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Abstract

MicroRNA-21 is dysregulated in many cancers and fibrotic diseases. Since miR-21 suppresses
several tumor suppressor and anti-apoptotic genes, it is considered a cancer therapeutic target.
Antisense oligonucleotides are commonly used to inhibit a miRNA; however, blocking miRNA
function via an antagomir is temporary, often only achieves a partial knock-down, and may be
complicated by off-target effects. Here, we used transcription activator-like effector nucleases
(TALENS) to disrupt miR-21 in cancerous cells. Individual deletion clones were screened and
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isolated without drug selection. Sequencing and quantitative RT-PCR identified clones with no
miR-21 expression. The loss of miR-21 led to subtle but global increases of MRNAS containing
miR-21 target sequences. Cells without miR-21 became more sensitive to cisplatin and less
transformed in culture and in mouse xenografts. In addition to the increase of PDCD4 and PTEN
protein, mMRNAs for COL4A1, JAG1, SERPINB5/Maspin, SMAD7, and TGFBI — all are miR-21
targets and involved in TGFf and fibrosis regulation — were significantly upregulated in miR-21
knockout cells. Gene ontology and pathway analysis suggested that cell-environment interactions
involving extracellular matrix can be an important miR-21 pathogenic mechanism. The study also
demonstrates the value of using TALEN-mediated microRNA gene disruption in human
pathobiological studies.
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1. INTRODUCTION

MicroRNA-21 (miR-21) is one of the first mammalian miRNAs identified [34] and has
received great attention for its involvement in cancer, cardiovascular disease, organ fibrosis,
and immune response [31, 33]. miR-21 is up-regulated in virtually all cancers examined to
date, and many miR-21 targets are tumor suppressors [7, 62]. The tumorigenic role of
miR-21 has been tested in mouse models where shutting down miR-21 expression inhibits
growth of lymphoma and lung tumors that were induced by miR-21 over-expression [21,
42]. Mouse models are useful for dissecting human diseases, but there are ample examples
showing limitations of applying results obtained from mouse studies to human conditions
[52]. Thus, a direct analysis of miR-21 in human cells is critical for therapeutic
development.

Antisense oligonucleotides or antagomirs are perhaps the most commonly used method to
inhibit a miRNA [32]. However, blocking miRNA function via an antagomir is temporary,
often only achieves a partial knock-down, and may be complicated by off-target effects [28].
For example, miR-21 is up-regulated in response to cardiac injury and is consistently
deregulated under various cardiovascular pathological conditions [12, 60]. When the
myopathological role of miR-21 was investigated in mouse models, anti-miR-21
oligonucleotides were shown to be effective in attenuating cardiac fibrosis [56]; however, it
was later found that a miR-21 knockout mouse still developed cardiac hypertrophy [48].
Thus, the investigation of a microRNA function would be more effective when the gene
itself can be inactivated through direct gene editing. Three gene editing tools have recently
been developed: zinc-finger nucleases, transcription activator-like effector nucleases, and
RNA-guided CRISPR/cas9 nucleases [14, 24, 58]. These sequence-specific nucleases have
made it possible to directly modify genes in human cells [18, 49].

Transcription activator-like effectors (TALES) from Xanthomonas have been engineered to
bind to specific DNA sequences of interest [5, 8]. The DNA binding specificity resides in
34-amino-acid repeats that can be assembled to recognize a specific DNA sequence. Fusing
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TALE to the nuclease domain of Fokl converts the fusion protein into a TALE-nuclease
(TALEN). To cut DNA, one TALEN binds upstream and another TALEN binds
downstream of a target sequence so that the Fokl nuclease domains can dimerize and
become active. A pair of TALENSs when introduced into cells will generate DNA double-
stranded breaks (DSBs) at the target site; the resulted DSB can then be repaired by non-
homologous end joining (NHEJ) or by homologous recombination (HR) [37]. DSB repair by
NHEJ often causes insertions or deletions, resulting in targeted mutations. TALENSs have
been used to create site specific gene modification in plant cells, yeast, animals, and human
pluripotent stem cells [24, 44].

To investigate miR-21 function in cancerous cells, we constructed 3 pairs of miR-21
targeting TALENS and used them to delete the miR-21 sequences. By analyzing single cell-
derived miR-21 knockout clones, we found HeLa cells lacking miR-21 were phenotypically
less transformed and more sensitive to cisplatin. We also compared the gene expression
profiles of TALEN-mutagenized miR-21 disrupted clones by RNA deep sequencing. Genes
and pathways that are involved in cell adhesion, extracellular matrix, and metabolism were
significantly affected by the loss of miR-21. Our study indicates that alteration of cell-
environment interaction may contribute to the pathogenic role of miR-21 in cancer and
fibrosis, as well as demonstrates that the function of a microRNA gene can be studied in
human cells using TALEN-induced gene disruption.

