorbance showed that luciferase activity of the cells 224 

transfected with wild-type plasmid and agomir was down-regulated. In contrast, there 225 

was no significant change when the cells were transfected with the mutant type. 226 

(P<0.05, Figure 2e). After that, we performed the recovery assay by western blotting 227 

to further verify miR-93 regulate the protein expression of DAPK1 (Figure 2f). CCK-228 

8 and apoptosis recovery assay were also examined among mock, miR-93, DAPK1 229 

and recovery groups (Figure 2g and 2h). 230 
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STAT3 induced miR-93 expression 231 

We further investigated whether miR-93 regulation was related to some crucial 232 

signaling pathways involved in cancer development or progression. First, we searched 233 

miR-93 gene using UCSC Genome Browse website (http://genome.ucsc.edu/). We 234 

selected upstream by 2000 bases and downstream by 1000 bases, and got the 235 

promoter region sequence of miR-93. Then, we typed the sequence into Jaspar (http:// 236 

jaspar.genereg.net/) and Promoter Scan (http:// www-237 

bimas.cit.nih.gov/molbio/proscan/) search term, set threshold score 90% and got a 238 

series of transcription factors and their bound sites. Bioinformatics data indicated that 239 

there was one STAT3 bound site within the miR-93 promoter, which matched each 240 

other from the two websites (Figure 3a). To verify this finding, we measured the 241 

expression of miR-93-3p and STAT3 in 96 RCC samples, and we found there was a 242 

positive correlation between the expression of the two factors (P<0.05, R
2
=0.41, 243 

Figure 3b). Then the expression of miR-93-3p was quantified by qRT-PCR in ACHN 244 

and 786-O cells under two adverse stimuluses. Above all, we examined Interleukin 6 245 

(IL-6) as an exogenous activator of STAT3, and stattic as an exogenous inhibitor by 246 

western blotting. Then, we measured the concentration-pSTAT3 curve and time-247 

pSTAT3 curve of activator and inhibitor by western blotting. 786-O cell lines were 248 

treated at different concentrations of 10µg/ml, 20 µg/ml, 30 µg/ml and 40 µg/ml IL-6 249 

solution for 20 mins. The value of pSTAT3, active STAT3, from 20 µg/ml, 30 µg/ml 250 

and, 40 µg/ml group exhibited stronger than 10 µg group, and there was no significant 251 

difference among the last three groups. Since adding 20 µg/ml IL-6 solution for 10 252 

mins, pSTAT3 began to ascend, until 20 mins, the account of pSTAT3 peaked to 253 

twice as free serum medium group. Last, we found the expression of both miR-93-3p 254 

was up-regulated in 786-O cells treated with 20ng/ml IL-6, while the expression 255 
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showed the opposite tendency under 20µM stattic stimulating (Figure 3c). 256 

Interestingly, we found the expression of miR-93-3p rose 30 mins later, and it reached 257 

the highest peak value after 2-hour-treatment (Figure 3d). For 6 hours under IL-6 258 

continuously stimulating, the expression of miR-93-3p decreased.  Furthermore, we 259 

next directly knocked down STAT3 by transfecting two silence interfere RNAs 260 

(siRNA) of STAT3, performed qRT-PCR to examine the change of miR-93-3p. 261 

Consistent with exogenous cytokine regulation, miR-93 expression was found to be 262 

significantly decreased when transfection with siRNA (Figure 3e). These results 263 

demonstrated that the activation of STAT3 induced miR-93 expression, whereas the 264 

inhibition of STAT3 signaling suppressed miR-93 expression. 265 

STAT3 directly bound the promoter region of the miR-93 266 

To verify the direct binding of STAT3 at the predicted potential sites in the promoter 267 

region of miR-93, pmirGLO luciferase reporter plasmids, containing miR-93 268 

promoter sequence and corresponding mutant sequence, were constructed (Figure 4a). 269 

After transfection with Mut and WT plasmids, cells continued to culture for 36 hours, 270 

and treated with 20 ng/ml solution and free serum medium for 2 hours. Then we 271 

washed the four groups’ cells and performed the next luciferase reporter assay. Dual-272 

luciferase reporter assays emerged that IL-6 treatment significantly increased the 273 

luciferase activity in the cells transfected with the wild-type plasmids (Figure 4b). 274 

Furthermore, the chromatin immunoprecipitation (ChIP) assay revealed that activated 275 

STAT3 bound with the promoter sequence of the miR-93, then the results were 276 

verified through qRT-PCR and DNA-agarose gel electrophoresis (Figure 4c and 4d). 277 

