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Identification and validation of mRNA 3'untranslated regions
of DNMT3B and TET3 as novel competing endogenous
RNAs of the tumor suppressor PTEN
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Abstract. PTEN inactivation is a frequent event in onco-
genesis. Multiple regulatory mechanisms such as promoter
hypermethylation, antisense regulation, histone modifications,
targeting by microRNAs (miRNAs/miRs) and regulation by
transcription factors have all been shown to affect the tumor
suppressor functions of PTEN. More recently, the functional
involvement of competing endogenous RNAs (ceRNAs)
in miRNA-dependent and coding-independent regulation
of genes shed light on the highly nuanced control of PTEN
expression. The present study has identified and validated
DNA methyltransferase 33 (DNMT3B) and TET methylcy-
tosine dioxygenase 3 (TET3) as novel ceRNAs of PTEN, with
which they share multiple miRNAs, in HCT116 colorectal
cancer cells. miR-4465 was identified and characterized as a
miRNA that directly targets and regulates all 3 transcripts via
their 3'untranslated regions (3'UTRs) through a combination
of luciferase reporter assays, abrogation of miRNA response
elements (MRESs) via site-directed mutagenesis, target protec-
tion of MREs with locked nucleic acids, RT-qPCR assays
and western blot analysis. Competitive miRNA sequestration
was demonstrated upon reciprocal 3'UTR overexpression and
siRNA-mediated knockdown of their respective transcripts.
Overexpression of DNMT3B or TET3 3'UTR promoted apop-
tosis and decreased migratory capacity, potentially because
of shared miRNA sequestration and subsequent activation
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of PTEN expression. Knockdown of TET3 and DNMT3B
decoupled their protein-coding from miRNA-dependent,
coding-independent functions. Furthermore, the findings
suggested that the phenotypic outcome of ceRNAs is dictated
largely by the number of shared miRNAs, and predictably,
by the existence of other ceRNA networks in which they
participate. Taken together, the findings of the present study
identified DNMT3B and TET3 as novel ceRNAs of PTEN that
may impact its dose-sensitive tumor suppressive function.

Introduction

The PTEN gene is a tumor suppressor that negatively regu-
lates the phosphoinositol-3-kinase/AKT survival pathway (1).
PTEN is important in sustaining cell homeostasis and
genomic stability, and its inactivation almost always leads to
cancer (2-4). Recently, PTEN has been proposed to conform
to the continuum model of tumor suppression (5). Rather than
following discrete and stepwise changes in PTEN allele loss
as described in the two-hit hypothesis, increasing evidence
supports dosage-dependency of PTEN tumor suppressor func-
tion. A tight correlation between PTEN expression level and
function has been demonstrated using a series of targeted PTEN
alleles which resulted in varying levels of PTEN expression in
mice. Data from these studies show that a subtle 20% reduc-
tion in PTEN protein levels may already lead to deregulated
signaling and subsequent development of sporadic tumors,
albeit to a lesser extent compared to mice with heterozygous
knockout of PTEN (6). However, further downregulation may
be required for the disease to progress (7).
Quasi-insufficiency of PTEN can be caused by rare muta-
tions, promoter hypermethylation and antisense regulation.
Additionally, post-transcriptional regulation by oncogenic
microRNAs (miRNAs/miRs) has been shown to subtly
decrease PTEN levels by binding to the 3'untranslated region
(3'UTR) (8,9). In colorectal cancer, which has a low rate of
PTEN coding region mutations, dysregulation by miRNAs
appears to be the main cause of PTEN inactivation, accounting
for ~70% of cases (4). While it may seem unlikely that these
miRNAs alone are able to downregulate PTEN levels enough
to allow cancer progression, studies have shown that these
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miRNAs can simultaneously modulate the levels of transcrip-
tion factors in the nucleus, directly or indirectly, to augment
downregulation of their target proteins (10,11). Furthermore,
individual miRNAs can simultaneously downregulate several
tumor suppressor mRNA targets, leading to a single pheno-
typic readout (12-15). As certain miRNAs only require 6-8 bp
of perfect complementarity, they can bind to multiple and
otherwise unrelated transcripts and form competing endog-
enous RNA (ceRNA) networks (16). Thus, a physiologically
relevant PTEN miRNA should be able to negatively regulate
a ceRNA transcript or network that sustains PTEN transcript
levels.

Extensive investigation of the PTEN ceRNA network has
revealed transcripts that can act as potent PTEN derepres-
sors (17-19). The majority of these ceRNAs have not been
functionally linked to PTEN mRNA before, but are able
to act as molecular sponges that can sequester and inhibit
shared miRNAs from inactivating PTEN (16). These PTEN
ceRNAs included PTENIP, TNRC6B, VCAN and ZEB2,
all of which were able to rescue PTEN expression upon
overexpression of either their transcripts or their isolated
3'UTR fragments (17-19). The functional characterization
of ceRNAs as derepressors of the PTEN transcript has
helped clarify the poorly-understood crosstalk mediated
by the 3'UTR of the mRNA, and the specific nuances
that PTEN expression levels manifest in cancer, either via
their synergistic or antagonistic interactions with other
PTEN-inactivating mechanisms (18).

The present study aimed to identify other PTEN ceRNAs
that may modulate its tumor suppressive function and validate
the functional relevance of the putative ceRNAs.

Materials and methods

Cell line maintenance and transfection. HCT116 colorectal
carcinoma cells were sourced from the American Type
Culture Collection. HCT116 cells were cultured in Roswell
Park Memorial Institute 1640 (RPMI-1640) medium
supplemented with 10% fetal bovine serum (FBS) (Gibco;
Thermo Fisher Scientific, Inc.), 50 U/ml penicillin/strep-
tomycin and 2 g/l sodium bicarbonate. All transfection
experiments were performed using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturer's instructions. The amount of plasmid and
volume of Lipofectamine 2000 was optimized to achieve
70-80% transfection efficiency for all functional and molec-
ular characterization experiments. A ratio of 1 ng plasmid
per 100 cells was used to transfect cells that were seeded
24 h earlier. Transfection efficiency for the overexpression
constructs was assessed through parallel transfection with
pmR-ZsGreenl empty vector (Clontech Laboratories, Inc.)
and fluorescence imaging, while knockdown efficiency of
siRNA experiments was assessed via RT-qPCR. miRNA
overexpression set-ups included pmR-ZsGreenl empty
vector control and pmR-ZsGreenl-miR4465, whereas 3'UTR
overexpression set-ups included pmiRGLO empty vector
control, and the different 3'UTRs cloned into the pmiRGLO
vector, namely: pmiRGLO-DNMT3B, pmiRGLO-TET3,
and pmiRGLO-PTEN. Daily transfection of the siRNAs
using their optimized concentrations were performed for the
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knockdown experiments. Cells were maintained in a 37°C
humidified incubator with 5% CO,.