2. MATERIALS and METHODS
2.1. TALEN design and assembly

All TALENSs were designed using TALEN Targeter 2.0 (https://TALE-nt.cac.cornell.edu/)
and were assembled using the Golden Gate TALEN Kit (Addgene) as described [8].
Intermediary RVD plasmids were verified by Aflll and Xbal digestions, and the complete
RVD sequences were ligated into a CMV-TALEN vector and verified by a BspEI digestion.
The final TALEN plasmids were confirmed by DNA sequencing using two TAL primers:
5’-CATCGCGCAATGCACTGAC and 5’-GGCGACGAGGTGGTCGTTGG.

2.2. Cell culture and transfection

Human cervical carcinoma HeLa cells were maintained in Dulbecco's modified Eagle's
medium (Corning) supplemented with 10% (v/v) fetal bovine serum (Hyclone) in a
humidified incubator with 5% CO, at 37°C. Cells were transfected at 90% confluency using
lipofectamine™ 2000 (Invitrogen). A transfection mixture containing 4 pl of lipofectamine
2000, 1.6 pg of TALEN plasmid DNAs, and 100 pl of Opti-MEM was used for cells in one
12-well.

2.3. Surveyor Nuclease assay

TALEN's ability to cleave their target genomic DNA was determined using a Surveyor
Nuclease assay. Briefly, genomic DNA was extracted from cells using QlAamp DNA Mini
kit (Qiagen) 3 days after TALEN transfection. The targeted locus was amplified by PCR for
35 cycles using two primers: miR-21-F1: 5’-TGGGGTTCGATCTTAACAGG-3’and
miR-21-R1: 5’-TTTCAAAACCCACAATGCAG-3’. The PCR products were heated at 95
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°C for 10 min and cooled to 25°C with 0.3°C drop per second. Surveyor Nuclease
(Transgenomic) was added and the digested sample was resolved on a 2% agarose gel. The
DNA bands were quantified using Image J and the mutation rate in a cell population was
calculated as 1 — (1 — fraction cleaved)/2 [20].

2.4. Isolation and DNA analysis of mutant clones

HeLa cells transfected with miR-21 targeting TALENSs were seeded 3 days post-transfection
on 96-well plates at 1 cell/well. A portion of the cells from each colony appeared after 14-21
days was used to isolate genomic DNA using QuickExtract™ DNA Extraction Solution
(Epicenter), while the remaining cells of each colony were maintained in culture. To detect
deletions, genomic DNA was subjected to PCR using primers miR-21-F1 and miR-21-R1
and JumpStart™ Taq DNA Polymerase (Sigma) followed by agarose gel electrophoresis.
Genomic DNA from candidate clones was further analyzed by Sanger sequencing of the
PCR products. Selected mutant clones were further characterized by cloning the PCR
fragments amplified with Hotstar HiFidelity DNA polymerase (Qiagen) into TOPO TA
cloning vector (Invitrogen) and positive clones were then analyzed by Sanger sequencing.

2.5. RT-qPCR

Total RNA containing miRNA was extracted from cells using the mirVana miRNA isolation
kit (Ambion). To quantify microRNAs, 0.5 ug RNA was reverse-transcribed to cDNA using
miScript RT Kit Il (Qiagen). Real-time PCR with 2 ng of cDNA was carried out using
miScript SYBR Green PCR Kit (Qiagen) and appropriate primers (Qiagen) on MylQ™
Real-Time PCR Detection System (Bio-Rad). The RNU6B RNA was used as control. All
gPCR reactions were done in triplicate, and the relative expression levels were calculated
using 27AACt Statistic analysis including standard deviation and p-value calculations was
done following published methods [54].

2.6. RNA deep sequencing and data analysis

Total RNA with miRNA was extracted using mirVana (Ambion). For miR-Seq, RNA
adaptors were ligated to the 3' and the 5' ends. After RT-PCR amplification and size
selection, the cDNA fragments were sequenced on Illumina HiSeq 2000. Cluster analysis
was done using Cluster 3.0 and the heatmap was generated using TreeView [15]. For RNA-
Seq, poly(A)RNA was isolated (via oligo-dT) and reverse-transcribed. After fragmentation,
cDNA fragments with sizes between 130-280 bp were isolated from polyacrylamide-urea
gels. The isolated cDNA fragments were added a 3’ linker with a barcode and a 5’ linker.
The ligated material was amplified by PCR and then put on Solexa HiSeq2000 for parallel
sequencing. The 40-bp long single-ended sequence reads were mapped to the human
genome (hg19) using TopHat, and the frequency of Refseq genes detected was counted with
customized R scripts. The raw counts were then normalized using trimmed mean of M
values (TMM) method [51] implemented in the Bioconductor package edgeR [50]. A gene
was considered not expressed in the experimental conditions if the mean base coverage in all
samples was less than 1, hence excluded in the expression analysis. Differentially expressed
genes were identified based on the negative binomial model by comparing the two groups
using edgeR, with p-value < 0.01 and fold-change > 1.5 as the cutoff values [6]. Gene
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enrichments were analyzed using DAVID (Database for Annotation, Visualization, and
Integrated Discovery), which is a bioinformatic resource available online at http://
david.abcc.ncifcrf.gov for functional interpretation of large lists of genes [26].

