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Abstract: The microRNA-transcription factor auto-regulatory feedback loop is a pivotal mechanism for homeostatic 
regulation of gene expression, and dysregulation of the feedback loop is tightly associated with tumorigenesis 
and progression. However, the mechanism underlying such dysregulation is still not well-understood. Here we re-
ported that Krüppel-like factor 4 (KLF4), a stemness-associated transcription factor, promotes the transcription of 
miR-7 to repress its own translation so that a KLF4-miR-7 auto-regulatory feedback loop is established for mutual 
regulation of their expression. Interestingly, this feedback loop is unbalanced in prostate cancer (PCa) cell lines 
and patient samples due to an impaired miR-7-processing, leading to decreased mature miR-7 production and at-
tenuated inhibition of KLF4 translation. Mechanistically, enhanced oncogenic Yes associated protein (YAP) nuclear 
translocation mediates sequestration of p72, a co-factor of the Drosha/DGCR8 complex for pri-miR-7s processing, 
leading to attenuation of microprocessors’ efficiency. Knockdown of YAP or transfection with a mature miR-7 mimic 
can significantly recover miR-7 expression to restore this feedback loop, and in turn to inhibit cancer cell growth by 
repressing KLF4 expression in vitro. Thus, our findings indicate that targeting the KLF4-miR-7 feedback loop might 
be a potential strategy for PCa therapy.
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Introduction

MicroRNAs (miRNAs) are a class of small non-
coding RNAs that post-transcriptionally regu-
late mRNA stability and translation of target 
mRNAs by recognizing and binding with the 
mRNA 3’UTR region [1]. It is well known that 
miRNAs are involved in pathogenesis of vari- 
ous types of human cancers and have a cru- 
cial oncogenic or tumor suppressive function in 
cancer progression [2]. For example, microR-
NA-7 (miR-7) has recently been found to be 
down-regulated and to play a tumor suppres- 
sor role in several kinds of cancers by target- 
ing different oncogenes and pro-tumorigenetic 
pathways [3]. Fang Y et al. demonstrated that 
miR-7 arrests cell cycles in G0/G1 phase and 
inhibits tumor proliferation by targeting PIK3- 

CD, a key catalytic subunit of PI3K in tumors, 
and the PI3K/Akt/mTOR pathway in hepatocel-
lular carcinoma (HCC) [4]. In additions, miR-7 
can also inhibit 1) breast cancer growth by tar-
geting p21-activated kinase 1 (PAK1) [5], 2) 
epithelial-to-mesenchymal transition (EMT) of 
breast cancer stem-like cells by targeting SET 
domain bifurcated 1 (SETDB1) and STAT3 path-
way [6], 3) brain metastasis of breast cancer 
stem-like cells by regulating the expression of 
Krüppel-like factor 4 (KLF4) [7]. In our previous 
work, we also demonstrated that miR-7 inhi- 
bits the stemness of prostate cancer (PCa) 
stem-like cells and tumorigenesis by targeting 
KLF4 and repressing the KLF4/PI3K/Akt/p21 
pathway [8].

As a pivotal stemness-associated transcription 
factor, KLF4 is a bona fide target of miR-7 and 
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activates or represses the transcription of  
multiple genes including microRNAs and is in- 
volved in regulation of tumorigenesis and pro-
gression [9]. It has been reported that KLF4 
inhibits liver cancer cell growth and invasion by 
activating the transcription of miR-153, miR-
506 and miR-200b, which in turn reduces ex- 
pression of EMT-related proteins Snail1, Slug 
and Zeb1 [10]. In addition, in breast cancer 
cells KLF4 induces miR-206 expression to 
repress its own translation, forming a negative 
feedback loop to inhibit tumor growth, invasion 
and migration [11]. Such transcription factor-
microRNA auto-regulatory feedback loops (i.e. 
Zeb1-miR-200 feedback loop) have been also 
identified to be associated with promotion of 
tumorigenicity and stemness-maintance of 
cancer stem cells [12-14]. However, how KLF4 
regulates the transcription of miR-7 in PCa and 
whether a miR-7-KLF4 auto-regulatory feed-
back loop can be formed to promote or rep- 
ress proliferation of PCa cells is unknown.

In the present study, we demonstrated for the 
first time that KLF4 activates the transcription 
of miR-7 in PCa cells to reversely suppress its 
own translation. The KLF4-miR-7 auto-regulato-
ry feedback loop contributes to the regulation 
of both KLF4 and miR-7 expression, but is 
unbalanced in PCa caused by an impaired 
p72-dependent microRNA-processing.

Material and methods

Plasmids

KLF4 shRNA (TG316853) expression vector 
and control vector (TR30013) were purchased 
from Origene (Rockville, MD, USA). A firefly lucif-
erase expressional vector phEW-luc [8] was 
employed as backbone for dual-luciferase re- 
port assay. Truncated promoter fragments of 
pri-miR-7-1, pri-miR-7-2 and pri-miR-7-3 (shown 
in Figure 3) were amplified from genomic DNA 
by PCR using specific primers (Table 1) and 
sequentially double digested with PacI and BglII 
(New England Biolabs, Ipswich, MA, USA) for 

inserting to the backbone vector, which was 
double digested with PacI and BamHI (New 
England Biolabs), to replace the intrinsic EF1α 
promoter for driving luciferase expression. All 
the constructions were confirmed by PCR and 
sequencing and then purified using Endotoxin-
free Plasmid Extraction Kit (Qiagen, German) 
for transfection.

Cell culture and transfection

Human benign prostatic hyperplasia cell line 
BPH-1 and human prostate cancer cell lines 
PC3 and LNCaP were purchased from ATCC 
(Manassas, VA, USA). All cell lines used were 
cultured in RPMI 1640 basic medium with 10% 
FBS (Thermo Fisher Scientific, Waltham, MA, 
USA) and maintained at 37°C and 5% CO2. 
Transfection was performed with Lipofectami- 
ne 3000 (Thermo Fisher Scientific). Puromy- 
cin (Sigma-Aldrich, St. Louis, MO, USA) was 
used for selecting subclones stably express- 
ing KLF4-shRNA or scrambled control shRNA. 
For luciferase assay, 2×105 cells per well in 
24-well plate were co-transfected with 500  
ng variant truncated promoter driven luciferase 
expression vector and 5 ng Renilla luciferase 
expression vector (internal control). YAP siRNA, 
p72 siRNA or scrambled siRNA control (final 
concentration: 50 μM) and 20 μM miR-7 mi- 
mic or scrambled mimic control (Thermo Fish- 
er Scientific) were transfected with Lipofec- 
tamine RNAiMax (Thermo Fisher Scientific) re- 
spectively.