Antibodies and plasmid constructs. The rabbit polyclonal
anti-PTEN (cat. no. PA5-27304; 1:1,000) and rabbit poly-
clonal anti-TET methylcytosine dioxygenase 3 (TET3;
cat. no. PA5-31860; 1:1,000) antibodies were from Invitrogen
(Thermo Fisher Scientific, Inc.). The mouse monoclonal
anti-GAPDH (cat. no. CB1001; 1:1,500) antibody was from
EMD Millipore. The rabbit monoclonal anti-DNA methyl-
transferase 33 (DNMT3B; cat. no. 67259; 1:1,000) antibody
was from Cell Signaling Technology, Inc. The goat anti-rabbit
IgG (1:5,000; cat. no. 31460) and goat anti-mouse IgG (H+L)
(1:10,000; cat. no. 31430) secondary antibodies conjugated
with horseradish peroxidase were obtained from Invitrogen
(Thermo Fisher Scientific, Inc.).

The 3'UTR of human PTEN (NM_001304717), DNMT3B
(NM_006892.3), TET3 (NM_001287491.1) and the
pre-miR-4465 gene (NR_039675.1) were amplified by PCR
from human genomic DNA using primers listed in Table I. The
wild-type 3'UTR fragments were cloned into the pmirGLO
dual-luciferase miRNA target expression vector (Promega
Corporation), downstream of the firefly luciferase reporter. A
mutant version of the 3'UTRs was generated by site-directed
mutagenesis of the wild-type 3'UTRs in pmirGLO, in which
a TG>AC substitution within the miR-4465 seed sequence
binding site (5'-ACTACAA-3") was introduced through
splicing-by-overlap-extension PCR using the primers listed in
Table I.

The miR-4465 precursor primers were designed to amplify
a genomic DNA fragment that includes 206 bp upstream
and 226 bp downstream of the pri-miR-4465 sequence. The
amplicon was cloned into the mammalian miRNA expression
vector pmR-ZsGreenl (Clontech Laboratories, Inc.).

The PCR reaction mixture contained a final concentration
of 1X Titanium® Taq PCR buffer (Clontech Laboratories, Inc.),
0.125 uM of each deoxynucleoside triphosphate (dNTP)
(Promega Corporation), 2 uM of each forward and
reverse primers, 1X Titanium® Taq polymerase (Clontech
Laboratories, Inc.) and human genomic DNA template
extracted from HK-2 cells (ATCC® CRL-2190™) available at
the Disease Molecular Biology and Epigenetics Laboratory of
the National Institute of Molecular Biology and Biotechnology
(Quezon City, Philippines). The PCR program used was as
follows: Initial denaturation at 95°C for 5 min, followed by
25-30 cycles of denaturation at 95°C for 30 sec, annealing
at 55-65°C for 30 sec, and extension at 72°C for 30-60 sec,
with a final extension step at 72°C for 10 min. All plasmid
constructs were verified by sequencing.

RT-gPCR. HCTI116 cells were seeded at a density of
200,000 cells/well in a 12-well plate and transfected after
24 h with the appropriate amount of pmiRGLO constructs,
pmRZsGreenl constructs, siRNA and target protectors using
Lipofectamine 2000. Cells were harvested 48 h post-trans-
fection and total RNA was extracted using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). For first strand
cDNA synthesis, 2 pg of total RNA was mixed with 1 ul of
50 pg/ul random hexamers, 10 #M oligo-dT and 15 pl diethyl
pyrocarbonate (DEPC)-treated sterile distilled deionized
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Table I. Primers used for generation and site-directed mutagenesis of 3'UTR constructs.

Primer

Primer sequence (5'—3")

DNMT3B-3'UTR-F

DNMT3B-3'UTR-Fmut

DNMT3B-3'UTR-R

DNMT3B-3'UTR-Rmut

TET3-3'UTR-F

TET3-3'UTR-Fmut

TET3-3'UTR-R

TET3-3'UTR-Rmut

PTEN-3'UTR-F

PTEN-3'UTR-Fmut

PTEN-3'UTR-R
PTEN-3'UTR-Rmut

ATTAAGGAGCTCGCACAAATCAGAC
CTGGCTGCTTG
TTCTCCTAAAACTTTAAAACTACAAG
TAGGTAGCAACGTGGC
GTTCTAGAGCTCCCCAGAGGGTTCTA
TTG
GCCACGTTGCTACCTACTTGTAGTTTT
AAAGTTTTAGGAG
CATGGCGAGCTCTAACAATCAGATGA
CCGCTATAGG
GCCTAGATTTAAACAGCAACTACAAA
AAAAAAGTATGTTTTAAC
ACTTATTCTAGACCGTGGACAGGGCA
CACTGGGGAG
GTTAAAACATACTTTTTTTTTGTAGTT
GCTGTTTAAATCTAGGC
AAGAGGGATAAAACACCATGAAAAT
AAACTACAATAAACTGAAAATG
TTAACTGTTAGGGAATTTTACTACAA
TACTGAATACATATAATG
GCGGAGCTCGAGCACATGTAGGACAATTTCTACTG
CATTATATGTATTCAGTATTGTAGTA
AAATTCCCTAACAGTTAA

DNMT3B, DNA methyltransferase 33; TET3, TET methylcytosine dioxygenase 3; UTR, untranslated region; F, forward; R, reverse; mut, mutant.

H,0 (sddH,0). This was incubated in a thermocycler for 5 min
at 70°C then immediately placed on ice. The following were
then added to make up a total volume of 25 ul: 5 ul 5X M-MLV
RT buffer, 1.5 p1 10 mM dNTPs, 0.625 pl 40 U/ul RNAsin
ribonuclease inhibitor, 1.0 1 M-MLV RT (200 U/ul; Promega
Corporation) and 1.875 ul DEPC-treated sddH,O. The first
strand cDNA samples were then used as template for RT-qPCR.

PowerUp™ SYBR® Select Master mix (Invitrogen;
Thermo Fisher Scientific,Inc.) was used for RT-qPCR following
the manufacturer's protocol. For statistical analysis of gene
expression, triplicate reactions were prepared per template per
primer pair. Adjustment of the baseline and threshold values
determined the threshold cycles for the amplification curves.
Relative quantification was done with the use of generated
standard curves per gene target. Target gene expression was
normalized against cyclophilin expression, and fold-change
expression relative to the untransfected control/empty vector
control was calculated (20). Primers used for RT-qPCR are
summarized in Table II.