2.7. Characterization of cell phenotypes in vitro

For cell proliferation assay, HeLa cells were seeded in triplicate in 96-well plates at 3,000
cells/well in 100 pl growth medium. Cell growth was determined at indicated times by
adding to each well 20 pl of tetrazolium MTS regent from CellTiter 96® AQueous Non-
Radioactive Cell Proliferation Assay Kit (Promega) and measuring the 490-nm absorbance
on a Bio-Tek uQuant microplate reader. For monolayer colony formation assay, HeLa cells
were seeded on 10-cm culture plates at 200 cells per plate. After culturing for 21 days, plates
were washed with PBS and stained with 0.05% crystal violet solution. Colonies visible to
the naked eye were manually counted and the colony numbers from two separate
experiments with triplicates were averaged. For soft agar colony formation assay, 2,000
HelLa cells were suspended in culture medium containing 0.35% low-melting agar and
plated on a base of 0.5% agar on a 6-well plate. After culturing for 15 days, colonies were
photographed and counted under 4x light microscope. The number of colonies containing
more than 50 cells was determined; the average of two separate experiments of triplicate
samples was calculated.

2.8. Cisplatin treatment and apoptosis assay

Cisplatin (Bristol-Myers Squibb) was added to the cell culture medium (in 96-well format)
at a concentration of 1.56, 3.12, 6.25, 12.5 or 25.0 pM, and cell viability was assayed using
MTS after 48 h. To measure apoptosis using Annexin-V Staining, HeLa cells (5x10° cells/
well) on 6-well plates were incubated with 20 uM of cisplatin for 12 h. Cells were collected
and stained using BD Pharmingen™ Annexin V: FITC Apoptosis Detection Kit 11, and
subjected to FACS analysis.

2.9. Mouse xenograft

Animal experiment protocols were approved by the IACUC of City of Hope. Each HelLa
line was xenotransplanted into 3 immunodeficient NOD/SCID/IL2R gamma null (NSG)
mice; 3 x 108 cells were inoculated subcutaneously into each mouse. Tumors were removed
from mice before they reached a size of 15 mm in diameter. The tumors were fixed in
formalin, sectioned, stained with hematoxylin and eosin, and examined by routine light
microscopy.

3. RESULTS
3.1. TALEN-mediated disruption of the microRNA-21 gene in HelLa cells

We designed and made three pairs of TALENS, the first pair (L1-R1) targeted the seed
sequence of miR-21, the second pair (L2-R2) targeted the loop of the pre-miR-21, and the
third pair (L3-R3) targeted a downstream sequence of pre-miR-21 (Fig. 1A; Supplementary
Fig. S1). The three TALEN pairs were tested for genomic DNA cutting by transient
transfection into HelLa cells. The miR-21 region was amplified by PCR; the PCR product
was denatured, re-natured, and digested with Surveyor nuclease, which cuts unpaired bases
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within DNA duplexes. If the genomic DNA were cut by TALENS and then repaired by non-
homologous end joining (NHEJ) near the cut site, heteroduplexes formed between wild-type
and a mutant (or between two different mutants) would contain mismatches and be cut into
two fragments by Surveyor [20]. This was indeed the case (Fig. 1B); P1 (L1-R1) generated a
lower mutation rate than P2 (L2-R2) or P3 (L3-R3) did. We also co-transfected two pairs of
TALENS and found they induced higher mutation rates (Fig. 1B, P1/P3 and P2/P3).
Interestingly, an additional band just below the full-length PCR product was detected in
samples co-transfected with two pairs of TALENS (Fig. 1B; marked with an arrow). A
similar band was also detected without Surveyor digestion, and cloning and sequencing
confirmed the DNA between the two cutting sites could be deleted when two pairs of
TALENS were co-transfected (Supplementary Fig. S2). Similar deletions were detected
when two TALEN pairs targeting the miR-21 locus were co-transfected into the HEK293T
or Ramos lymphoma cells (data not shown). Thus, disruption of miR-21 may be achieved by
either using seed- or loop-cutting TALENS or by “double-digestion” with two pairs of
TALENS.

We then used “double-digestion” by co-transfecting HeLa cells with TALEN pairs L1-R1
and L3-R3 (Fig. 1C) and isolated single cell clones. A screen of 92 clones by genomic
DNA-PCR identified 11 clones carrying deletions in the miR-21 locus (Fig. 1D); one of the
deletion clones, #75, appeared not to contain any intact miR-21 allele. Seven deletion-
carrying clones expressed a low amount of miR-21 as determined by quantitative RT-PCR,
and clone #75 expressed less than 0.1% of the wild type level (Fig. 1E). We further
characterized the miR-21 locus of clones #38, #39, #75, and #92 by cloning the PCR
products and sequencing. An intact pre-miR-21 sequence was detected in clones #38, #39,
and #92, while in clone #75 only disrupted pre-miR-21 sequence was found (Supplementary
Fig. S3). While most clones we characterized have three miR-21 alleles, we only recovered
two different alleles in clones #75 and #92; these two clones could either lose one of the
three alleles or have two identical alleles through recombination [4].