RNA extraction and qRT-PCR

Total RNAs were isolated from cell lines and  
tissue samples using Trizol (Thermo Fisher 
Scientific), and the protocol was previously 
described [8]. MiRNA was extracted using mi- 
RNA isolation kit (Thermo Fisher Scientific) 
according to the manufacturers’ instruction. 
MiRNA reverse transcription and qRT-PCR we- 
re carried out using Taqman miRNA reverse 
transcription kit (Thermo Fisher Scientific) and 
Taqman premix (Takara, Shiga, Japan) respec-

Figure 1. Expression of KLF4 and pri-miR-7s is upregulated but that of mature miR-7 is downregulated in clinical 
patient samples. A. Expression of KLF4 in both patient tumor samples (P1 to P27) and BPH samples (N1 to N9) 
is measured by qRT-PCR and western blot. B. Expression of KLF4 is upregulated in PCa samples by IHC staining. 
C. Data from two independent datasets in Oncomine database demonstrates a significant upregulation of KLF4 
expression in PCa tissues compared to normal controls. D. Transcription of pri-miR-7s is significantly upregulated in 
patient tumor samples. E. Expression of mature miR-7 is downregulated in PCa samples. Scale Bar: 50 μm; ***: 
P<0.001; **: P<0.01.
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Figure 2. KLF4 activates the transcription of three miR-7 primary precursors in both PC3 and LNCaP cells. (A) 
Schematic of predicted KLF4 binding sites on promoter regions of three miR-7 primary precursors. (B, C) Relative 
enrichment of KLF4 at its binding sites was measured by ChIP assay in PC3 (B) and LNCaP (C) cells. (D) Expression 
of KLF4 can be inhibited by three independent KLF4 shRNA expressional vectors. The vector expressing shKLF4#1 
is selected for construction of KLF4 stable knockdown subclone cell line in LNCaP cells for subsequent experiments 
due to its best effect on inhibition of KLF4 expression. (E) Knockdown of KLF4 represses expression of both miR-7 
primary precursors and mature miR-7 in PC3 and LNCaP cells. **: P<0.01.

tively. The specific reverse primers and qRT-
PCR Taqman probes for miR-7 and snRNA U44 

(internal normalization control) were purchas- 
ed from Thermo Fisher Scientific. For mRNA 
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Figure 3. KLF4 activates downstream transcription in PC3 and LNCaP cells. (A-C) Regulation of KLF4 on the tran-
scription of miR-7 primary precursors is evaluated by dual-luciferase report assay in PC3 and LNCaP cells. Truncated 
promoters of pri-miR-7-1 (A), pri-miR-7-2 (B) and pri-miR-7-3 (C) with or without KLF4 binding sites are used to drive 
luciferase expression in PC3-shKLF4 vs. PC3-con and LNCaP-shKLF4 vs. LNCaP-con cells respectively. **: P<0.01; 
*: P<0.05.

analysis, cDNAs were synthesized from 1 μg 
total RNA with Prime-Script RT kit (Takara)  
and amplified with SYBR Green Real-time PCR 
Master Mix (Thermo Fisher Scientific). All prim-
ers for mRNA expression assay are available in 
Table 2.

Western blot and co-immunoprecipitation (co-
IP)

The total proteins and the nucleus proteins 
were obtained from cell lines and tissue sam-
ples using RIPA buffer (Beyotime Inst Biotech, 
Haimen, Jiangsu, China) and Nuclear Extract 
Kit (Thermo Fisher Scientific) respectively. For 
co-IP, nucleus lysates were treated with Prote- 
in A/G Sepharose beads (Sigma-Aldrich) and  

incubated with p72 antibodies or IgG (Santa 
Cruz Biotechnology, Dallas, TX, USA) at 4°C 
overnight. Beads were washed 3 times with 
PBS and sequentially the loading buffer was 
added and incubated at 95°C for 5 mins. Af- 
ter centrifugation at 20,000 g for 1 min, the 
supernatants were collected for western blot 
analysis using relevant primary antibodies (sh- 
own in Table 3). Total protein extractions and 
nucleus lysates were separated by SDS-PAGE, 
followed by the transfer onto nitrocellulose 
membranes. The membranes were blocked 
and probed with primary and secondary anti-
bodies sequentially. Specific proteins were de- 
tected with Immobilon Western Chemilumine- 
scent HRP Substrate (Millipore, Bedford, MA, 
USA).
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Table 1. Primers for amplification of truncated promoter frag-
ments from genomic DNA
Name Primer Sequence (5’ to 3’)
Pri-miR-7-1 Part I Forward CGCTTAATTAAaGGCTCATATGGTGATCTTGG

Reverse CCCAGATCTbCAGCAATAGACTTCCAAACC
Part II Forward CGCTTAATTAAGGCTCATATGGTGATCTTGG

Reverse CCCAGATCTTAGTCTTCCACACAGAACTAG
Pri-miR-7-2 Part I Forward GCGTTAATTAAAGGTATTGCCAGTCTTCTCC

Reverse TCCAGATCTATACACACAAGTCCACTCCC
Part II Forward CCGTTAATTAAAAGCAGCACCAATAGGGAAG

Reverse TCCAGATCTATACACACAAGTCCACTCCC
Part III Forward GCGTTAATTAAAGGTATTGCCAGTCTTCTCC

Reverse CAGAGATCTTCACTAGTCTTCCAGATGGG
Part IV Forward CCGTTAATTAAAAGCAGCACCAATAGGGAAG

Reverse CAGAGATCTTCACTAGTCTTCCAGATGGG
Pri-miR-7-3 Part I Forward CCATTAATTAACCTCCCAAAGTGCTCAGATT

Reverse TCCAGATCTTCACTAGTCTTCCACACAGC
Part II Forward CCCTTAATTAACATGCAATCCACACCATATC

Reverse TCCAGATCTTCACTAGTCTTCCACACAGC
Part III Forward CCCTTAATTAAACTCTTGACCTCTTCATCCG

Reverse TCCAGATCTTCACTAGTCTTCCACACAGC
a: Underlined “TTAATTAA” fragment is the recognition site for PacI digestion. b: 
Underlined “AGATCT” fragment is the recognition site for BglII digestion.