These data strongly supported that STAT3 directly induced miR-93 by enhancing its 278 

transcription expression. 279 
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DAPK1 and STAT3 interact on each other to regulate cell apoptosis and 280 

proliferation 281 

In the previous study, knockdown of DAPK1 attenuated the curcumin-induced G2/M 282 

cell cycle arrest and apoptosis by modulating STAT3 in GBM cells [15]. We further 283 

investigated whether it would exist the uncover regulatory mechanism between 284 

STAT3 and DAPK1 in RCC. We assessed the expression of DAPK1 in 786-O and 285 

ACHN cells transfected with siRNA of STAT3 by qRT-PCR and western blotting, 286 

and expression under stattic stimulating (Figure 5a, 5b and, 5c). The results presented 287 

that both protein and mRNA expression levels were down-regulated in exogenous 288 

cytokine stimulation and RNA interference cells. It demonstrated that STAT3, as an 289 

oncogenic transcription factor, might regulate DAPK1 mRNA and protein expression 290 

in RCC. However, there was no difference on protein and mRNA expression levels of 291 

STAT3 in RCC cells transfected with pcDNA-DAPK1 (Supplemental figure c and d). 292 

However, pSTAT3 in the nucleus of cells transfected with plasmids decreased 293 

significantly compared with negative control groups (Figure 5d). Moreover, the 294 

account of pSTAT3 entry into nucleus descended under each view in 295 

immunofluorescence assay after RCC cells were transfected with plasmids compared 296 

with RCC cells transfected with negative control (Figure 5e). We found that under 297 

high power fields in DAPK1 over-expressed group, a highlight cycle-bond around the 298 

nucleus, which might be from accumulated pSTAT3 owing to the prevention of 299 

DAPK1, while it disappeared in double treatment group. Thus, DAPK attenuated 300 

STAT3 transcriptional activity by decreasing pSTAT3 entry into nuclear. 301 

Alternatively, inactivation or activated of STAT3 led to an increase or decrease in 302 

DAPK mRNA and protein levels. 303 
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Discussion 304 

Early diagnosis plays a crucial role in RCC treatment. Hence, the high specificity and 305 

high sensitivity diagnosis biomarker of RCC is necessary and urgent. In this study, we 306 

identified miR-93-3p as an onco-miRNA role, involved in apoptosis and proliferation 307 

of RCC, and we revealed a potential regulation pathway of STAT3/miR-93-308 

3p/DAPK1. Our data demonstrated that activated STAT3 promotes miR-93-3p 309 

expression by binding to promoter region, then miR-93-3p suppressed the protein 310 

level of DAPK1 in RCC cells. What’s more, DAPK1 mediates the activation of 311 

STAT3 pathway through blocking pSTAT3 translation into the nucleus. That 312 

constructs a feedback regulation loop. Moreover, STAT3, as a transcriptional factor, 313 

induced the protein and mRNA expression of DAPK1, suggesting STAT3 might 314 

directly regulate DAPK1, not just impact mRNA of DAPK1 by miR-93-3p (Figure 6). 315 

Death-associated protein kinase 1, DAPK1, a Ca2+/calmodulin (CaM)-dependent 316 

serine/threonine-protein kinase, plays an important role in diverse apoptosis, 317 

autophagy pathways and immune responses of autoimmune disorders, 318 

neurodegenerative diseases, ischemic damage and many types of cancer. Several 319 

mechanisms account for DAPK deregulation in cancer, including transcriptional and 320 

post-transcriptional regulation. The 5’-UTR of the DAPK1 gene contains CpG 321 

islands. Hyper-methylation of DAPK1 in CpG islands has been detected in many 322 

tumors, leading to gene silencing [16]. The expression of DAPK1 is correlated with 323 

p53 activation in both normal and cancer cells in response to DNA damage. EMSA 324 

and Chromatin-IP assays revealed nine p53 could bind with upstream of the first exon 325 

or within the first intron of DAPK and confirmed p53 could positively regulate 326 

DAPK1 expression [17]. Except for p53, ERK could control DAPK1 by 327 
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phosphorylating DAPK1 at Ser735 leading to DAPK1 activity, which trigger further 328 

DAPK-ERK interaction through their death domains, finally promote cell apoptosis 329 