Absolute quantification using Quantigene analysis.
Quantigene miRNA Assay (Affymetrix; Thermo Fisher
Scientific, Inc.) was used for absolute quantification of
miR-4465 in HCT116 cells. Since there is no required RNA

Table II. RT-qPCR primers used for detecting DNMT3B,
TET3 and PTEN mRNA.

Primer Sequence (5'—3")

DNMT3B-qRT-F  GAATTACTCACGCCCCAAGGA
DNMT3B-qRT-R  ACCGTGAGATGTCCCTCTTGTC

PTEN-qRT-F CGTATTCTGTAGGTAATCTCTG
PTEN-qRT-R GGTGATGCCTTCAAGTAAC
TET3-qRT-F CAGAAGGAGAAGCTGAGCAC
TET3-qRT-R AGCACCGAGTAGCTCTCCAC

Cyclophilin A-F
Cyclophilin A-R

CCTAAAGCATACGGGTCCTGGCATC
GTGGAGGGGTGCTCTCCTGAGCTAC

DNMT3B, DNA methyltransferase 3p; TET3, TET methylcytosine
dioxygenase 3; RT-qPCR, reverse transcription-quantitative PCR;
F, forward; R, reverse.

extraction and cDNA synthesis step, miRNA quantification is
more reliable compared with RT-qPCR using TagMan probes
due to minimal loss of RNA yield. This branched DNA signal
amplification technology is a hybridization-based assay that
relies on using miRNA-specific probes for normalization.
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Functionally validated pre-designed probes with high
sensitivity and specificity for miR-4465 were obtained from
eBioscience (Affymetrix; Thermo Fisher Scientific, Inc.). The
miR-4465 probe (5'-CUCAAGUAGUCUGACCAGGGGA-3')
was determined bioinformatically by Affymetrix to be specific
to human samples and to have low cross-reactivity towards
closely related miRNA family members.

Cultured cells were lysed to release the miRNAs to be
stabilized by overnight hybridization in a 96-well plate with
capture extenders, label extenders and target-specific capture
probes from the Quantigene miRNA assay kit. Pre-amplifier
molecules were added to allow hybridization to each pair of
gene-specific probe sets for signal amplification. Hybridization
of amplifier molecules with pre-amplifiers was performed
prior to probing with alkaline phosphatase-conjugated oligo-
nucleotides. Generation of a luminescent signal proportional
to the amount of target miRNA present in each sample was
achieved upon addition of a chemilumigenic substrate to each
well. Luminescent signal was detected using the FLUOstar
Omega microplate reader (BMG Labtech GmbH). For statis-
tical analysis, triplicates of cell lysates per set-up were used
to calculate assay precision. For absolute quantitation, a stan-
dard curve was generated for the samples of known miRNA
concentrations, and this was used as reference to calculate the
miRNA concentration for each sample.

SiRNA design and optimization. Pre-designed siRNA
oligonucleotides directed against all transcript variants of
human PTEN, DNMT3B and TET3 were obtained from
Qiagen (Qiagen Sciences, Inc.) as follows: PTEN, Product ID
Hs_TET3_2, GeneGlobe cat. no. SI05784268, target
sequence: CTCGCGCGGCATGGTATGAAA; DNMT3B,
Product ID Hs DNMT3B_2, GeneGlobe cat. no. SI00092967,
target sequence: AAGGACTACTTTGCATGTGAA; TET3,
Product ID Hs_PTEN_6, GeneGlobe cat. no. SI00301504,
target sequence: AAGGCGTATACAGGAACAATA. The
siRNAs were designed to specifically target their corre-
sponding transcripts. Designed with asymmetrical 5'base pair
stabilities, these double-stranded oligos ensure entry of less
tightly-bound antisense strand to the RNA-induced silencing
complex while reducing risk of off-target effects by degrading
the sense strand, which can be incorrectly processed by the
RNA-induced silencing complex.

To optimize the amount of siRNA to be used for transfec-
tions, different amounts of gene-specific siRNA or the AllStars
negative control siRNA (cat. no. 1027281; Qiagen Sciences,
Inc.) were tested. Based on the recommended optimal concen-
tration for knockdown, which is 5-30 nM, the concentrations
of 5,15, 30 and 60 nM were used. RNA extraction with TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc.) of siRNA-trans-
fected cells was performed according to the manufacturer's
protocol, and the generated corresponding cDNA was used for
RT-gPCR to validate the efficacy of the siRNAs in decreasing
individual DNMT?3B, TET3 and PTEN transcript levels. The
optimum concentration for each siRNA was 30 nM.

Dual-luciferase reporter assay. HCT116 cells were seeded at a
density of 10,000 cells/well in a 96-well plate and transfected
after 24 h. For the endogenous dual-luciferase assays, cells were
transfected with 200 ng of empty pmirGLO vector (Promega
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Corporation), pmirGLO-PTEN-3'UTR-wild type (wt)- or
mutant (mut) 4465, pmirGLO-DNMT3B-3'UTR-wt/mut4465
and pmirGLO-TET3-3'UTR-wt/mut4465. For the miRNA
co-transfection dual-luciferase assays, cells were co-transfected
with 20 ng empty pmirGLO vector, pmirGLO-PTEN-
3'UTR-wt/mut4465, pmirGLO-DNMT3B-3'UTR-wt/mut4465
or pmirGLO-TET3-3'UTR-wt/mut4465 together with 200 ng
empty pmR-ZsGreenl vector (Clontech Laboratories, Inc.) or
pmR-ZsGreen-miR-4465 construct. The construct preparations
were complexed with Lipofectamine 2000 for transfection of
cells in triplicate wells. Luciferase activity was measured 48 h
post-transfection using the Dual-Luciferase® Reporter Assay
System (Promega Corporation) and the FLUOstar Omega
microplate reader (BMG Labtech GmbH). The supernatant
of the centrifuged lysates was sequentially added with LARII
(Luc2 substrate) and Stop and GLO reagents (Rluc substrate)
with a 12-sec timeframe of a continuous read. Fast kinetics
function of the multi-mode reader was utilized to continuously
detect luminescence. Degree of miRNA regulation was calcu-
lated by dividing the sum of the RLUs of the Luc2 interval
(0.5 to 12 sec) with that of the Rluc interval (12.5 to 24 sec).
Data are expressed as the mean values of normalized firefly
relative luciferase units (RLUs) per set-up; raw firefly RLUs
were normalized against the internal control Renilla luciferase
RLUs in each well prior to normalizing against the empty
vector control.