Table 2. Primers for qRT-PCR
Name Primer Sequence (5’ to 3’)
KLF4 Forward TTACCAAGAGCTCATGCCAC

Reverse TGTGCCTTGAGATGGGAACT
p72 Forward AGCAGTTTAGTGGGATAGGC

Reverse AGGGTATTGGTAGGCAGTCT
Drosha Forward GGACCAAGTATTCAGCAAGC

Reverse GCTCTCTTTCCCACCTCATT
DGCR8 Forward AGTGTGATTGAGCTGCAGCA

Reverse CTTGGGCTTCTTTCGAGTCT
Dicer Forward AAGGTCAGAGTCACTGTGGA

Reverse CCTGAGGTTGATTAGCTTTG
YAP Forward ATGTGGACCTTGGAACACTG

Reverse GCAGCCAAAACAGACTCCAT
pri-miR-7-1 Forward GGTGAAAACTGCTGCCAAAAC

Reverse GCTAGTAAGGTGTGAAATGCTG
pri-miR-7-2 Forward CTGAAGGAGCATCCAGACCG

Reverse GAACACGTGGAAGGATAGCC
pri-miR-7-3 Forward TCAGGTGAGAAGGAGGAGCTG

Reverse TGTATCGCCTGGAGTGAGCC

Dual-luciferase reporter assay

Forty-eight hours after transfection, lucifera- 
se activities were measured with the Dual-

Luciferase Reporter Assay Sy- 
stem (Promega, Madison, WI, 
USA). Reporter luciferase activ-
ity was normalized to the inter-
nal control Renilla luciferase 
activity in all samples.

Cell proliferation assay

Cell proliferation was measur- 
ed by Cell Counting Kit-8 (CCK-
8) (Beyotime Inst Biotech) ac- 
cording to the manufacturer’s 
protocols. Briefly, 3×103 cells 
per well were seeded into 96- 
well plates for standard culture. 
Subsequently, 10 μl of CCK-8 
reagent was added to each well 
at 0, 24, 48, 72, and 96 h af- 
ter inoculation respectively, fol-
lowed by continuous incubati- 
on at 37°C for 2 hrs. Finally, the 
absorbance values were mea-
sured at 450 nm using BioTek 
Synergy HT microplate reader. 
Measurement was performed 
for five wells as repeat at each 

time point and the experiment was repeated  
for three times.

2D-colony formation assay

One week after seeding cells in 6-well plate  
for standard culture, formed colonies were 
stained with 0.1% crystal violet (Sigma-Aldrich) 
for imaging and counting.

3D-sphere formation assay

Five hundred cells per well were coated with 
solidified mixture (1:1) of geltrex (Thermo Fi- 
sher Scientific) and matrigel (BD Biosciences, 
San Jose, CA, USA) and seeded in 24-well plate 
for standard culture. Two weeks after inocula-
tion, spheres were imaged and counted in 10 
random fields.

Chromatin immunoprecipitation (ChIP)

The CHIP assay kit (#9003) was purchased 
from Cell Signaling Technology (Danvers, MA, 
USA) and the experiment was performed by  
following the protocol. To examine the changes 
of KLF4 enrichment on the promoter regions of 
three miR-7 primary precursors respectively, 
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Table 4. Primers for ChIP assay
Name Primer Sequence (5’ to 3’)
Pri-miR-7-1 Binding site 1 Forward GCTGAATTTCCCAACCCAC

Reverse CTTCCCAGCAATAGACTTCC
Control site Forward AGGTGGTCAGCGGATTAAAC

Reverse GTGCATTCTGTATCTGGTCC
Pri-miR-7-2 Binding site 1 Forward ACTCAGAGCTAGGTATTGCC

Reverse TGAGCACTTCCTCTTTAGCC
Binding site 2&3 Forward GTTGTTGTCTTACTGCGCTC

Reverse TGTTTCTGGAAGAGTCTGCC
Control site Forward AAGCGTTGCTAAGGGAACAG

Reverse AATTGGGAGAAGATGCAAGC
Pri-miR-7-3 Binding site 1 Forward AAGTTTTGCACCTGAGGCTG

Reverse TTTGGGACATTGGGCACAGT
Binding site 2 Forward TATCAGTGCTAGTTGCGACC

Reverse CCCTCGTGCTGAAGAAAACT
Control site Forward GTGAAGCTGTAAGTCAACCC

Reverse TGCCTCCCTGTTTTCCATTC

ChIP assays were performed using anti-KLF4 
antibody (Santa Cruz Biotechnology) as proto-
col described. After extraction of ChIP DNA, 
specific fragments (less than 200 bp) contain-
ing potential binding sites or control sites (mo- 
re than 1 kb faraway from potential KLF4 bind-
ing sites and without core recognition sequen- 
ce of KLF4) were amplified and analyzed by 
qPCR and sequencing. KLF4 relative enrich-
ment was calculated by the formula provided in 
the protocol. Primers used for ChIP assay are 
available in Table 4.

Immunohistochemical (IHC) staining and 
microscopy

Tissues were fixed with 4% paraformaldehyde 
for 24 hrs and embedded in paraffin. Paraffin 
sections were dewaxed in xylene for 5 mins, 
consequentially hydrated in 100%, 95%, 85% 

University School of medicine [15]. Written 
informed consent was obtained from all pa- 
tients. The studies using human tissues con-
formed to the provisions of the Declaration of 
Helsinki and were reviewed and approved by 
the Committee for Ethical Review of Research 
Involving Human Subjects at Ren Ji Hospital. 
Total RNAs, miRNAs and proteins were ex- 
tracted from samples respectively under the 
same condition as described above. KLF4 and 
YAP expression was detected by qRT-PCR, 
western blot and IHC. Expression of miR-7 pri-
mary precursors and mature miR-7 was detect-
ed by qRT-PCR.