[18]. UNC5B interacts with DAPK1 through their death domains to act its pro-330 

apoptotic function. What’s more, UNC5B activates DAPK1 by inhibiting DAPK 331 

auto-phosphorylation at Ser308 [19]. On the mRNA level, DAPK1 down-regulation 332 

can also be mediated by microRNA -dependent mechanism. MiR-103/107 could 333 

target DAPK 3’-UTR to interfere with translation and promote metastasis in 334 

colorectal cancer [20]. On the other hand, post-translational regulation includes 335 

protein phosphorylation by other kinases, auto-phosphorylation of S308, 336 

ubiquitination [21], and protease-mediated degradation. STAT3 is one of the 337 

angiogenesis-related transcription factors, related to RCC proliferation, migration, and 338 

survival [22-24]. However, it is unclear that STAT3 interacts with DAPK1 in RCC. In 339 

this study, we regulated expression or activation of STAT3 by overexpression 340 

plasmids and exogenous activator in RCC cell lines, and dramatically found that the 341 

mRNA and protein expression of DAPK1 was regulated in contrast with that of 342 

STAT3. It demonstrated that STAT3 activation and up-regulation might 343 

transcriptionally repress DAPK1. The preview report shows that DAPK mRNA level 344 

is negatively regulated via the non-canonical Flt3lTD/NF-κB pathway [25]. But there 345 

was no reports related to STAT3 as a transcription factor, targeted to DAPK1. Then 346 

we searched bio-information websites to verify whether STAT3 could bind to the 347 

promoter region of DAPK1. The sequence analysis of the DAPK promoter (Database 348 

of Transcriptional StartSites: DBTSS: NM_004938) and UCSC Genome Browser 349 

revealed that the scheme of the DAPK promoter illustrated two putative STAT3 350 

binding sites, region 1(-1471 to -1821) and region 2 (-351 to -631). The preview 351 

findings identified that the suppressive function of DAPK1 suppress the pathway of 352 
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TCR- and LPS-triggered NF-κB activation [26]. Lungs and macrophages of DAPK1 353 

knockdown mice secreted higher levels of IL-6 and CXCL1 in response to LPS [27]. 354 

Thus, DAPK1 could inhibit activation of the inflammatory cytokines and suppress the 355 

progress of inflammatory reaction. Abnormal activation of inflammatory cytokines 356 

also plays important roles in tumorigenesis, progression, invasion, and metastasis. We 357 

assumed whether DAPK1 affect inflammatory pathways, which STAT3 or pSTAT3 358 

was involved. Furthermore, we up-regulated expression of DAPK1 by transfecting 359 

plasmids, and found there were no changes on neither mRNA nor protein expression 360 

level of STAT3. However, interestingly, the expression of miR-93-3p, as downstream 361 

of STAT3, was increased. We though whether DAPK1 affected the activation of 362 

STAT3 or the transportation of pSTAT3. We performed Immunofluorescence and 363 

examined the protein level of pSTAT3 in nuclear. The results demonstrated that the 364 

progress of pSTAT3 transportation was suppressed by the raise of DAPK1 in RCC 365 

cells. To sum up,  activated STAT3 might be enriched in the DAPK promoter 366 

sequence and repressive the transcription progress of DAPK1.On the other hand, 367 

DAPK might act as a negative regulator of STAT3, attenuate the activity of STAT3 368 

through preventing STAT3 nuclear localization pathway. How did DAPK1 de-369 

activate STAT3? We considered there might be two reasons, the first is that DAPK1 370 

would impact protein conformation of activated STAT3 via protein-protein 371 

interaction. It led to dimerization of pSTAT3, the functional STAT3 structure, 372 

prevented out of the nucleus. However, we performed Co-IP assays, which showed 373 

there were no direct constitution with pSTAT3 and DAPK1 (Supplemental Figure e). 374 

The second is that DAPK1 inhibit the upstream inflammatory factors, which could 375 

activate STAT3 or translocate STAT3 to the nucleus, such as IL-6, TNF-α and, IFN-376 

γ. The important implication of this study that DAPK1 and STAT3 negatively 377 
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regulate each other in RCC cell lines, what’s more, STAT3 promotes miR-93 to 378 

suppress the pro-apoptosis and anti-proliferation function of DAPK1. This finding 379 

opens a novel pathway between tumorigenesis and inflammatory reaction. Moreover, 380 

it offers a new therapeutic perspective for the treatment of renal cell carcinoma. 381 

Conclusions 382 

In summary, we revealed that miR-93-3p act an oncogene in renal cell carcinoma, 383 

enhanced cell proliferation, and suppressed apoptosis. It was directly regulated by 384 