Target protection experiments. Target protector
oligonucleotides specific to the respective miR-4465
binding site and flanking sequences within the 3'UTR of
the PTEN, DNMT3B or TET3 3'UTRs were co-transfected
with pmR-ZsGreenl-miR-4465 into HCTI116 cells.
The target protectors were designed using the Qiagen
miRNA Target Protector design tool (https:/www.qiagen.
com/ph/shop/genes-and-pathways/custom-products/custom-
assay-products/custom-mirna-products/#target-protector) with
the RefSeq ID of PTEN transcript variant 1 (NM_000268),
DNMT3B transcript variant 1 (NM_006892.3) or TET3
transcript variant 1 (NM_001287491.1) as reference templates.
Selection of the 40-bp context sequences was performed
by including 20-bp sequences flanking the respective
miRNA binding site in the 3'UTRs of the target MREs. An
effective concentration of 200 nM miR-4465 target protector
co-transfected with ZsG-miR-4465 was determined through
preliminary transfection optimization experiments. Target
protector efficiency for miRNA inhibition was measured using
dual luciferase assays or RT-qPCR from transfected cells vs.
control setups.

Western blotting. Seeding and transfection of HCT116 cells
in 12-well plates were performed as described for RT-qPCR.
Total protein was extracted from cells 48 h post-transfection
using radioimmunoprecipitation lysis buffer (150 mM NaCl,
0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris pH 8.0)
supplemented with protease inhibitors (1 mM phenylmeth-
ylsulfonyl fluoride, 5 mM EDTA and 10 uM E64; Roche
Diagnostics GmbH). Lysates were centrifuged at 10,000 x g
for 20 min at 4°C and transferred to fresh tubes. Total protein
concentration was measured using the bicinchoninic acid
assay. Protein extracts were snap-frozen in liquid nitrogen
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and stored at -80°C until use. For polyacrylamide gel elec-
trophoresis, 30 ug of total protein per setup was loaded into
4-15% Mini-PROTEAN® TGX Stain-Free™ Protein Gels
(Bio-Rad Laboratories, Inc.). Semi-dry electroblot transfer of
proteins onto polyvinylidene fluoride membranes was done at
2.5 mA, 25 V, 10 min using the Trans-Blot® Turbo Blotting
system (Bio-Rad Laboratories, Inc.). Blocking of membranes
was performed using 5% w/v whey protein in Tris-buffered
saline with 0.1% v/v Tween-20 (TBST) at room temperature
for 1 h. Blots were probed overnight at 4°C with the primary
antibodies described above and washed with TBST. This was
followed by incubation with the appropriate secondary antibody
conjugated with horseradish peroxidase (HRP) for 1 h at room
temperature. Bands were visualized with enhanced chemilumi-
nescence (ECL) substrate and imaged using the ChemiDoc Touch
Imaging System (Bio-Rad Laboratories, Inc.). Densitometric
analysis of digitized band intensities was performed using
GelQuant.NET (v1.8.2). Quantified PTEN, DNMT3B, or TET3
gene expression was normalized against GAPDH.

Caspase 3/7 assay. HCT116 cells were seeded at a density of
100,000 cells/well in a 24-well plate and were transfected at
24 h post-seeding. After 48 h, the cells were reseeded into a
96-well plate. For the assay proper, trypsinized transfected
cells were seeded in two sets of triplicates corresponding to the
uninduced and induced groups per transfection set-up. Cells
were treated with 5 mM sodium butyrate and incubated further
for 16-20 h for the induction of apoptosis. Following the addi-
tion of 10 ml Caspase 3/7 reagent (Promega Corporation) per
well, the plate was mixed by shaking at 300 rpm for 30 sec and
incubated for 30 min at room temperature. Luminescence was
measured using a multi-mode plate reader (FLUOstar Omega;
BMG Labtech GmbH), and statistical analysis was performed
by comparing the relative luminescent units of the induced and
uninduced groups in each set-up.

Wound healing assay. HCT116 cells were seeded at
100,000 cells/well in a 96-well plate. At 24 h, 250 ng
pmR-ZsGreenl empty vector was co-transfected with
either the pmiRGLO construct or the desired siRNA using
Lipofectamine 2000 to assess the transfection efficiency
through GFP fluorescence. Upon reaching >95% confluence
at 24 h post-transfection, a thin artificial wound was intro-
duced to the cell monolayer using a sterile pipette tip. Cells
were washed once with 1X phosphate buffered saline (PBS)
and maintained in the appropriate media supplemented with
10 or 4% fetal bovine serum (FBS). Wound closure was moni-
tored at 0 and 16 h post-scratch by capturing three fields of view
per set-up at x4 magnification using the IN Cell Analyzer 6000
High-Content Imaging system (GE Healthcare Life Sciences).
Percent open wound area was analyzed using the TScratch
software (http://www.cse-lab.ethz.ch/software/) and reported
as the mean % open wound area per set-up relative to % open
wound area upon initial scratching (t=0 h). The migration
rate was calculated as follows: [(Percentage open wound area
(t=0)-(Percentage open wound area (t=16)]/16 h.

Low serum (4%) to full serum (10%) conditions were
used in would healing assays following miRNA sequestra-
tion experiments to allow the demonstration of the tumor
suppressive effects of PTEN as a result of its derepression.

INTERNATIONAL JOURNAL OF ONCOLOGY 56: 544-558, 2020

Total serum deprivation was not performed, as no effects of
oncogenic signaling needed to be decoupled from mitogenic
stimulation. Cell migration was monitored only up to 16 h
before the known doubling time of HCT116 cells of ~21 h.

In silico analysis. CEFINDER (https://www.oncomir.
umn.edu/cefinder/), a tool that identifies mRNAs sharing
miRNA binding sites, was used to rank putative PTEN
ceRNAs based on shared PTEN miRNA binding sites in
their 3'UTR. TargetScanHuman v.7.1 (http://www.targetscan.
org/vert_71/) was used to identify miRNAs that can regu-
late PTEN and its ceRNAs. RNAfold (http://rna.tbi.univie.
ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) was used to
assess structural changes in the 3'UTR upon introduction of
a mutation to abrogate a miR-4465 binding site. RNAhybrid
(https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid) was used
to assess miRNA affinity with 3'UTR sequence by calculating
the free energy of binding.