To further verify the loss of miR-21 expression, we sequenced small RNAs from the
parental line (WT), clone #39, and clone #75 by next generation sequencing. A heatmap
comparing the expression of the top 50 highly expressed microRNAs in WT showed that
both miR-21-5p and miR-21-3p were decreased in clone #39 but depleted in clone #75,
while the other 48 microRNAs (except for miR-143-3p) were largely unaffected (Fig. 2A).
Although the expression of miR-143-3p was higher in clone #75, it was actually lower in
clone #39 as compared to the parental line. By measuring miR-143-3p in other miR-21
disrupted clones, we did not observe a strong correlation between these two miRNAs (data
not shown). Thus, the TALEN-mediated mutagenesis specifically disrupted the miR-21
expression.

3.2. Up-regulation of genes containing miR-21-targeted sequences in a miR-21 knockout

clone

To investigate whether there would be a general increase of mMRNAs carrying a predicted
miR-21 target sequence, we deep-sequenced used the poly(A)*RNAs from WT, clone #39,
and clone #75, and used the Sylamer algorithm to analyze the RNA-Seq data. In a Sylamer
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analysis, genes are ranked from most up-regulated to most down-regulated, and the
occurrence bias (hypergeometric significance) of a specific sequence in the 3° UTR of each
gene batch within this ranked list is then calculated [59]. By comparing clone #75 and the
parental line using Sylamer for every possible 7-mer, it appeared that predicted miR-21
target sequences were over-represented in the up-regulated portion of the expression ranking
(Fig. 2B). We also transfected a miR-21 luciferase reporter into the parental line, clone #38,
and clone #75, and found that the de-repression of the reporter expression was miR-21
dosage dependent: clone #38 with partial miR-21 deficiency increased the reporter activity
by 5 fold, while miR-21 depleted clone #75 increased the reporter activity by nearly 100
fold (Fig. 2C). Thus, the expressing gene enrichment and the reporter de-repression both
indicated that disruption of the miR-21 gene by TALEN could result in global up-regulation
of miR-21 target genes.

3.3. Phenotypical characterization of miR-21 knockout clones in culture and in mouse

xenografts

To aid in the phenotypical analysis, we isolated additional miR-21 knockout HeLa clones.
We took clone #38, which still has one functional miR-21 allele (Supplementary Fig. S3),
and performed a second round of mutagenesis using TALENS. Since the remaining,
functional miR-21 allele (38-A) did not have an intact L3-R3 binding site, we decided to use
L2-R2 that cuts the loop region to disrupt the gene (Fig. 1A). We also included a single-
stranded oligodeoxynucleotide (ssSODN) for homologous recombination to precisely delete
the mature miR-21 sequence (Fig. 3A). We screened 164 single cell derived clones and
found 1 clone (#38124) had a precise deletion of the miR-21 sequence (Fig. 3B), and 2
NHEJ-derived deletion clones (#3837 and #3838) (Supplementary Fig. S3). Quantitative
RT-PCR showed that all three clones did not express mature miR-21 (Fig. 3C). MicroRNA
deep sequencing of clones #38 and #3837 confirmed a depletion of miR-21-5p and
miR-21-3p in clone #3837 (Fig. 3D). The expression of miR-143-3p was not significantly
different between #38 and #3837.

Although miR-21 is up-regulated in many cancers, it is not clear how loss of miR-21 would
affect the highly transformed HelLa cells. We measured the cell growth rates using the
metabolic-activity-based MTS assay and found that all four miR-21 knockout clones are less
proliferative (Fig. 4A). We also performed a monolayer colony formation assay and found
that miR-21 knockout cells were much less clonogenic than the parental line (Fig. 4B). By
performing a soft agar colony formation assay, we found the miR-21 knockout cells had
decreased anchorage-independent growth (Fig. 4C). Thus, proliferation of HeLa cells indeed
was hindered by the loss of miR-21.

We also investigated whether loss of miR-21 would affect chemotherapeutic sensitivity of
the cells. miR-21 knockout clones and the parental line were treated with cisplatin at
concentrations from 1.5 UM to 25.0 uM, and cell viability was determined using the MTS
assay. The miR-21 knockout clones were less viable than the parental line (Fig. 5A). By
performing Annexin V staining of cells treated with or without cisplatin, we found the
miR-21 knockout cells showing a greater cisplatin sensitivity had a higher apoptotic rate,
particularly in the early apoptotic cell population, which were Annexin V positive but
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propidium iodine negative — WT at 1.8%, #75 at 7.8%, #3837 at 16.4%, and #3838 at 17.9%
(Fig. 5B). Thus, HeLa cells lacking miR-21 expression were more apoptotic and sensitive to
cisplatin.