STAT3 and inhibited DAPK1 protein-expression. In addition, DAPK1 inactivated 385 

STAT3, and STAT3 decreased the expression of DAPK1. We hope to provide a new 386 

study view about STAT3/miR-93-3p/DAPK1 signalling feedback pathway involved 387 

in inflammatory reaction and cancer. Therefore, disrupting this pathway might be a 388 

promising therapeutic approach in the treatment of renal cell carcinoma. 389 
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 Figure legends 514 

Figure 1, miR-93 promoted RCC cells proliferation in vivo and vitro. 515 
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Figure 1a, Relative expression of miR-93-3p in 96 pairs of renal cell carcinoma and 516 

adjacent normal tissues. 517 

Figure1 b, Relative expression of miR-93-3p in RCC cell lines and normal kidney 518 

proximal tubule epithelial cell line. 519 

Figure 1c, d and e, Proliferation assays in vitro and vivo. 520 

Figure 1f, The Ki67 immuno-staining cell in the xenograft tumor. 521 

Figure 2, miR-93 suppressed the protein level of DAPK1 to down-regulated RCC 522 

cells apoptosis. 523 

Figure 2a, The apoptosis cell count calculated by flow cytometer different groups. 524 

Figure 2b, The apoptosis cells marked with red arrows in the xenograft tumor shown 525 

by Tunel assays. 526 

Figure 2c, The highly conserved DAPK1 3′UTR and predicted miR-93-3p target 527 

sequence in the 3′UTR of DAPK1 and the mutant type with 8 altered nucleotides. 528 

Figure 2d, Overexpression of miR-93-3p significantly decreased protein levels of 529 

DAPK1.  530 

Figure 2e, The luciferase assay was performed with co-transfection of miR-93-3p and 531 

wild-type or mutant-type DAPK1 3′UTR. Firefly luciferase activity of each sample 532 

was normalized against renilla luciferase activity. 533 

Figure 2f, g, and h, The recovery assays confirmed miR-93-3p promoted proliferation 534 

and inhibited apoptosis by mediating DAPK1. 535 
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Figure 3, STAT3 up-regulated the expression miR-93. 536 

Figure 3a, Schematic of miR-93 promoter. The predicted STAT3 binding sites were 537 

located at -1736 to -1746. 538 

Figure 3b, The correlation between the expression of STAT3 and miR-93. 539 

Figure 3c, The optimum concentration and effective time range of the activator and 540 

inhibitor of STAT3. IL6 and Stattic launched their effect after added in 20 mins. 541 

Figure 3d, The time-miR93 curve after 786-O cells treated under 20ng/ml and 20µM 542 

Stattic. 543 

Figure 3e, Relative expression of miR-93-3p in siRNA treated cells. 544 

Figure 4, STAT3, as a transcripiton factor, bound with the promoter region of miR-93. 545 

Figure 4a, miR-93 promoter region was cloned into a pmirGLO luciferase reporter 546 

plasmid. For the mutant type, 10 nucleotides at the predicted binding site were altered 547 

simultaneously. 548 

Figure 4b, Luciferase assay results showed that activation of STAT3 significantly 549 

increased the luciferase activity in cells transfected with luciferase reporter plasmid 550 

containing the wild-type miR-93 promoter.  551 

Figure 4c, qRT-PCR was also performed to measure the enrichment of predicted 552 

binding fragments.  553 

Figure 4d, ChIP assay results showed that STAT3 physically bound with the miR-93 554 

promoter. Lane 1, input chromatin prior to IP. Lane 2, IP with the non-specific 555 

antibody, IgG. Lane 3, IP with pSTAT3 antibody when IL6-stimulating. Lane 4, IP 556 

with just pSTAT3. 557 
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Figure 5, STAT3 inhibited the mRNA and protein level of DAPK1, and DAPK1 558 

deactivated STAT3. 559 

Figure 5a, Relative expression of DAPK1 measured in qRT-PCR after two cell lines 560 

treated by siRNA. 561 

Figure 5b, Relative expression of DAPK1 measured in qRT-PCR when STAT3 562 

inactivation. 563 

Figure 5c, The protein expression of DAPK1 among different groups with STAT3 564 

knockdown and inactivation. 565 

Figure 5d, pSTAT3 in nuclear proteins extracted were measured by western blot 566 

analysis. 567 

Figure 5e, Immunofluorescence assay showed that DAPK1 attenuated pSTAT3 entry 568 

into nuclear.  569 

Figure 6, STAT3 regulates miR93-mediated apoptosis through inhibiting DAPK1 in 570 