Statistical analysis. For statistical analysis, unpaired
two-tailed Student's t-test to measure differences between
two set-ups was performed. One-way ANOVA with post hoc
Tukey's test was used to test significant differences between
multiple set-ups. Data from all quantitative experiments are
presented as the mean =+ standard deviation (SD). P<0.05 was
considered to indicate a statistically significant difference.

Results

In silico identification of novel PTEN ceRNAs and miR-4465
as a shared microRNA. Initial bioinformatics analysis using
CEFINDER identified TET3, which is a demethylase, and
DNMT3B, a de novo methyltransferase, as two of the top
scoring hits. TET3 ranked second to the validated PTEN
ceRNA TNRC6B, which exhibited the highest number of shared
miRNA binding sites with PTEN. PTEN shares 21 miRNA
binding sites with TET3 and 5 with DNMT3B (Fig. 1A).
By contrast, TET1, TET2 and DNMT?3A only share 7, 2 and
2 miRNA binding sites with PTEN, respectively. DNMT3L
was not included in the analysis as it had no known regulatory
miRNAs based on the analysis on TargetScanHuman v.7.1.
These findings were further qualified by mapping the shared
miRNAs among DNMT3B, TET3 and PTEN that were broadly
conserved across all vertebrates. The results demonstrated that
PTEN may theoretically share 32 miRNA binding sites with
TET3 and 11 with DNMT3B. DNMT3B and TET3 may share
11 miRNA binding sites, whereas all three transcripts may
share 6 miRNA binding sites (Fig. 1B).

To validate the result that DNMT3B, TET3 and PTEN
form a ceRNA network, a miRNA able to negatively regu-
late all three genes via their 3'UTRs needed to be identified.
CEFINDER identified only two miRNA families thatcould bind
to all three genes, miR-29-abc-3p and miR-26ab-5p/1297/4465.
When these were cross-referenced against the 6 shared
miRNAs proposed by TargetScanHuman v.7.1, they were
also identified as the top two miRNA families predicted to
negatively regulate the three genes. Upon further examination
of the relative context scores (a metric for predicted efficacy
of repression) of the miRNAs among the three genes, the
miR-26ab-5p/1297/4465 family had the highest context score
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Figure 1. PTEN, TET3 and DNMT3B 3'UTRs share multiple miRNAs. (A) Linear map of PTEN 3'UTR demonstrating the MREs; miRNAs shared with
TETI, TET2, TET3, DNMT3a and DNMT?3b are indicated below. The map was derived from ceRDB using CEFINDER. (B) Venn diagram of the theoretical
number of miRNAs shared among PTEN, TET3 and DNMT3b 3'UTRs determined by TargetScanHuman v.7.1. (C) Number of copies of miR-4465 per cell
in HCT116 cells compared with miR-143, miR-408, miR-7 and miR-92a. The expression levels of the mature miRNAs were measured using the Quantigene
miRNA assay. miRNA, miR, microRNA; MREs, miRNA response elements; UTR, untranslated region; TET, TET methylcytosine dioxygenase; DNMT3,

DNA methyltransferase 3.

for PTEN, but miR-29abc-3p had the highest context scores for
DNMT3B and TET3. In addition, the miR26ab-5p/1297/4465
family had a high context score for both PTEN and TET3
and a relatively low context score for DNMT3B. miR-4465
was chosen since it is the only miRNA in this family the
role of which in cancer has not been functionally character-
ized. PTEN and TET3 have four miR-4465 binding sites
(according to TargetScanHuman v.7.1; only three according
to CEFINDER), whereas DNMT3B only has one. The results
of the bioinformatics analysis of miR-4465 binding to TET3,
PTEN and DNMT3B 3'UTRs are summarized in Table III.

Previous studies have confirmed the expression of
PTEN (21), DNMT3B (22) and TET3 (23) in HCT116 cells.
The expression level of miR-4465 in HCT116 cells, however,
has not been reported. The results of the Quantigene assays in
the present study demonstrated that miR-4465 was present in
HCT116 cells at 150-250 copies/cell, which is comparable to
the oncogenic miRNAs miR-7 and miR-92a (Fig. 1C).

miR-4465 negatively regulates DNMT3B, TET3 and PTEN
via their 3'UTRs. To confirm whether miR-4465 may regulate
DNMT3B, TET3 and PTEN individually, precursor miR-4465
was cloned into the miRNA expression vector pmR-ZsGreenl,
and fragments of the 3'UTRs of the target genes into the miRNA
target expression vector pmirGLO, downstream of a luciferase
reporter. Cloned DNMT3B 3'UTR contained one miR-4465
binding site (265-271 bp), cloned TET3 3'UTR contained one
(1,958-1,964 bp), whereas cloned PTEN 3'UTR contained
two binding sites (41-47 and 1,261-1,268 bp). Quantigene

analysis confirmed the overexpression of mature miR-4465 in
HCT116 cells transfected with the pmR-ZsGreenl-miR-4465
construct (Fig. S1). Individual overexpression of DNMT3B,
TET3 and PTEN 3'UTRs led to a decrease in the FLuc/Rluc
ratio in luciferase assays compared with the pmirGLO empty
vector set-up (Fig. 2A). These results suggested the negative
endogenous regulation of the three genes in HCT116 cells. To
implicate miR-4465 in the observed downregulation, pmRZs-
Greenl-miR-4465 was co-transfected with the individual
pmirGLO constructs containing DNMT3B, TET3 and PTEN
3'UTR fragments. Dual luciferase reporter assay revealed that
miR-4465 negatively regulated DNMT3B, TET3 and PTEN
3'UTRs in a dose-dependent manner (Fig. 2B).

To further demonstrate that miR-4465 may directly bind
to the 3'UTRs of DNMT3B, TET3 and PTEN, each miR-4465
binding site seed sequence (5'-ACTTGAA-3") in the cloned
3'UTR fragments was disrupted via site-directed mutagenesis
with a TG->AC substitution. In silico analysis revealed that these
mutations changed the secondary structure of each of the 3'UTRs
only minimally, while making miR-4465 free energy of binding
less negative (Fig. 2C), which was indicative of weaker pairing
between the miRNA and the target. Dual luciferase assays using
cells transfected with the mut 3'UTRs exhibited an increase in
Fluc/Rluc ratio compared with the wt 3'UTR controls (Fig. 2D).
These results suggested that the destruction of the binding site
partially derepressed the 3'UTRs from endogenous negative
regulation due to the loss of binding by miR-4465. In addition, no
dose-dependent negative regulation by miR-4465 was observed
when the mutant 3'UTRs were used for the dual luciferase assays
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Table III. Features of mir-4465 binding onto DNMT3B, TET3 and PTEN 3'UTRs in terms of number of binding sites, total
context score and validation from previous TargetScan publications.

