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Abstract

The miR-99 family is one of the evolutionarily most ancient microRNA families, and it plays a critical role in developmental
timing and the maintenance of tissue identity. Recent studies, including reports from our group, suggested that the miR-99
family regulates various physiological processes in adult tissues, such as dermal wound healing, and a number of disease
processes, including cancer. By combining 5 independent genome-wide expression profiling experiments, we identified a
panel of 266 unique transcripts that were down-regulated in epithelial cells transfected with miR-99 family members. A
comprehensive bioinformatics analysis using 12 different sequence-based microRNA target prediction algorithms revealed
that 81 out of these 266 down-regulated transcripts are potential direct targets for the miR-99 family. Confirmation
experiments and functional analyses were performed to further assess 6 selected miR-99 target genes, including
mammalian Target of rapamycin (mTOR), Homeobox A1 (HOXA1), CTD small phosphatase-like (CTDSPL), N-myristoyl-
transferase 1 (NMT1), Transmembrane protein 30A (TMEM30A), and SWI/SNF-related matrix-associated actin-dependent
regulator of chromatin subfamily A member 5 (SMARCA5). HOXA1 is a known proto-oncogene, and it also plays an
important role in embryonic development. The direct targeting of the miR-99 family to two candidate binding sequences
located in the HOXA1 mRNA was confirmed using a luciferase reporter gene assay and a ribonucleoprotein-
immunoprecipitation (RIP-IP) assay. Ectopic transfection of miR-99 family reduced the expression of HOXA1, which, in
consequence, down-regulated the expression of its downstream gene (i.e., Bcl-2) and led to reduced proliferation and cell
migration, as well as enhanced apoptosis. In summary, we identified a number of high-confidence miR-99 family target
genes, including proto-oncogene HOXA1, which may play an important role in regulating epithelial cell proliferation and
migration during physiological disease processes, such as dermal wound healing and tumorigenesis.

Citation: Chen D, Chen Z, Jin Y, Dragas D, Zhang L, et al. (2013) MicroRNA-99 Family Members Suppress Homeobox A1 Expression in Epithelial Cells. PLoS
ONE 8(12): e80625. doi:10.1371/journal.pone.0080625

Editor: Barbara Bardoni, CNRS UMR7275, France
Received July 19, 2013; Accepted October 4, 2013; Published December 3, 2013

Copyright: © 2013 Chen et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported in part by National Institutes of Health (NIH) PHS grants (CA139596 and CA171436), National Natural Science Foundation of
China grants (81072228, 81272953), a grant from Science and Technology Planning Project of Guangdong Province, China (A2010147), a seed grant from CMBOD
Oral Cancer Research Program (UIC College of Dentistry), and a Cancer Research Pilot Project grant from University of Illinois Cancer Center. Y.J. is supported by a
T32 training grant (DE018381), and D.D. is supported by a R25 grant (DE022675) from NIH/National Institute of Dental and Craniofacial Research. The open access
publication fee is supported by the Research Open Access Publishing (ROAAP) fund of the University of lllinois at Chicago. The funders had no role in study

* E-mail: xfzhou@uic.edu

design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

MicroRNAs are a class of small non-coding RNAs of
approximately 22 nucleotides in length that are endogenously
expressed in mammalian cells. MicroRNAs are not directly
involved in protein coding, but are able to control the expression
of their target genes at post-transcriptional levels by facilitating
mRNA degradation and/or repressing translation. MicroRNAs
have been shown to regulate many developmental and physiolog-
ical processes, such as wound healing, as well as a number of
disease processes, including cancer.

The miR-99 family is one of the evolutionarily most ancient
microRNA families whose origin dates back before the bilaterian
ancestor [1-3]. All available 88 mature miR-99 family microRNA
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sequences from miRBase (from 58 different species) have an
identical seed region (which is thought to be the major
determinant of target specificity), and as such, it is believed that
they bind similar groups of targets. There are 3 members of the
miR-99 family in humans (miR-99a, miR-99b and miR-100)
located on distinct chromosomal regions in human genome (Chr
21, Chr 19, and Chr 11, respectively), and their mature
microRNA sequences are identical to that from mouse. Early in
animal evolution, miR-99 was active in a small population of cells
located at the anterior anatomical sites, such as the foregut
(digestive opening), and appears to play a role in developmental
timing and maintaining tissue identity [3]. This is comparable with
the fate of important transcriptional regulator genes, such as the
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evolutionarily conserved Homeobox (HOX) gene clusters. It
became apparent recently that miR-99 family also expressed in
several adult tissues (and cells) and play important roles in
physiological and disease processes. Using dermal wound healing
and oral squamous cell carcinoma as independent model systems,
two of our recent studies showed that the miR-99 family members
play an important role in regulating proliferation and migration of
skin and oral mucosa epithelial cells, respectively [4,5]. Our
dermal wound healing study showed that the miR-99 family
members are co-regulated (exhibit similar expression patterns)
during the wound healing process, and the downregulation of
miR-99 family contributes to re-epithelialization of the wound by
regulating cell proliferation, apoptosis and cell migration [4]. It is
worth noting that similar downregulation pattern of miR-99 family
members was also observed during fin regeneration in zebrafish
[6]. Our oral squamous cell carcinoma paper showed that down-
regulation of miR-99 family members is one of the most
consistently observed microRNA alterations in oral/head and
neck cancer, and the reduction in miR-99 family expression is
associated with enhanced cell proliferation and cell migration [5].
The deregulation of miR-99 family members is also a frequent
event in several types of cancer of epithelial origin and they appear
to play similar roles in the tumorigenesis of these cancers [7-10].