We further characterized tumorigenic properties of miR-21 knockout cells by
xenotransplantation into immunodeficient NSG mice. Cells from a miR-21 knockout clone
(#75), a partially disrupted clone (#39), and the parental line (WT) were xenotransplanted,
and the appearance of tumor growth and size were followed in situ. The tumors were
eventually excised from mice and analyzed by H&E staining. Although the tumor size was
not significantly different (data not shown), the xenograft derived from clone #75 appeared
to be less proliferative than the xenograft derived from WT or clone #39: the cell density
was lower, the nucleoli were less prominent, and there were fewer mitotic figures
(Supplementary Fig. S4). The xenograft derived from clone #75 also appeared to have fewer
apoptotic bodies and more matrixes between cells. A combination of a lower mitotic rate,
less apoptosis, and more extracellular matrix in clone #75 might explain why its xenografts
had a similar size as those from WT and clone #39. Taken together, these results indicated
that miR-21 knockout cells were less proliferative in vivo as in vitro.

3.4. Alteration of gene expression in miR-21 knockout cells

To find out what genes or pathways might be affected upon depletion of miR-21 in HeLa
cells, we compared the RNA-Seq data of 4 TALEN-mutagenized single-cell clones: partially
disrupted clones #39 and #38, and completely disrupted clones #75 and #3837. After
filtering out non-expressing genes, we identified 200 up-regulated genes and 122 down-
regulated genes in the two knockout clones as compared to the two disrupted clones that still
expressed considerable amounts of miR-21 (Supplementary Table S1 and Table S2,
respectively). We used DAVID (Database for Annotation, Visualization, and Integrated
Discovery [16]) to analyze the up-regulated gene set for cellular processes affected in the
miR-21 knockout clones. Genes involved in cell-environment interactions such as cell
adhesion, extracellular matrix (ECM), and growth factor and integrin binding were enriched
(Table 1). DAVID analysis of the down-regulated gene set indicated that genes involved in
metabolic pathways such as reduction-oxidation and fatty acid/lipid synthesis were enriched
(Table 1).

Five of the up-regulated genes are validated miR-21 targets: COL4A1, JAG1, SERPINBS5/
Maspin, SMAD7, and TGFBI (Supplementary Table S1); interestingly, they have all been
implicated in TGF regulation and playing a role in fibrosis [13, 39, 45, 46, 67]. TGFBI as a
secreted protein interacts with collagen and integrins and enhances cell interactions.
Overexpression of TGFBI contributes to apoptotic cell death and higher TGFBI levels are
associated with better prognosis of lung cancer [47]. Two up-regulated genes are predicted
miR-21 targets: FMN1 and NEGR1. The fmnl mRNA has been reported to be up-regulated
in miR-21 knockout mice after fibrosis-related kidney injury [9]. It is possible that many
miR-21 targets were not highly upregulated at the RNA level but up-regulated at the protein
level [27]. By using immuno-blot to analyze two well-characterized miR-21 regulated genes,
PDCD4 [3] and PTEN [43], we observed a significant increase of PDCD4 but a subtle
increase of PTEN in miR-21 knockout clones #75, #3837, and #3838 (Supplementary Fig.
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S5). There are more than 30 miRNAs have been validated to target PTEN [55], so depletion
of one microRNA may not drastically derepress PTEN [69]. Conversely, many highly over-
expressed mMRNAs detected in the knockout cells were probably not direct targets of
miR-21, but might represent downstream events. Taken together, the RNA-Seq data
indicated that HeLa cells lacking miR-21 increased expression of genes related to cell-
environment interactions and decreased expression of genes related to the redox regulation.

4. DISCUSSION

MicroRNA-21 is of great interest given it is highly expressed and plays a pathological role
in many cancers and fibrotic organs. We show in this report that human cell lines without a
functional miR-21 can be readily obtained using TALE-Nucleases, and miR-21 expression
is necessary to support robust cell proliferation and to augment cisplatin resistance. We also
show that genes involved in cell-environment interaction or metabolism are deregulated, and
that miR-21-targeted mMRNAs involved in TGFf and fibrosis regulation are up-regulated in
miR-21 null cells.

Antisense oligonucleotides or antagomirs have been widely used in investigating the
function and therapeutic potentials of microRNAs [38]. The advantage of using antagomirs
is that it is relatively simple to design, synthesize, and deliver; however, inhibition by
antagomirs is almost always incomplete and off-target effects are difficult to control [28].
For instance, inhibiting miR-21 using antisense oligonucleotides results in profound increase
in HelLa cell growth [11], while a similar antagomir approach causes a complete opposite
effect of profound suppression of HeLa cell proliferation [66]. Strategies to inactivate
microRNA genes using gene-editing nucleases such as TALEN are being developed more
recently [30]. The advantage of nuclease-mediated knockout is that the microRNA of
interest can be completely depleted so the outcome would likely be more consistent. For
instance, knocking out miR-21 using TALEN in two different cell lines, HeLa in this study
and HEK?293 in two others [57, 63], all resulted in decrease in cell proliferation. However,
the utility of this approach still needs to be further investigated [64].