Cumulative
No. of MREs weighted context TargetScan

Authors, year Gene within 3'UTR MRE positions score® publication(s)
Garcia et al., 2011 PTEN 4 41-47, 1261-1268, -0.76 47)

2619-2626, 3800-3807
Garcia et al., 2011; TET3 4 1958-1964, 4662-4668, -0.48 (47.48)
Friedman er al., 2009 5570-5577, 5607-5714
Garcia et al., 2011 DNMT3B 1 265-271 -0.09 @7

*The cumulative weighted context score takes into account the number of sites present, seed-pairing stability, site types present, 3'UTR length
and probability of conserved targeting. MRE, miRNA response elements; DNMT3B, DNA methyltransferase 3; TET3, TET methylcytosine

dioxygenase 3; UTR, untranslated region.

(Fig. 2E). These results confirmed that miR-4465 contributed
to the negative regulation of DNMT3B, TET3 and PTEN by
directly binding to their 3'UTRs, since mutating the binding
site abrogated the observed dose-dependent negative regulation
exerted by miR-4465 on the three genes.

DNMT3B, TET3 and PTEN are endogenous targets of
miR-4465. To determine whether miR-4465 acted on its
putative endogenous targets, the effects of its overexpression
on DNMT?3B, TET3 and PTEN transcript and protein levels
in HCT116 were examined using RT-qPCR and western
blot analyses, respectively. TET3 and PTEN transcript
levels decreased, whereas DNMT3B transcript levels were
unchanged in cells overexpressing miR-4465 compared with
cells transfected with an empty vector (Fig. 3A). A decrease
in the protein levels of all three genes was also observed
following miR-4465 overexpression (Fig. 3B and C). These
results suggested that miR-4465 may negatively regulate the
expression of endogenous TET3 and PTEN via transcript
degradation, and DNMT3B via translational repression.

To confirm that the observed endogenous downregulation
was due to direct binding of miR-4465 to its target mRNAs,
target protectors (TPs) specific to the miR-4465 binding site
of each 3'UTR were used in subsequent transfections. Unlike
anti-miRs, TPs are locked nucleic acids that can block the inter-
action of a miRNA with a single target, but leaves other targets
of the same miRNA in other transcripts unaffected. Dual
luciferase assay results demonstrated derepression of the three
3'UTRs from endogenous miRNA binding upon transfection
of their respective TPs in a dose-dependent manner (Fig. 3D).
In addition, co-transfection of specific TPs with individual
3'UTR constructs and miR-4465 inhibited the repressive effect
of miR-4465 (Fig. 3E-G). The target protectors were only able
to inhibit miR-4465 binding to their specific 3'UTR targets.

Evaluation of the DNMT3B, TET3 and PTEN transcript
levels upon co-transfection of miR-4465 and the respective
TPs was performed to determine whether miR-4465 may
downregulate endogenous DNMT3B, TET3 and PTEN levels
by direct binding to their 3'UTRs. TET3 and PTEN transcripts
were rescued from downregulation by miR-4465; DNMT3B
transcript levels, on the other hand, were not affected by

miR-4465 overexpression, consistent with results presented
in Fig. 3A and B, suggesting translational repression. The
DNMTS3B transcript levels remained unchanged following
transfection with DNMT3B 3'UTR-specific TPs (Fig. 3H).

DNMT3B, TET3 and PTEN positively modulate each
other's expression by competitive miRNA sequestration. To
demonstrate possible miRNA-mediated crosstalk among
PTEN, DNMT3B and TET3, the effects of shared miRNA
sequestration were examined via gene knockdown and 3'UTR
overexpression experiments. For knockdown experiments,
30 nM gene-specific siRNA was used, which resulted in
knockdown efficiencies of =60% (Fig. S2). Knockdown of
DNMT3B led to a decrease in the transcript levels of TET3
and PTEN, as identified by RT-qPCR (Fig. 4A). Knockdown
of TET3 also led to a decrease in the transcript levels of
DNMT3B and PTEN (Fig. 4B). In addition, knockdown of
PTEN led to a decrease in the transcript levels of DNMT3B
and TET3 (Fig. 4C). These results demonstrated that in the
context of HCT116 cells, knockdown of their individual tran-
scripts resulted in downregulated expression of their ccRNAs.

To further determine if the observed downregulation was
due, at least in part, to competitive miRNA sequestration, the
3'UTR construct from each gene was overexpressed in HCT116
cells. Overexpression of the DNMT3B 3'UTR led to an increase
in the transcript levels of TET3 and PTEN in a dose-dependent
manner as assessed by RT-qPCR (Fig. 4D). Overexpression
of the TET3 3'UTR also led to an increase in the transcript
levels of DNMT3B and PTEN compared with the control cells
(Fig. 4E). Additionally, overexpression of the PTEN 3'UTR led
to an increase in the transcript levels of DNMT3B and TET3
(Fig. 4F). These results demonstrated that the observed down-
regulation of the endogenous competitors upon knockdown
of one gene and the converse upregulation of the endogenous
competitors when the 3'UTR of a gene is overexpressed were at
least partly miRNA-dependent and coding region-independent.

DNMT3B and TET3 3'UTR overexpression promotes apop-
tosis and inhibits migration. To test whether competitive
miRNA sequestration and the consequent modulation of
PTEN levels may elicit phenotypic readouts consistent with
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Figure 2. PTEN, TET3 and DNMT3B 3'UTRs are negatively regulated by the shared miRNA-4465. (A) Dual-luciferase assays of HCT1116 cells transfected with
an empty vector or pmirGLO-wt DNMT3B-, wt TET3- and wt PTEN-3'UTR demonstrated endogenous downregulation of the transcripts. (B) Dual-luciferase
assay results of the dose-dependent downregulation exerted by miR-4465 on DNMT3B, TET3 and PTEN 3'UTRs in HCT116 cells. (C) Secondary structure
analyses of DNMT3B, TET3 and PTEN 3'UTRs, and changes in the free energy of binding of miR-4465 to its targets following site-directed mutagenesis
of the seed sequence (5'-ACTTGAA-3') with a TG>AC substitution. (D) Dual-luciferase assay results of HCT116 cells transfected with wt or miR-4465
MRE mutant DNMT3B-, TET3- and PTEN-3'UTRs demonstrated endogenous derepression of the mutant transcripts. (E) Dual-luciferase assay results on
the abrogation of dose-dependent downregulation exerted by miR-4465 in HTC116 cells co-transfected with miR-4465 MRE mutant 3'UTR constructs. All
experiments were performed in cells maintained in 10% serum. Data are representative of three independent trials and expressed as the mean + SD. "P<0.05,
“P<0.01, ""P<0.001 and “"P<0.0001. UTR, untranslated region; MRE, microRNA response element; DNMT3B, DNA methyltransferase 3f; TET3, TET
methylcytosine dioxygenase 3; empty, cells transfected with an empty pmirGLO vector; miR, microRNA; MRE, microRNA response element; wt, wild-type.