Statistical analysis

Independent two-sided Student’s t-test and 
analysis of variance (ANOVA) were used for 
comparisons of differences between two gr- 

Table 3. Primary antibodies used in the study
Antibody Company Catalog Number
KLF4 Santa Cruz Biotechnology sc-20691
p72 Santa Cruz Biotechnology sc-376396
AR Cell Signaling Technology #3202
YAP Cell Signaling Technology #4912
Drosha Cell Signaling Technology #3364
DGCR8 Cell Signaling Technology #6914
GAPDH Cell Signaling Technology #2118
Dicer Proteintech 20567-1-AP
TBP Proteintech 66166-1-Ig

and 70% ethanol for 3 mins each, 
respectively, and rinsed three times 
in water. Sections were treated with 
disodium-hydrogen phosphate-2-hy-
drate for 15 mins to inactivate endo- 
genous peroxidase and then block- 
ed with 10% normal goat serum for 1 
h at room temperature for IHC stain- 
ing. After serum blocking, sections 
were incubated with KLF4 or YAP anti-
body (1:200, diluted in PBS with 1% 
normal goat serum) overnight at 4°C. 
Sections were washed with PBS for 
three times (10 mins each) and then 
incubated with horseradish peroxi-
dase conjugated secondary antibody 
(Vector, Burlingame, CA, USA) for 1 h 
at room temperature. Sections were 
washed with PBS for three ti- 
mes again before DAB staining (San- 
gon Biotech, Shanghai, China) and 
hematoxylin counterstaining (Beyo- 
time Inst Biotech). IHC staining was 
visualized under a microscope (Leica 
DFC420C) and images were merged 
using the ImageJ software.

Clinical samples

Frozen prostatic tumor mass (n=27 
for qRT-PCR and western blot, n=2 for 
IHC) and benign prostatic hyperplasia 
(BPH) tissue mass (n=9 for qRT-PCR 
and western blot, n=2 for IHC) were 
obtained from the Ren Ji Biobank, 
Ren Ji Hospital, Shanghai Jiao Tong 
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Results

Expression of KLF4 and three miR-7 primary 
precursors was upregulated but expression of 
mature miR-7 was downregulated in PCa clini-
cal samples

In our previous work we found that KLF4 was 
upregulated in 90% clinical tumor samples  
and mature miR-7 was downregulated in 65% 
clinical tumor samples, indicating a negative 
relation between KLF4 and mature miR-7 ex- 
pression [8]. In the present study we repeated 
to investigate expression of KLF4 and mature 
miR-7 in PCa clinical samples. Furthermore, we 
also investigated expression of three miR-7 pri-
mary precursors, which are named as pri-
miR-7-1 (located at Chromosome 9), pri-miR-7- 
2 (located at Chromosome 15) and pri-miR- 
7-3 (located at Chromosome 19), respectively 
(Figure 1). We compared KLF4 expression in  
27 tumor samples with variant Gleason Score 
(GS) to that in 9 BPH samples as normal con- 
trol (Table 5). We found that consistent with  
our previous finding [8], KLF4 expression was 
significantly upregulated in tumor samples re- 
gardless of its GS (Figure 1A). By IHC staining, 
upregulation of KLF4 was again confirmed in 
tumor samples (Figure 1B; Table 6). In addi- 
tion, data from Oncomine database (www.
oncomine.org) also revealed an upregulation of 
KLF4 in PCa (Figure 1C). Notably, all of three 
miR-7 primary precursors were also overex-
pressed in relevant tumor samples (Figure  
1D). In contrast, expression of mature miR-7 
was significantly repressed in tumor samples 
(Figure 1E). Collectively, these results indicate 
that activated transcription of miR-7 primary 
precursors is associated with elevated expres-
sion of KLF in PCa and that attenuation on 
mature miR-7 production is involved in down-
regulation of mature miR-7 expression.

KLF4 activates the transcription of three miR-7 
primary precursors in PCa cells

In order to explore whether and how KLF4 re- 
gulates the transcription of miR-7, we first  
predicated potential binding sites of KLF4 in 
promoter regions of three miR-7 primary pre-
cursors (Figure 2A) respectively via a bioinfor-
matics assay (PROMO soft, http://alggen.lsi.
upc.es). As shown in Figure 2A, there is one 
binding site in the promoter region of pri-
miR-7-1, three binding sites in that of pri-miR- 

Table 5. Clinical data for 9 benign prostatic 
hyperplasia (BPH) tissue controls and 27 
patient tumor tissues for qRT-PCR, western 
blot and co-IP assay

Age Gleason 
Score TNM stage PSA (ng/ml)

N1a 66 -b - 11.12
N2 76 - - 14.44
N3 68 - - 5.04
N4 66 - - 1.31
N5 80 - - 13.12
N6 78 - - 13.09
N7 62 - - 1.5
N8 77 - - 9.57
N9 62 - - 12.29
P1c 69 6 T2bN0M0 16.99
P2 81 6 T2cN0M0 10.4
P3 69 6 T2bN0M0 7.1
P4 74 6 T2cN0M0 14
P5 69 6 T2cN0M0 9.576
P6 64 7 T2cN0M0 7.51
P7 64 7 T2cN0M0 24.56
P8 66 7 T3aN0M0 16.62
P9 80 7 T3bN0M0 51.14
P10 76 7 T2cN1M0 81.59
P11 64 7 T2bN0M0 16.66
P12 66 7 T2cN0M0 12
P13 71 7 T2cN0M0 15.56
P14 66 7 T2bN0M0 31.72
P15 66 7 T2cN0M0 12.62
P16 56 7 T2cN0M0 8
P17 63 7 T2cN0M0 5.81
P18 57 8 T2bN0M0 15.11
P19 72 8 T2bN0M0 9.2
P20 75 8 T3bN0M0 >200
P21 73 8 T2cN0M0 25.9
P22 68 8 T2cN0M0 33.35
P23 71 9 T3bN0M0 60.4
P24 75 10 T2bN0M0 6.52
P25 59 9 T2cN0M0 9.92
P26 67 9 T3bN0M0 22.97
P27 71 9 T2cN0M0 17.644
a: N1~N9: benign prostatic hyperplasia (BPH) tissues as 
normal controls. b: data not included. c: P1~P27: patient 
tumor tissues.