Most of the recent functional studies have linked the miR-99
family to the regulation of AKT/mTOR signaling pathway
[4,5,8,11-13]. However, these studies often focus on a specific
cancer type, and may only reflect a fraction of the biological
attributes of this microRNA family. Consequently, it is possible
that many functional miR-99 family target genes still remain to be
identified. In this study, using combined genomic and bioinfor-
matics approaches, we identified a panel of high confidence miR-
99 family target. We also functionally assessed the role of selected
target genes, including Homeobox Al (HOXAI), in miR-99
family-mediated regulation of proliferation and cell migration in
epithelial cells.

Materials and Methods

Cell Culture and Transfection

The human immortal skin keratinocyte cell line HaCa'T [14]
was maintained in high glucose DMEM medium (Gibco)
supplemented with 10% FBS, 100 units/ml penicillin, and
100 pug/ml streptomycin (Invitrogen). The human head and neck
squamous carcinoma (HNSCC) cell lines (1386Ln [15], 1386Tu
[15], 686Ln [16], 686Tu [16], SCC1 [17], SCCI [18], SCC15
[18], SCC25 [18], UMI1 [19], UM2 [19]) were maintained in
DMEM/F12 medium (Gibco) supplemented with 10% FBS,
100 units/ml penicillin, and 100 pg/ml streptomycin (Invitrogen).
All cells were maintained in a humidified incubator containing 5%
COy at 37°C. For functional analysis, hsa-miR-99a, hsa-miR-99b,
hsa-miR-100 and non-targeting microRNNA mimic (Dharmacon),
and gene specific siRNAs for mTOR, HOXAIl, CTDSPL,
NMT1, TMEM30A, SMARCAS and Bcl-2 (Santa Cruz Biotech-
nology) were transfected into the cells using DharmaFECT
Transfection Reagent 1 as described previously [20,21].

Microarray Analysis

The 1386Ln and HaCaT cells were transfected with miR-100
mimic and non-targeting miRNA mimic as described above, and
the total RNA was isolated using miRNeasy Mini kit (Qiagen), and
labeled and hybridized to the Affymetrix GeneChip Human Gene
1.0 ST arrays according to the standard protocol. The arrays were
scanned with a GeneChip Scanner 3000. The scanned array
images were processed with GeneChip Operating software
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(GCOS). The microarray data were pre-processed using Robust
Multi-array Analysis (RMA) [22]. The microarray dataset has
been submitted to ArrayExpress Archive (accession number: E-
MTAB-1876). Existing microarray dataset on C4-2 prostate
cancer cells treated with either miR-99a or control that was
generated by Sun et al., 2011 [7] was downloaded from Gene
Expression Omnibus (GEO accession GSE26332), and processed
using RMA. Additional differential expression datasets on SCC29
oral cancer cells transfected with miR-100 or control, and 4T'1
murine mammary tumor cells transfected with miR-100 or control
were extracted from reports by Henson et al., 2009 [23] and
Gebeshuber et al., 2012 [24], respectively.

MicroRNA target prediction

The candidate targets of the miR-99 family were identified
using the comparative analysis function of the miRWalk [25],
which contains a collection of 10 bioinformatics tools, including
DIANAmMT, miRanda, miRDB, miRWalk, RNAhybrid, PicTar
(4-way), PicTar (5-way), PITA, RNA22, TargetScan5.l. In
addition, MicroCosm 5.0 and TargetScanHuman 6.2 were also
used for predicting the miR-99 family targets. For our study, genes
that were predicted by at least one method were defined as
potential miR-99 family targets. The base-pairing and the
minimum free energy (mfe) for the binding of microRNA to its
targeting sequences were predicted using the RNAhybrid program
[26].