PTEN derepression, overexpression experiments involving
DNMT3B and TET3 3'UTR constructs were performed in
full-serum and low-serum conditions. Caspase-Glo 3/7 and
wound healing assays were used to determine apoptosis and
cell migration, respectively. The results demonstrated the
suppression of oncogenesis by DNMT3B and TET3 3'UTRs
in a coding-independent and potentially miRNA-dependent

manner, specifically by promoting apoptosis and decreasing
the migratory capacity in both full-serum (Fig. 5A-C)
and low-serum conditions (Fig. 5D-F) compared with the
pmiRGLO empty vector control. In all migration assays, the
debris observed in the open wound areas were confirmed to
be dead cells based on fluorescence microscopy (data not
shown).
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Figure 3. miR-4465 negatively regulates the expression of endogenous DNMT3B, TET3 and PTEN. (A) RT-qPCR demonstrated the effects of increasing
amounts of transfected miR-4465 on the endogenous transcript levels of DNMT3B, TET3 and PTEN. (B) Western blot analyses demonstrated the effects
of miR-4465 overexpression on endogenous protein levels of DNMT4B, TET3 and PTEN. (C) Relative quantification of the protein expression levels of
DNMT3B, TET3 and PTEN in western blots normalized to GAPDH (n=5). (D) Dual-luciferase assays demonstrated derepression of endogenous DNMT3B,
TET3 and PTEN following co-transfection with increasing amounts of gene-specific TPs. (E-G) Dual-luciferase assays demonstrated direct targeting of
(E) DNMT3B-, (F) TET3- and (G) PTEN-3'UTR by miR-4465 and rescue by gene-specific target protectors. (H) RT-qPCR demonstrated the effects of
transfected miR-4465 and co-transfected gene-specific target TPs on the endogenous transcript levels of DNMT3B, TET3 and PTEN. All experiments were
performed in cells maintained in 10% serum. Data presented are representative of three independent trials and expressed as the mean + SD. "P<0.05, “P<0.01,
“"P<0.001 and ""P<0.0001. miR, microRNA; UTR, untranslated region; GLO Empty, empty pmirGLO vector; Zs Empty, empty pmR-ZsGreen1 vector;
TP, target protector; RT-qPCR, reverse transcription-quantitative PCR; DNMT3B, DNA methyltransferase 3p3; TET3, TET methylcytosine dioxygenase 3.
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Figure 4. Crosstalk among DNMT3B, TET3 and PTEN through shared miRNA sequestration. (A-C) RT-qPCR demonstrated the reciprocal effects of
(A) DNMT3B, (B) TET3 and (C) PTEN knockdown on the transcript levels of their competing endogenous RNAs. (D-F) The effects of overexpression of
(D) DNMT3B- (E) TET3- and (F) PTEN-3'UTR on the transcript levels of their competing endogenous RNAs were also assessed by RT-qPCR. All experi-
ments were performed in cells maintained in 10% serum. Data are representative of three independent trials and expressed as the mean + SD. "P<0.05, “P<0.01,
“"P<0.001 and “""P<0.0001. UTR, untranslated region; GLO, pmirGLO construct; si-, small interfering RNA; siNEG, negative control small interfering RNA;
miRNA, microRNA; DNMT3B, DNA methyltransferase 33; TET3, TET methylcytosine dioxygenase 3; RT-qPCR, reverse transcription-quantitative PCR.
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Figure 5. Effects of DNMT3B- and TET3-3'UTR overexpression on apoptosis and cell migration in HCT116 cells. (A and D) Caspase-Glo 3/7 and
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Figure 6. Effects of DNMT3B and TET3 knockdown on apoptosis and cell migration in HCT116 cells. (A and D) Caspase-Glo 3/7 assay and (B and E) wound
healing assays were used to monitor the effects of gene knockdown on apoptosis and migratory capacity, respectively. (C and F) The migration rates corre-
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DNMT?3B, DNA methyltransferase 3f; TET3, TET methylcytosine dioxygenase 3.

Decoupling the coding-dependent from the miRNA-depen-  TET3 knockdown enhanced migration as well as resistance
dent, coding-independent functions of TET3 and DNMT3B. to apoptosis in both full-serum (Fig. 6A-C) and low-serum
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conditions (Fig. 6D-F) compared with the siNEG controls. This
may be the result of the abrogation of TET3 protein function as
well as the redirection of shared miRNAs to other targets such
as PTEN, as demonstrated in Fig. 4B. DNMT3B knockdown,
compared with the siNEG control, exhibited pro-apoptotic
and antimigratory effects in low-serum conditions (Fig. 6D-F)
and an absence of an apparent effect in full-serum condi-
tions (Fig. 6A-C), which may have overridden the effects of
knockdown owing to full mitogenic stimulation. While this
phenotypic readout may be attributed to the abrogation of
the DNMT3B protein function as an oncogene, the results of
DNMT3B 3'UTR overexpression (Figs.4D and SA-F) suggested
a contribution of the miRNA-dependent, coding-independent
function of DNMT3B.

Discussion

Multiple regulatory mechanisms responsible for downregu-
lation of PTEN in cancer have been elucidated in the last
two decades, including negative regulation by transcription
factors, promoter hypermethylation, histone modifications,
post-translational modifications, antisense RNA and miRNA
regulation (24-29). Each one of these can have an impact on
PTEN function by affecting its abundance, catalytic activity,
protein interactions or localization (17-19). More recently,
ceRNAs have been added to this growing list of PTEN
regulators (19,30). By virtue of shared miRNA binding sites,
endogenous RNAs (mRNAs, IncRNAs and pseudogenes

functioning as molecular decoys) can sponge up miRNAs
away from their primary targets (31,32).