oups. All data were represented as mean ± 
SEM from triplicate experiments. All the ex- 
periments were repeated for three times. Re- 
sults were considered statistically significant 
when P<0.05.
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7-2 and two binding sites in that of pri-miR- 
7-3 respectively. We then investigated the en- 
richment of KLF4 at its potential binding sites 
by a ChIP assay in both AR-negative PCa cell 
line PC3 cells and AR-positive PCa cell line 
LNCaP cells. In PC3 cells, we found that KLF4 
was enriched mainly at the binding site 2&3  
in the promoter region of pri-miR-7-2 and sec-
ondarily at the binding site 2 in that of pri-
miR-7-3 (Figure 2B). We repeated ChIP assays 
in LNCaP cells to confirm whether the enrich-
ment pattern was similar to that in PC3 cells. 
Unexpectedly, in LNCaP cells KLF4 appeared  
to be enriched at all of the binding sites in the 
promoter region of pri-miR-7-1 and pri-miR-7-3 
but not pri-miR-7-2, representing a different 
enrichment pattern from that in PC3 cells 
(Figure 2C).

Given that KLF4 can bind to the promoter 
regions of miR-7 primary precursors, we fur- 
ther investigated how KLF4 regulated miR-7 
transcription in PCa cells. We first measured 
expression of three miR-7 primary precursors 
and mature miR-7 in a KLF4 knockdown PC3 
subclone cell line (named PC3-shKLF4 with 
PC3-con as a control), which was established  
in our previous work [8], as well as a KLF4 
knockdown LNCaP subclone cell line estab-
lished in this study (Figure 2D). As shown in 
Figure 2E, KLF4 knockdown significantly inhi- 
bited the transcription of all the three miR-7 pri-
mary precursors and downregulated expres-
sion of mature miR-7 in both two cell lines. In 
order to further confirm these findings, we then 
constructed a series of truncated promoter-
driven luciferase reporter vectors containing 
related binding sites for luciferase reporter 
assays (Figure 3). All vectors were transfected 

into PC3-shKLF4 vs. PC3-con cells and LNC- 
aP-shKLF4 vs. LNCaP-con cells respectively 
and the relative luciferase activity was mea-
sured 48 hrs after transfection. As shown in 
Figure 3, relative luciferase activity was sig- 
nificantly repressed as a response to KLF4 
knockdown in PC3-shKLF4 when luciferase 
expression was driven by truncated promoters 
of pri-miR-7-2 and pri-miR-7-3 containing KLF4 
binding site(s) but not that of pri-miR-7-1, con-
sistent with the enrichment of KLF4 on rele- 
vant promoters in PC3 cells (Figure 3A-C). In 
LNCaP-shKLF4 cells, relative luciferase acti- 
vity was also significantly repressed when lu- 
ciferase expression was driven by truncated 
promoters of pri-miR-7-1 and pri-miR-7-3 con-
taining KLF4 binding site(s) but not that of  
pri-miR-7-2 (Figure 3A-C). Taken together, these 
findings indicate that KLF4 can activate the 
transcription of three miR-7 primary precursors 
in both AR-negative and AR-positive PCa cells.

KLF4-miR-7 auto-regulatory feedback loop 
is unbalanced due to a decrease of mature 
miR-7 production through an impaired p72-
dependent pri-miR-7s processing

Considering the above-described data toge- 
ther with our previous finding that miR-7 inhib-
its KLF4 expression at post-transcriptional le- 
vel in PCa [8], we hypothesized that a KLF4-
miR-7 auto-regulatory feedback loop can be 
formed for mutual regulation of KLF4 and miR- 
7 expression. However, results obtained from 
clinical tumor samples above revealed that 
expression of both KLF4 and miR-7 primary 
precursors was upregulated but that of mature 
miR-7 was downregulated (Figure 1). Based on 
that finding, we speculated that an imbalance 
occurred in this feedback loop and might be 
caused by an impaired microRNA processing, 
leading to a decrease of mature miR-7 produc-
tion. Again we compared expression of miR-7 
primary precursors and mature miR-7 in LNCaP 
and PC3 cells to that in human BPH cell line 
BPH-1. As expected, expression of three miR-7 
primary precursors was significantly increas- 
ed but that of mature miR-7 was significantly 
decreased in the PCa cells compared to that in 
the BPH-1 cell (Figure 4A, 4B). These data 
together demonstrate that overexpression of 
miR-7 primary precursors fails to increase the 
production of mature miR-7 to reversely inhibit 
KLF4 expression in PCa cells, which leads to an 

Table 6. Clinical data for 2 benign prostatic 
hyperplasia (BPH) tissue controls and 2 
patient tumor tissues for IHC staining of KLF4 
and YAP

Age Gleason 
Score TNM stage PSA (ng/ml)

BPH1a 67 -b - 9.31
BPH2 69 - - 11.6
PCa1c 73 8 T2cN1M0 97.2
PCa2 68 9 T3bN0M0 28.7
a: BPH1~BPH2: benign prostatic hyperplasia (BPH) 
tissues as normal controls. b: data not included. c: 
PCa1~PCa2: patient tumor tissues.
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imbalance of the KLF4-miR-7 feedback loop. 
These findings also implicate that impaired or 
mutant pri-microRNA processing function may 
contribute to the decrease in mature miR-7 
production.