Renal cell carcinoma. STAT3 promotes miR-93-3p expression by binding to promoter 571 

region, then miR-93-3p suppressed DAPK1. What’s more, DAPK1 mediates the 572 

activation of STAT3 pathway through blocking pSTAT3 translation into the nucleus, 573 

and STAT3 decreased the expression of DAPK1. 574 

Supplemental figure a, Relative expression of miR-93 in renal cell carcinoma tissue 575 

and adjacent normal tissue from the TCGA KIRC miRNA database. 576 

Supplemental figure b, Relative expression of DAPK1 measured by qRT-PCR among 577 

miR-93 hypo- and hyper-expression groups. 578 



 24 

Supplemental figure c, Relative mRNA expression of STAT3 measured by qRT-PCR 579 

after DAPK1 up-regulated. 580 

Supplemental figure d, Relative protein expression of STAT3 measured by western 581 

blotting after DAPK1 up-regulated. 582 

Supplemental figure e, DAPK1-pSTAT3 Co-IP assays showed there was no direct 583 

constitution with pSTAT3 and DAPK1. 584 

 585 



Figures

Figure 1

miR-93 promoted RCC cells proliferation in vivo and vitro. a, Relative expression of miR-93-3p in 96 pairs
of renal cell carcinoma and adjacent normal tissues. b, Relative expression of miR-93-3p in RCC cell lines
and normal kidney proximal tubule epithelial cell line. c, d and e, Proliferation assays in vitro and vivo. f,
The Ki67 immuno-staining cell in the xenograft tumor.



Figure 2

miR-93 suppressed the protein level of DAPK1 to down-regulated RCC cells apoptosis. a, The apoptosis
cell count calculated by �ow cytometer different groups. b, The apoptosis cells marked with red arrows in
the xenograft tumor shown by Tunel assays. c, The highly conserved DAPK1 3′UTR and predicted miR-93-
3p target sequence in the 3′UTR of DAPK1 and the mutant type with 8 altered nucleotides. d,
Overexpression of miR-93-3p signi�cantly decreased protein levels of DAPK1. e, The luciferase assay was



performed with co-transfection of miR-93-3p and wild-type or mutant-type DAPK1 3′UTR. Fire�y luciferase
activity of each sample was normalized against renilla luciferase activity. f, g, and h, The recovery assays
con�rmed miR-93-3p promoted proliferation and inhibited apoptosis by mediating DAPK1.

Figure 3

STAT3 up-regulated the expression miR-93. a, Schematic of miR-93 promoter. The predicted STAT3
binding sites were located at -1736 to -1746. b, The correlation between the expression of STAT3 and
miR-93. c, The optimum concentration and effective time range of the activator and inhibitor of STAT3.
IL6 and Stattic launched their effect after added in 20 mins. d, The time-miR93 curve after 786-O cells
treated under 20ng/ml and 20µM Stattic. e, Relative expression of miR-93-3p in siRNA treated cells.



Figure 4

STAT3, as a transcripiton factor, bound with the promoter region of miR-93. a, miR-93 promoter region
was cloned into a pmirGLO luciferase reporter plasmid. For the mutant type, 10 nucleotides at the
predicted binding site were altered simultaneously. b, Luciferase assay results showed that activation of
STAT3 signi�cantly increased the luciferase activity in cells transfected with luciferase reporter plasmid
containing the wild-type miR-93 promoter. c, qRT-PCR was also performed to measure the enrichment of
predicted binding fragments. d, ChIP assay results showed that STAT3 physically bound with the miR-93
promoter. Lane 1, input chromatin prior to IP. Lane 2, IP with the non-speci�c antibody, IgG. Lane 3, IP with
pSTAT3 antibody when IL6-stimulating. Lane 4, IP with just pSTAT3.



Figure 5

STAT3 inhibited the mRNA and protein level of DAPK1, and DAPK1 deactivated STAT3. a, Relative
expression of DAPK1 measured in qRT-PCR after two cell lines treated by siRNA. b, Relative expression of
DAPK1 measured in qRT-PCR when STAT3 inactivation. c, The protein expression of DAPK1 among
different groups with STAT3 knockdown and inactivation. d, pSTAT3 in nuclear proteins extracted were
measured by western blot analysis. e, Immuno�uorescence assay showed that DAPK1 attenuated
pSTAT3 entry into nuclear.



Figure 6

STAT3 regulates miR93-mediated apoptosis through inhibiting DAPK1 in Renal cell carcinoma. STAT3
promotes miR-93-3p expression by binding to promoter region, then miR-93-3p suppressed DAPK1.
What’s more, DAPK1 mediates the activation of STAT3 pathway through blocking pSTAT3 translation into
the nucleus, and STAT3 decreased the expression of DAPK1.
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