MicroRNA-21 has been knocked out in human colorectal cancer cell lines using adeno-
associated viruses to transduce a neomycin marker flanked by miR-21 homologous
sequences [61]. The procedure requires two rounds of drug selection and LoxP-Cre
recombinase-mediated deletion in order to obtain complete knockout clones. By using
sequence-specific TALENSs, complete miR-21 knockout clones can be isolated without drug
selection and in one step [63] (and this study). TALENSs have been used to disrupt the
miR-155, miR-146a, and miR-125b genes, but the study did not characterize the knockout
lines created [25]. TALENS in combination with a homologous template carrying a
selectable marker have also been used to disrupt the miR-21 gene in HEK293 cells, which
result in cell growth reduction in culture [57]. Our study went further to characterize miR-21
knockout clones for gene expression and cell proliferation changes in vitro and in vivo.

MicroRNA biogenesis is often studied using minigene constructs in transfected cells [68] or
using relatively short synthetic RNA substrates in cell-free extracts [36]. Using TALEN - or
other sequence-specific nucleases — to generate genomic mutant alleles would be quite
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valuable in evaluating microRNA processing from its native transcript. For example, in our
HelLa clone #3838 a deletion of 11 base pairs between miR-21-5p and miR-21-3p, without
deleting any nucleotide in either microRNA, completely abolished the biogenesis of miR-21
(Supplementary Fig. S3). Conversely, in HeLa clone #39, a deletion of 7 base pairs
immediately upstream of miR-21-5p did not abolish the expression of miR-21 from that
allele (Supplementary Fig. S3).

Homozygous miR-21 knockout mice are viable indicating that miR-21 is not essential for
cell growth [40, 48]. The fact that viable miR-21 knockout clones can be isolated from RKO
and DLD1 colorectal cancer cells [61], HeLa cervical adenocarcinoma cells (this study),
HEK?293 transformed human embryonic kidney cells [57, 63], and Ramos Burkitt's
lymphoma cells (our unpublished results), suggests that miR-21 expression is possibly not
essential for many human cancer cell lines. However, the growth of pre-B cell lymphoma
resulted from miR-21 overexpression is abolished when miR-21 expression is turned off
[42]. Our results indicated that miR-21 enhances robust growth in vitro and aggressiveness
in vivo in highly transformed HeLa cells. HeLa cells are widely used as a cancer cell model
in general and as a cervical adenocarcinoma cell model in particular [41]. In addition, the
complete genome sequence of HeL a has recently been determined, making it an ideal
cellular model for cancer study [2, 35]. Cisplatin remains a backbone of therapy for early
and late-stage cervical cancer [19], so it is of clinical interest that knocking out miR-21
enhances sensitivity of HeLa to cisplatin. Thus, our study further advances the idea that
miR-21 may be explored as a safe adjuvant therapeutic target [10, 65].

We compared the 200 up-regulated genes in our miR-21 knockout HeLa cells with the 118
up-regulated genes in the miR-21 knockout colon cancer cell lines [61]; only 4 genes appear
on both lists (CTGF, ECM1, EEF1A2, and HAS2). Three of the 4 overlapped genes are
involved in cell-environment interactions: CTGF is connective tissue growth factor, ECM1
is extracellular matrix protein 1, and HAS2 is hyaluronan synthase 2. We have also isolated
TALEN-induced miR-21 knockout Ramos lymphoma clones and analyzed gene expression
changes by RNA-Seq; there were 101 up-regulated genes and none overlapped with the up-
regulated genes in miR-21 knockout HeL a or colon cancer cell lines (our unpublished). The
lack of overlaps in gene expression changes among the miR-21 knockout clones from
various human cell lines suggests that different cells may have different ways to respond to
the loss of miR-21.

Knockout of miR-21 in HelLa cells leads to up-regulation of genes enriched in extracellular
matrix, which include genes encoding collagen, integrin, and fibronectin (Supplementary
Tables S1 and S3). There are 5 validated miR-21 targets up-regulated in the knockout HelLa
cervical cancer cells: COL4A1, JAG1, SERPINB5, SMAD?7, and TGFBI (this study), 3
validated targets in knockout colon cancer cells: BTG2, CDC25A, and TGFB1 [61], and 2
validated targets in knockout Ramos lymphoma cells: ACTA2 and MEF2C (our
unpublished). Although there are no overlaps, all these genes are implicated in TGF
regulation and fibrosis. NEGR1, a putative miR-21 target, was also found to be up-regulated
in our study. The NEGRL1 protein localizes to cell-cell contact areas of the cell membrane
and is down-regulated in many cancerous tissues. NEGR1 is regulated by the TGFp
signaling, and overexpressing NEGR1 inhibits cell growth while suppressing NEGR1 leads
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to increase of cell migration and invasion [23, 29, 53]. Thus, NEGR1 may represent a novel
tumor-suppressor target for miR-21.