It was previously reported that increased nu- 
clear translocation of oncogenic YAP binds and 
sequesters p72, a co-factor of canonical pri-
microRNA processing Drosha/DGCR8 complex 
[16], resulting in an attenuated efficiency for 
p72-dependent processing of pri-microRNAs  
to pre-microRNAs in cancer cells [17]. Interes- 
tingly, we found that there is one p72 binding 
site contained in the pri-miR-7-1 and pri-miR-7- 
3 respectively and four in the pri-miR-7-2, indi-
cating that p72 might be involved in the pro-
cessing of pri-miR-7-1, pri-miR-7-2 and pri-
miR-7-3 to produce pre-miR-7 (Figure 5A). In or- 
der to investigate the relationship between  
p72 expression and mature miR-7 production, 
we downregulated p72 expression in PC3 and 
LNCaP cells as well as in BPH-1 cell and mea-
sured mature miR-7 expression (Figure 5B).  
We found that p72 knockdown significantly 
repressed expression of mature miR-7 espe-
cially in PC3 and LNCaP cells, indicating that 
the processing of miR-7 primary precursors is 
p72 dependent (Figure 5C). In addition, we 
compared endogenous expression of YAP, p72 
and microprocessor complex components Dro- 

sha and DGCR8 in PC3, LNCaP and BPH-1 ce- 
lls. As shown in Figure 5D, all of these genes 
were overexpressed in PCa cell lines, especially 
in LNCaP cells compared to control BPH-1 cells, 
indicating that decreased production of mature 
miR-7 in PCa cells is not caused by downre- 
gulated expression of p72, Drosha or DGCR8. 
Furthermore, we confirmed that nuclear trans-
location of YAP was significantly increased in 
multiple PCa cell lines including PC3 and LNC- 
aP (Figure 5E). Based on these findings, we 
herein hypothesized that enforced nuclear tr- 
anslocation of YAP disrupts the interaction of 
p72 with the Drosha/DGCR8 microprocessor 
complex via competitively binding to p72 and 
thus weakens p72-dependent miR-7 primary 
precursors processing. To confirm this hypoth-
esis, we carried out co-IP assays to determine 
the interaction of p72 with YAP, Drosha and 
DGCR8 respectively. We found that the inte- 
raction between p72 and YAP was significantly 
enhanced in PCa cells. In contrast, the interac-
tion of p72 with either Drosha or DGCR8 was 
weakened (Figure 5F). Consistent with obser-
vations in PCa cell lines, we found that the 
nuclear translocation of YAP was dramatically 
enhanced in clinical tumor samples (Figure  
6A, 6B; Tables 5, 6). Furthermore, we repeated 
co-IP assay in one of the tumor samples (P23, 
with highest YAP expression) vs. one of the  
control samples (N4) to validate the interaction 

Figure 4. Upregulated transcription of miR-7 primary precursors fails to increase mature miR-7 production. A. Rela-
tive expression of pri-miR-7-1, pri-miR-7-2 and pri-miR-7-3 is quantified by qRT-PCR. B. Endogenous expression of 
mature miR-7 is quantified by TaqMan microRNA assay. **: P<0.01; *: P<0.05.
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Figure 5. Processing of miR-7 primary precursors is impaired due to YAP-mediated p72 sequestration. A. Schematic 
of p72 binding sites (CAUC/G) on three miR-7 primary precursors. B. Expression of p72 can be inhibited by three 
independent siRNAs. The best effect is observed by siRNA#3. Expression of p72 is also significantly repressed in 
BPH-1 and LNCaP cells when using this siRNA#3. C. Expression of mature miR-7 is significantly repressed after p72 
knockdown. D. Endogenous mRNA expression of p72, YAP, Drosha and DGCR8. E. Nuclear translocation of YAP is 
significantly enhanced in PCa cell lines. F. Endogenous interaction of p72 with YAP, Drosha and DGCR8 is identified 
by coIP assay. **: P<0.01; *: P<0.05.

of p72 with YAP, Drosha and DGCR8 respective-
ly (Figure 6C). As expected, excessive interac-
tion of YAP with p72 and attenuated p72-Dro-

sha and p72-DGCR8 interaction were obser- 
ved, again indicating an impaired p72-depen-
dent pri-miR-7s processing (Figure 6C). Col- 
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Figure 6. Expression of YAP is upregulated in clinical patient samples. A. Expression of YAP in both patient tumor 
samples (P1 to P27) and BPH samples (N1 to N9) is measured by qRT-PCR and western blot. B. Expression of YAP 
is upregulated in PCa samples by IHC staining. C. Interaction of p72 with YAP, Drosha and DGCR8 in both PCa and 
BPH samples. Scale Bar: 50 μm; ***: P<0.001; **: P<0.01.

lectively, our results indicate that dissociation 
of the p72/Drosha/DGCR8 complex due to YAP 
mediated sequestration of p72 results in the 
decrease in mature miR-7 production.

Pri-miR-7s processing can be restored by 
knockdown of YAP in PCa cells

In order to further determine that sequestra-
tion of p72 by YAP leads to a dissociation of  
the p72/Drosha/DGCR8 complex and a con- 
sequentially decreased production of mature 
miR-7 in PCa cells, we first knocked down the 
expression of YAP by siRNA (Figure 7A) and 
then repeated above co-IP assays to validate 
the interaction of p72 with Drosha and DGCR8 
respectively in PCa cells. We found that YAP 
knockdown significantly repressed its interac-
tion with p72 (Figure 7B). As a result, the inter-

action of p72 with both Drosha and DGCR8  
was enhanced, indicating a restoration of the 
p72/Drosha/DGCR8 complex (Figure 7B). In 
addition, knockdown of YAP had no effect on 
the transcription of pri-miR-7s in both PC3  
and LNCaP cells (Figure 7C) but expression of 
mature miR-7 was upregulated (Figure 7D), 
concomitant with a repression of KLF4 expr- 
ession (Figure 7E), which indicate a response 
to the restoration of the p72/Drosha/DGCR8 
complex. On the other hand, we also detected 
expression of Dicer, another key microproces-
sor for producing mature microRNAs from pre-
microRNAs, in BPH-1, PC3 and LNCaP cells  
and found that expression of Dicer showed no 
significant difference in all of the three cell 
lines (Figure 7F). These data together reveal 
that impaired pri-miR-7s processing is mainly 
caused by YAP induced sequestration of p72 
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Figure 7. YAP knockdown restores mature miR-7 production. A. Expression of YAP can be inhibited by three inde-
pendent siRNAs in both PC3 and LNCaP cells. The best effect is observed by siRNA#2 in both cell lines. B. YAP 
Knockdown restores p72-Drosha and p72-DGCR8 interaction. C. YAP knockdown has no effect on expression of pri-
miR-7s. D. Expression of mature miR-7 is upregulated after YAP knockdown. E. Expression of KLF4 is downregulated 
after YAP knockdown. F. Expression of Dicer has no difference in BPH-1, PC3 and LNCaP cells. **: P<0.01.

from the p72/Drosha/DGCR8 complex, and 
YAP knockdown can effectively reverse disso-
ciation of the complex.