Quantitative RT-PCR Analysis

The total RNA from cultured cells was isolated using miRNeasy
Mini kit (Qiagen). The total RNA samples from mouse embryos of
different stages (7-, 11-, 15-, 17-day embryo), and from adult
brain, eye, and salivary gland tissues were obtained from Clontech.
The relative levels of miR-99a, miR-99b and miR-100 were
determined by TagMan microRNA assays (Applied Biosystems) as
previously described [4,5]. The relative mRNA levels of mTOR,
HOXAI1, CTDSPL, NMT1, TMEM30A and SMARCAS5 were
determined by quantitative two-step RT-PCR assay with gene
specific primer sets (Origene) as described before [4,5]. The
relative microRNA and mRNA levels were computed using the
grdelta delia Gt 5 alysis method, where U6 and beta-actin were used
as internal controls, respectively.

Cell proliferation, migration and apoptosis assays

Cell proliferation was measured using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide]| assay
as described previously [4,27]. In brief, cells were grown in 96-well
plates to about 70% confluence and transiently transfected with
the desired microRNA mimics or siRNAs. At 48 h post
transfection, medium in each well was replaced by 100 pl of fresh
serum free medium with 0.5 g/L MTT. After incubation at 37°C
for 4 h, the MTT medium was aspirated out and 50 pl of DMSO
was added to each well. After incubation at 37°Ci for another
10 min, the absorbance value of each well was measured using a
plate reader at a wavelength of 540 nm. Cell migration was
measured using a trans-well assay as described previously [4,28]
using BD BioCoat Control Cell Culture Inserts (containing an
8.0 um PET Membrane without matrix). In brief, approximately
5x10* cells were seeded in the upper chambers, and culture
medium with 10% FBS was added to the lower chambers. After
48-h incubation, cells that migrated to the reverse side of inserts
were stained with Diff-Quik stain kit (Polysciences, Inc.,
Warrington, PA) and quantified. The apoptosis was measured
using the Annexin V-FITC Apoptosis Detection Kit (Invitrogen)
as previously described [4,27]. In brief, cells were grown in 6-well
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plates to about 70% confluence and transiently transfected with
the desired microRNA mimics or siRNAs. The cells were digested
and collected after 48 h post-transfection, and washed with PBS
twice, then resuspended in 1 xBinding Buffer, and 5 pl of Annexin
FITC Conjugate, and 10 pl of propidium iodide solution were
added to each cell suspension, separately. The stained cells (1 x10°)
were then analyzed with a flow cytometer (FACScalibur, Becton-
Dickinson).

Western-blot analysis

Western blots were performed as described previously [29]
using antibodies specific for mTOR, Bcl-2 (Cell Signaling),
HOXAI and beta-actin (Sigma-Aldrich) and an immuno-star
HRP substrate Kit (Bio-RAD).
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Table 1. miR-100 target genes identified in epithelial cells by microarray analysis and bioinformatics prediction.

X X X Bioinformatics predicted targets of
Gene @ Genes down-regulated by miR-100 treatment (microarray analysis) miR-100 f

HaCaT ® 1386Ln ° c4-2¢ scc29 ¢ 411 ©

CTDSPL 1 1 1 1 7
NMT1 1 1 1 1 2
TMEM30A 1 1 1 1 4
ATP6AP1 1 1 1 4
BMPR2 1 1 1 4
CDK6 1 1 1 1
DNAJB4 1 1 1 2
FABP5 1 1 1 0
HIPK3 1 1 1 0
HOXA1 1 1 1 10
KBTBD8 1 1 1 8
KCTD10 1 1 1 3
LRRC8B 1 1 1 1
MMP13 1 1 1 0
mTOR 1 1 1 12
RAB15 1 1 1 2
REEP3 1 1 1 0
SLC39A6 1 1 1 1
SMARCAS 1 1 1 11
SMEK2 1 1 1 5
SNX9 1 1 1 4
TTC30A 1 1 1 6
VLDLR 1 1 1 7
ZDHHC18 1 1 1 5
2Gene names in bold font were genes that down-regulated in 4 out of 5 microRNA transfection experiments, or down-regulated in 3 out of 5 microRNA transfection
experiments and predicted to be miR-100 targets by 10 out of 12 bioinformatics tools tested.
PHuman skin keratinocyte HaCaT and head and neck squamous cell carcinoma cell 1386Ln were treated with either miR-100 or control mimic and differential expression
analysis was carried out using Affymetrix GeneChip HuGene 1.0 ST arrays. The data was processed using Robust Multi-array Analysis (RMA), and the down-regulated
gene was defined as a gene with a microRNA-induced expressional change equal or less than the known target gene mTOR (fold difference =0.88 and 0.67, respectively
for HaCaT and 1386Ln cells).
“Microarray data on C4-2 prostate cancer cells treated with either miR-99a or control (GEO accession GSE26332) [7], and processed using Robust Multi-array Analysis
(RMA). The down-regulated gene was defined as a gene with a microRNA-induced expressional change equal or less than the known target gene mTOR (fold difference
=0.67).
9Data from Henson et al 2009 [23].
Data from Gebeshuber et al 2012 [24].
The candidate targets of miR-100 were predicted using a collection of 12 bioinformatics tools, including DIANAMT, miRanda, microCosm, miRDB, miRWalk, RNAhybrid,
PicTar (4-way), PicTar (5-way), PITA, RNA22, TargetScan5, and TargetScanHuman 6.2. The number of bioinformatics tools (out of a total of 12 tools tested here) that
predict a gene to be miR-100 target was presented.
doi:10.1371/journal.pone.0080625.t001