The role of miR-21 as a regulator of ECM formation has also been linked to scleroderma
fibrosis [70], aortic stenosis [60], atrial fibrosis [1], renal fibrosis [9], and pulmonary fibrosis
[39]. In addition, redox imbalance impairs the myofibroblast-mediated fibrosis resolution in
a mouse lung fibrosis model [22], and the lipid metabolism pathway is deregulated in
miR-21 knockout mice with injury-induced kidney fibrosis [9]. Interestingly, aldo/keto
reductases and lipid synthesis are both down-regulated in our miR-21 knockout HelL a cells
(Table 1). Thus, this study reveals a set of miR-21 targets that may play an important role in
miR-21 mediated regulation of TGFf and fibrosis. Our work further suggests that
modulation of the ECM may be an important mechanism by which miR-21 contributes to
pathogenesis. In conclusion, the miR-21 null cells isolated and the genes/pathways identified
in this study provide important first steps in elucidating the regulatory mechanism involving
miR-21 in malignant and fibrotic diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TALEN design and miR-21 disrupted clones generated by co-transfection with the L1-
R1 and L3-R3 TALEN pairs

(A) TALEN cutting sites. Part of the miR-21 primary transcript is shown; miR-21
(miR-21-5p) is in red with the seed sequence (position 2 to 8) underlined and miR-21*
(miR-21-3p) is in orange. The approximate cutting sites for TALEN pair 1 (L1-R1), pair 2
(L2-R2), and pair 3 (L3-R3) are labeled with arrows. (B) TALEN cutting efficiency as
reflected by mutation rates. Plasmids carrying TALEN constructs were transfected into
HelL a cells, genomic DNA was subjected to PCR and Surveyor digestion and run on agarose
gels. M is a 50-bp marker ladder and the arrow points to the band corresponding to a
deletion between two TALEN cutting sites. (C) Hypothetical NHEJ events upon TALEN P1
and P3 cutting at the miR-21 locus. The pri-miR-21 region is filled with dark red; F1 and R1
are primers used for PCR screening. (D) Genomic DNA was isolated from single cell clones
(numbers on top) and subjected to PCR using F1 and R1. WT is the parental HeLa line, M is
a 100-bp marker ladder, and arrows point to bands corresponding to the 430-bp full-length
PCR product and the ~330-bp deletion products. (E) Mature miR-21 levels were measured
by real-time RT-gPCR and normalized to the levels of the U6 snRNA. The level of miR-21
in clone #75 is significantly lower than the wild-type level with p<0.001.
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Figure 2. Expression of microRNA and poly(A)RNA in miR-21 disrupted clones
(A) A heatmap of the miR-Seq data from HeLa WT and disrupted clones #39 and #75. The

50 most abundant microRNAs were ranked and clustered by centering on the row-wise
mean log(2) value [17]. A scale of 8-fold deviation from the mean is shown. (B) Sylamer
analysis of gene expression changes. Poly(A) RNA was quantified by deep sequencing and
the expression changes between miR-21 disrupted clones #75 and the WT were analyzed
using Sylamer. Gene expression changes were ranked from increase to decrease (left to
right) and enrichment p-value was determined for all possible 7-mers in the genes’ 3’'UTR.
Genes carrying a miR-21 target sequence, miR-21 7(2) or miR-21 7(1A), were over-
represented in the up-regulated region in both cases. (C) Expression of a luciferase reporter
with a miR-21 target sequence in clones #38 and #75. A miR-21 reporter plasmid carrying a
firefly luciferase with 3 copies of the miR-21 complementary sequence and a control Renilla
luciferase (our unpublished) was transfected into the cells. Luciferase activity was
determined 48 h after transfection and normalized to the level detected in the WT cells; ***
represents a significant difference in luciferase reporter expression with p<0.001.

Cancer Lett. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Chen et al.

Page 18

(A) 47bp BamHI  48bp (D)

e ———
4 3 haa-miR-21-5p

" ."\ i
*_.-mammmim,_-.‘Lz-Rz cutting site haa-lec-Ti-5p

ooo
=1=1-]
I=1=1-}
na-8888

Hela 38
H 3877

hsa-niR-20a-5p
h=a-niR-17-5p
hsa-niR-23a-3p
hsa-miR-143-3
hsa—llﬂ—;?h—i;’; 13
hsa-niR-30a-5p
hsa-lec-7-5p
h=a-mniR-31-5p
haa-lec-Tg-5p

i haa-miR-100-5p
GGATCC (BamH] site) eyt L
: . hea-niR-148b-3p
L el = hsa-miR-125a-5p

sequence

il . hsa-niR-24-3p
| . R I A - hss-miR-186-5p
A | fin 1A f hsa-let-Ta-5p
il | | | hsa-niR-52a-3p
| \ | hsa-miR-103a-3p
ARy ’ AN A hsa-niR-19a-3p
P hsa-miR-15la-5p
hsa-miR-151b
hsa-niR-125b-5p
(c) hsa-miR-16a-5p
hsa-miR-27a-3p
hea-miR-T7-5p
hsa-miR-101-3p
hsa-niR-59a-5p
hsa-miR-16-5p
hsa-let-Tb-5p
haa-niR-268-5]
1.00 hsa—llR—BOe—ss
hsa-niR-93-5p
hsa-miR-304-5p
hsa-aiR-23b-3p
haa-niR-452-5p
hsa-niR-30c-5p
hsa-lec-Tc
hza-n 106b-5p
hsa-niR-22-3p
hsa-miR-374a-5p
hea-wiR-423-3p
0.00  0.00 0.00 nea-niR-425-5p
T T hsa-niR-335-5p