Overexpression of mature miR-7 mimic inhibits 
cell proliferation in LNCaP cells

We demonstrated in our previous work that res-
toration of miR-7 via ectopic stable overexpres-

sion of miR-7 primary precursors can inhibit 
prostatic tumor growth by specific suppres- 
sion of KLF4 expression in PC3 cells [8]. So we 
herein wondered whether overexpression of a 
mature miR-7 mimic to bypass this impaired 
microRNA processing can also inhibit cell pro- 
liferation in LNCaP cells. For this purpose, we 
transiently transfected a mature miR-7 mimic 
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Figure 8. Overexpression of mature miR-7 mimics inhibits cell proliferation in LNCaP cells. A. Expression of mature 
miR-7 is upregulated and expression of KLF4 is downregulated in LNCaP cells after transfected with miR-7 mimics. 
B. Proliferation of LNCaP cells is detected by CCK8 assay after overexpression of mature miR-7 mimics or knock-
down of KLF4. C. Proliferation of LNCaP cells is detected by 2-D plate colony formation assay after overexpression 
of mature miR-7 mimics or knockdown of KLF4. D. Overexpression of mature miR-7 mimics or knockdown of KLF4 
inhibits 3-D sphere formation of LNCaP cells. Scale bar: 100 μm. **: P<0.01.
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or scrambled miRNA control in LNCaP cells  
and confirmed its overexpression by TaqMan 
microRNA assays (Figure 8A). We found that 
after miR-7 overexpression, KLF4 expression 
was significantly inhibited (Figure 8A). To eva- 
luate possible effects of miR-7 restoration on 
tumor cell proliferation in vitro, we carried out 
CCK8 assay in LNCaP cells 96 hrs after trans-
fection with a mature miR-7 mimic or the con-
trol. As shown in Figure 8B, the CCK8 absor-
bance was significantly decreased compared to 
the control, indicating an inhibitory effect on 
cell proliferation. In addition, we repeated the 
same assay in LNCaP-shKLF4 vs. LNCaP-con 
cells to verify whether restoration of miR-7 
inhibits cell proliferation by directly repressing 
KLF4 expression. We found that CCK8 absor-
bance was dramatically downregulated after 
KLF4 knockdown (Figure 8B). Furthermore, in 
2D plate colony formation assays, we also 
found that limited colonies were formed after 
miR-7 restoration and KLF4 knockdown pre-
sented similar results (Figure 8C). In 3D culture 

assays, after miR-7 restoration, the cell sp- 
here numbers with a diameter over 100 μm 
were significantly decreased and the diameter 
of over 80% cell spheres was limited to less 
than 50 μm (Figure 8D). Similarly, KLF4 knock-
down dramatically downregulated the cell sp- 
here number with large diameters (over 200 
μm) and the diameter of more than 50% 
spheres was under 100 μm (Figure 8D). Taken 
together, all the findings demonstrate that in 
addition to restoration of p72-dependent pri-
miR-7s processing to increase mature miR-7 
production, overexpression of mature miR-7 
mimic can also efficiently inhibit the prolifera-
tion of PCa cells through a direct downregula-
tion of KLF4 expression in vitro. 

Discussion

In this study, we demonstrated for the first ti- 
me that a KLF4-miR-7 auto-regulatory feed-
back loop is formed to reciprocally regulate 
KLF4 and miR-7 expression in PCa cells (Figure 

Figure 9. The KLF4-miR-7 auto-regulatory feedback loop is unbalanced in PCa cells. Enhanced nuclear translocation 
of oncogenic YAP sequestrates p72 to dissociate the p72/Drosha/DGCR8 microprocessor complex, leading to a 
decreased production of mature miR-7 and an upregulation of its target KLF4. Up or down white arrow: upregulation 
or downregulation of gene expression.
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9). In detail, KLF4 activates the transcription  
of miR-7 primary precursors to produce mature 
miR-7 and in turn to reduce its own translation. 
Importantly, this feedback loop is unbalanced 
in PCa cell lines as well as clinical prostatic 
tumor samples, exhibiting an overexpression of 
both KLF4 and miR-7 primary precursors but  
a repression of mature miR-7, due to an im- 
paired microRNA-processing. In addition, we 
identified p72 as a key co-factor for pri-miR-7s 
processing and found that nuclear transloca-
tion of oncogenic YAP is enhanced in PCa. 
Taken these findings together, we herein re- 
vealed that imbalance of the KLF4-miR-7 feed-
back loop in PCa cells is due to an attenuation 
of p72-dependent pri-miR-7s processing by  
YAP induced p72 sequestration from the p72/
Drosha/DGCR8 complex, leading to a decrea- 
se of mature miR-7 production and an overex-
pression of KLF4 to promote PCa cell growth. 
Therefore, our findings suggest an unbalanced 
KLF4-miR-7 auto-regulatory feedback loop to 
activate PCa cell proliferation by repressing 
miR-7-induced target gene silencing.

It has been reported that KLF4 can work as  
an inhibitor of PCa cell growth and migration 
[18], and degradation of KLF4 by TGF-β can 
induce expression of Slug to promote EMT in 
PCa [19]. Interestingly, in our current study, we 
identified a phenotype of a subpopulation in 
Chinese PCa patients with elevated expression 
of KLF4 by qRT-PCR, western blot and IHC 
assay. Our finding is supported by previous 
works from other groups which also reported 
an upregulation of KLF4 in PCa tissues [20, 21] 
as well as by datasets from Oncomine data-
base (Figure 1C). Our findings indicate that dif-
ferent underlying mechanisms may be involv- 
ed in regulation of prostatic tumor growth with 
elevated expression of KLF4 compared to th- 
at with repressed KLF4 expression. In our pre- 
vious work, we demonstrated that elevated 
expression of KLF4 plays an important role for 
maintaining stemness of prostate cancer stem 
cells to promote tumor cell growth [8]. Herein 
our findings give an explain for upregulation of 
KLF4 in PCa, that is, enhanced nuclear translo-
cation of YAP attenuates pri-miR-7s processing 
to produce mature miR-7 and consequentially 
results in a failed repression of KLF4 expre- 
ssion.