The in silico identification and experimental validation of
ceRNA networks in cancer are important for several reasons:
i) It has helped establish the role of miRNAs in the regulation
of oncogenes and tumor suppressors (16,31,33,34); ii) it has
revealed a novel, coding-independent and miRNA-dependent
function for endogenous mRNAs (16,19,30,31,35,36); iii) it has
assigned a molecular decoy function to pseudogenes based on
the extensive homology to and shared MREs with the parental
gene (31,37,38); iv) it has attributed another function to 3'UTRs
of mRNA targets as trans regulatory elements that can modu-
late the expression of other RNAs through the sequestration
of shared miRNAs (39); v) it has led to the identification of
ceRNA hubs and higher-order ceRNA networks, as well as
cancer-specific cceRNA modules (40-43).

The present study reported the experimental validation of
two novel PTEN ceRNAs, DNMT3B and TET3, which were
identified through the MREs that they share with PTEN in
their 3'UTR regions. All three transcripts have previously
been demonstrated to be subject to miRNA regulation. PTEN
is regulated by its pseudogene molecular decoy, PTENPI,
via a ceRNA network in colorectal and prostate cancer (31).
In the present study, DNMT3B and TET3 were identified
as additional ceRNAs that may positively modulate PTEN
expression and enhance its tumor-suppressive functions in
HCT116 colorectal cancer cells. This is, to the best of our
knowledge, the first study to implicate both DNMT3B and
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TET3 in a ceRNA network. Previously, DNMT3B was only
identified to be endogenously regulated by miRNAs in breast
and liver cancer (44,45). TET3 has only been demonstrated
to be endogenously regulated by a network of miRNAs in the
brain governing epigenetic mechanisms for memory formation
and consolidation (46).

Evaluation of DNMT3B and TET3 as PTEN ceRNAs
involved a series of experiments demonstrating that these puta-
tive ccRNAs may be regulated by shared miRNAs. miR-4465
was revealed to directly target and regulate all three transcripts
via their 3'UTRs through a combination of luciferase reporter
assays, abrogation of miRNA binding sites, target protection
with locked nucleic acids and RT-qPCR assays. miRNA
sequestration experiments including overexpression of indi-
vidual 3'UTR fragments led to derepression of the ceRNAs.
By contrast, knockdown of one of the ceRNAs through RNA
interference led to decreased expression of the other two
ceRNAs. These results suggested that indeed, PTEN, TET3
and DNMT3B may constitute a robust ceRNA network. Of
note, although overexpression of 3'UTRs harboring miR-4465
binding sites may be largely responsible for miRNA sequestra-
tion in the 3'UTR overexpression experiments, knockdown by
RNA interference affects the entire length of the transcript,
which harbors multiple MREs targeted by multiple miRNAs.
Thus, multiple shared miRNAs can be redirected and seques-
tered by the ceRNAs.

The effects of sequestration experiments on two cancer
hallmarks, resistance to apoptosis and migratory capacity,
revealed nuances of the ceRNA crosstalk. Overexpression of
DNMT3B or TET3 3'UTR promoted apoptosis and decreased
the migratory capacity potentially, at least in part, due to the
shared miRNA sequestration and the consequent derepres-
sion of PTEN. In a physiological context, these may represent
cellular conditions where either DNMT3B or TET3 is strongly
upregulated, thus providing extra copies of the 3'UTR to
sponge up miRNAs shared with PTEN. Fig. 7 summarizes
the experimental approaches used to validate DNMT3B and
TET3 as novel ceRNAs of PTEN.

Knockdown of TET3 resulted in an increased migratory
capacity and resistance to apoptosis. The relative contribution
of shared miRNAs redirected to PTEN to this phenotypic
observation cannot easily be determined. Reduced expression
of the TET3 protein, a known tumor suppressor, may have
contributed to this result. Knockdown of DNMT3B did not
exhibit phenotypes indicative of miRNA sequestration and
instead promoted apoptosis and decreased the migratory
capacity. This may mean that in this context, downregulation
of DNMT3B in HCT116 colorectal cancer cells is pheno-
typically inconsequential. With fewer predicted shared MREs
between PTEN and DNMT3B, the extra pool of shared
miRNA made available by DNMT3B knockdown may not
be enough to reverse the tumor-suppressive pro-apoptotic
and anti-migratory phenotypic readout of PTEN expres-
sion. In addition, DNMT3B may participate in other ccRNA
networks, and its knockdown may dissipate its miRNA regula-
tors to various other target transcripts. The contribution of the
coding-dependent function of DNMT3B, however, cannot be
discounted; compared with a competitive miRNA sequestra-
tion experiment through 3'UTR overexpression, knockdown
of DNMT3B may have simply decoupled its coding-dependent

INTERNATIONAL JOURNAL OF ONCOLOGY 56: 544-558, 2020

function as an oncogene from its miRNA-dependent,
coding-independent function. TET3 knockdown, on the other
hand, may elicit a pro-oncogenic phenotype by redirecting
more shared miRNAs to its ceRNA PTEN, with which it
shares 32 miRNA binding sites, compared with only 11
between PTEN and DNMT?3B. However, similar to the case of
DNMT3B knockdown, TET3 knockdown may have deprived
the cells of a potent tumor suppressor protein. This highlights
the disadvantages of the knockdown approach in studying
potential ceRNAsS; sequestration experiments using individual
3'UTR overexpression are more instructive. The value of using
knockdown approaches lies in decoupling the protein-coding
from the coding-independent function of mRNAs. In addi-
tion, these experiments highlight that functional relevance
of ceRNA networks is determined largely by the number of
shared miRNAs between or among ceRNAs, their relative
stoichiometry and the relative affinity of shared miRNAs with
the individual targets. Depending on these factors, redirection
of shared miRNAs to competitors may not be relevant, as
demonstrated by the dose-dependent tumor suppressive func-
tion of PTEN in the present study. Gene regulation in cancer
is very dynamic, depending on cellular conditions at any point
in time; there may or may not be specific contexts in which
ceRNAs are expected to alter phenotypic outcomes.

In future studies, transfection experiments involving
DNMT3B and TET3 c¢cDNA, with or without their 3'UTRs,
may help distinguish the coding-dependent and coding-inde-
pendent functions of these genes. Full-length DNMT3B and
TET3 overexpression experiments, however, come with at
least one caveat. Considering the universal roles of the two
genes in methylation and demethylation, respectively, of
countless oncogenes and tumor suppressors, overexpression of
their coding regions may not afford clear-cut interpretation of
results.

The existence of a ceRNA network among PTEN,
DNMT?3B and TET3 may have important ramifications and
merits further investigation. With the opposing functions of
DNMT3B and TET3 as a de novo methylase and demethylase,
respectively, the net effect of miRNA-dependent competition
between DNMT3B and TET3, and among DNMT3B, TET3
and PTEN, may influence the methylation status of the PTEN
promoter, and consequently, carcinogenesis.
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