level
-
o

g

(normalized to U6G)

miR-21 expr

T
hea-miR-151a-3p

.'S\ .P% 9“ P .\"l-"l hea-uiR-26b-5p
Iy (55 g hsa-miR-106a-5p
* h=a-niR-18la-5p

haa-niR-21-3p

Figure 3. miR-21 completely disrupted clones derived from clone #38 using TALEN L2-R2
(A) A homologous recombination event between the single-stranded oligodeoxynucleotides

(ssODN) and the miR-21 genomic locus will delete the miR-21 sequence and replace with 3
bases of atc to generate a BamHI site. (B) Genomic DNA from clone #38124 was subjected
to PCR and BamHI digestion (left) and Sanger sequencing (right). (C) Mature miR-21 levels
were measured by RT-qPCR. (D) A heatmap of the miR-Seq data from clones #38 and
#3837. The 49 most abundant microRNAs plus miR-21-3p were ranked and clustered by
centering on the row-wise mean log(2) value [15, 17]. A scale of 8-fold deviation from the
mean is shown.
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Figure 4. Analysis of cell proliferation of miR-21 disrupted clones
(A) Cell viability was measured using tetrazolium MTS assay. (B) Clonogenic ability was

measured using monolayer colony formation assay; * is p<0.05, ** is p<0.01. (C)
Anchorage-independent growth was measured using soft agar colony formation assay; ***
is p<0.001.
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Figure 5. Cisplatin sensitivity in vitro and mouse xenografts of miR-21 disrupted cells
(A) Cells were treated with cisplatin at various concentrations for 48 h and the cell viability

was measured using MTS assay. (B) Cells were treated with cisplatin for 12 h, stained with
propidium iodine and Annexin V, and subjected to FACS analysis. Significant increases in
early apoptotic cells present in the lower-right quadrant were observed in clones #75, #3837,

and #3838 particularly with cisplatin treatment.
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Table 1

DAVID analysis of up-regulated or down-regulated genes in miR-21 knockout HeLa cells

Up Cluster Representative Enrichment Score

Representative Genes

Term

Cell adhesion 8.16 PCDHAG6, PCDHA7, PCDHAS8, PCDHA2, TNFRSF12A, PCDHA3, TNC, PCDHA4,
IGFBP7, PCDHADS, ITGA11, ITGB5, NEDD9, CDH2, PCDHA1, PCDHAC?2,
PCDHACI1, CD97, CTGF, TGFBI, PCDHA10, PCDHA11, PCDHA12, PCDHAL3,
NEGR1, FN1, COL15A1, CERCAM, COL4A6, AMIGO2, ITGAG, ITGAS5, CYFIP2

Extracellular matrix 4,58 COL4A2, LTBP1, COL4AL, LTBP2, TNC, NTN4, COL15A1, OLFML2A, COL5A3,
ECM1, COL5A1, COL4A6, CPZ, TIMP1, CTGF, TGFBI, THSD4, COL1A1, TFPI2,
FN1

Cell motion and migration 3.78 TNFRSF12A, PLXNA2, TGFBR1, ITGA1l1, CDH2, CERCAM, COL5A1, PLAUR,
EPHB2, CD97, ITGAS6, ITGA5, CTGF, SERPINB5, DNER, SEMA3A, ETV4,
DCLK1, RUNX3, FN1

Growth factor binding 3.41 FGFBP3, LTBP1, COL4A1, LTBP2, CTGF, HTRAL, IGFBP7, TGFBR1, COL1A1,
COL5AL, CRIM1

Cell differentiation 2.62 NOTCH3, SMAD7, TGFBR1, RCAN1, ABCAL, SEMA3A, JAG1, ABCG1, KLF4,
EPHB2, MBP, THY1

EGF/Notch signaling 2.34 NOTCH3, CD97, LTBP1, LTBP2, TNC, DNER, PTGS1, JAG1, ADAM19, MAMLS3,
FOXC2

Integrin binding 2.06 ITGAB, CTGF, ITGA5, TGFBI, COL5A1, THY1

Down Cluster Representative Term  Enrichment Score  Representative Genes

Aldo/keto reductase and NADP 2.92 AKRI1C3, AKR1C2, AKR1C4, KCNAB2, FASN, AKR1C1, FDFT1

GPl-anchor 2.52 CPM, ALPPL2, FOLR1, NTNG1, PSCA, ALPP

Steroid metabolic process 2.34 SOATL, AKR1C2, AKR1C4, SQLE, HMGCS], LSS, IDI1, AKR1C1,
SREBF2, FDFT1

Lipid and fatty acid synthesis 1.76 ELOVL2, HMGCSI, FASN, FADS2, LSS, IDI1, FDFT1
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