A KLF4-microRNA feedback loop plays an 
important role in many biological processes 

including maintenance of self-renewal or plu- 
ripotency of embryonic stem cells (ESC) and 
acceleration of somatic cell proliferation. For 
example, KLF4 expression can be inhibited by 
anti-pluripotent miR-24-3p and miR-24-2-5p as 
a target. In mouse ESC, KLF4 promotes the 
transcription of PRMT7, a new stemness-as- 
sociated transcription factor, and sequentially 
represses the transcription of miR-24-2 gene, 
the primary precursor for both miR-24-3p and 
miR-24-2-5p, in a PRMT7-mediated manner to 
improve its own expression for maintenance of 
stemness [22]. In addition, KLF4 has also be- 
en found to accelerate proliferation of vascu- 
lar smooth muscle cell (VSMC) via a miR-200c- 
SUMOylated KLF4 double-negative feedback 
loop [23]. Both KLF4 and SUMO-conjugating 
enzyme Ubc9 are shown to be directly inhibit- 
ed by miR-200c. Moreover, KLF4 can be SU- 
MOylated by Ubc9 to recruit transcriptional  
co-repressors such as NCoR and HDAC to the 
miR-200c promoter to repress its transcrip- 
tion, leading to an increased target gene (e.g. 
KLF4 and Ubc9) expression [23]. Besides the- 
se double-negative feedback loops, a KLF4-
miR-206 auto-regulatory feedback loop has 
been reported to either promote or inhibit KLF4 
translation depending on different cell con-
texts. For instance, miR-206 promotes KLF 
expression in immortalized mammary epithe- 
lial MCF10A cells opposite to its repressive 
function on KLF4 translation in breast cancer 
cell line MDA-MB-231, although KLF4 can pro-
mote the transcription of miR-206 in both two 
types of cells [11]. In contrast, in the present 
study the KLF4-miR-7 auto-regulatory feed- 
back loop does not exhibit such cell context-
dependent functional “switch”, but instead, 
miR-7 enables an inhibition on KLF4 expres- 
sion and KLF4 promotes the transcription of 
miR-7 primary precursors in both BPH-1 cells 
and PCa cell line PC3 and LNCaP cells. The 
present findings add KLF4-miR-7 feedback loop 
as a new member to the KLF4-microRNA feed-
back loop list of tumor cell growth regulation.

There are several mechanisms reported to 
underlying the imbalance of microRNA-tran-
scription factor feedback loops in cancer. First, 
mutation or deletion of microRNA binding sites 
in 3’- untranslated region (3’UTR) of the target 
gene may lead to a microRNA off-target effect 
[24, 25]. Second, microRNA transcription might 
be inactivated genetically or epigenetically [26, 
27]. Third, impaired or defective microRNA-pro-
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cessing, such as dysregulation of the co-fac-
tors/Drosha/DGCR8 microprocessor complex 
(from pri-microRNAs to pre-microRNAs) [28-30] 
and/or Dicer (from pre-microRNAs to mature 
microRNAs) [31-33], can also be another avail-
able mechanism. Results in our previous [8] 
and current studies reveal that restoration of 
miR-7 significantly inhibits KLF4 expression in 
PCa cells, indicating KLF4 as a miR-7 target 
and arguing against a microRNA off-target 
effect. The present KLF4 knockdown and lucif-
erase report assay experiments make the sec-
ond possibility unlikely because 1) KLF4 suc-
cessfully promotes pri-miR-7s transcription; 2) 
No CpG islands hypermethylation is found in 
the promoter regions of pri-miR-7s (data not 
shown), indicating that pri-miR-7s transcription 
has no alteration. On the other hand, the cur-
rent work supports the third model, that is, 
impaired microRNA processing appears to be 
the main mechanism for the imbalance of 
KLF4-miR-7 feedback loop. We found no sig- 
nificant difference at Dicer’s expressional lev-
els between BPH-1 cells and PCa cell line PC3 
or LNCaP cells, but an obvious dissociation of 
the p72/Drosha/DGCR8 complex. Consistent 
with this notion, we found that enhanced nu- 
clear translocation of oncogenic YAP seques-
trated p72 from the p72/Drosha/DGCR8 com-
plex and in turn attenuated p72-dependent pri-
miR-7s processing. YAP Knockdown releases 
p72 to re-form the p72/Drosha/DGCR8 com-
plex. Taken together, the current study provides 
clear evidence that the imbalance of KLF4-
miR-7 auto-regulatory feedback loop is due to  
a decrease of mature miR-7 production through 
an impaired pri-miR-7s processing.

In summary, our results point out a mutual reg-
ulatory feedback loop in which KLF4 promo- 
tes miR-7 expression while itself is downregu-
lated by the same microRNA. In addition, we id- 
entified a novel co-activator factor p72 for pri-
miR-7s processing via p72-dependent binding 
of pri-miR-7s for a cleavage by the canonical 
Drosha-DGCR8 microprocessor. However, imba- 
lance of the feedback loop occurs in PCa cells. 
Mechanistically, enhanced nuclear transloca-
tion of oncogenic YAP sequestrates p72 and 
disrupts p72-dependent pri-miR-7s process- 
ing. This YAP-induced p72 sequestration inhib-
its the production of mature miR-7 and impairs 
the inhibition of KLF4 expression, ultimately 
resulting in an unbalanced KLF4-miR-7 feed-

back loop in PCa cell lines as well as clinical 
prostatic tumor samples. Our study suggests  
a promising strategy for PCa therapy by YAP 
knockdown or by overexpression of mature 
miR-7 mimics to restore this auto-regulatory 
feedback loop.
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