Dual-Luciferase reporter assay

The luciferase reporter gene constructs (pGL-TS1 and pGL-
TS2) were created by cloning a 57-bp fragment from the coding
region (position 409465 of the HOXAI mRNA sequence
NM_005522, containing the miR-99 family targeting site TSI)
and a 54-bp fragment from the 3'-UTR (position 2155-2208 of
the HOXA1 mRNA sequence NM_005522, containing the miR-
99 family targeting site 'T'S2) into the Xba I site of the pGL3-
Control firefly luciferase reporter vector (Promega) as described
previously [30]. The corresponding mutant constructs (pGL-
TS1m and pGL-TS2m) were created by replacing the seed regions
(positions 2-8) of the miR-99 family binding sites with 5'-
TTTTTTT-3". All constructs were verified by sequencing. The
reporter constructs and the pRL-TK vector (Promega) were co-
transfected using Lipofectamine 2000 (Invitrogen). The luciferase
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Figure 1. MiR-100-mediated down-regulation of its target
genes. The miR-100 mimic and negative control microRNA were
introduced into the 1386Ln (A) and HaCaT cells (B). gRT-PCR was
performed to assess the expression of mTOR, HOXA1, CTDSPL, NMT1,
TMEM30A and SMARCAS5. Data represents at least 3 independent
triplicate experiments with similar results. * indicates p<<0.05.
doi:10.1371/journal.pone.0080625.g001

activities were then determined as described previously [20] using
a GloMax 20/20 luminometer (Promega). Experiments were
performed in quadruplicate.

Ribonucleoprotein-IP (RIP-IP) assay

RIP-IP assays were performed as described previously [4,31].
Briefly, cells were co-transfected with a pIRESneo-FLAG/HA-
Ago?2 expression vector (Addgene plasmid 10822, Addgene Inc.)
and miR-100 mimic or non-targeting microRNA mimic (Dhar-
macon). 48 h after transfection, cells were washed and lysed in
radioimmune precipitation buffer (Sigma) containing 10% pro-
teinase inhibitor cocktail (Sigma), 1 mM PMSF (Fluka), and
100 units/ml SUPERase:In (Ambion). The samples were then
subjected to centrifugation for 30 min at 14,000 rpm, and the
supernatants were collected. A fraction of the whole cell lysate was
saved for RNA isolation, and the remaining lysate was subjected to
immunoprecipitation (IP) using anti-FLAG M2 affinity gel
(Sigma). RNA from the whole cell lysate and the RIP-IP fraction
was extracted with QIAzol and purified by miRNeasy mini kit
(Qiagen). The relative mRNA level of the HOXAl was
determined using a quantitative two-step RT-PCR as described.
The relative enrichment of mRNA in the RIP-IP fractions was
computed based on the ratio of relative mRNA levels in the RIP-
IP fractions and the relative mRNA levels in the whole cell lysates
as described previously [4,31].

Statistical analysis

Data was analyzed using the Statistical Package for Social
Science (SPSS), version 17.0. Student’s t-test was used to compare
differences between groups. Fisher’s exact test was used to test the
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Figure 2. Correlation of miR-100 level and the expression of its
target genes in HNSCC. The level of miR-100 and the expression of
mTOR, HOXA1, CTDSPL, NMT1, TMEM30A and SMARCAS were assessed
by qRT-PCR in 10 HNSCC cell lines. Potential correlation of the miR-100
level with the expression of mTOR (A), HOXA1 (B), CTDSPL (C), NMT1
(D), TMEM30A (E), and SMARCAS (F) was assessed, and the Pearson’s
correlation coefficient (r) was calculated.
doi:10.1371/journal.pone.0080625.g002

enrichment of predicted microRNA genes in the gene list.
Pearson’s correlation coefficient was computed for examining
the relationship between the expression of microRNA and their
target genes. For all analyses, p<0.05 was considered statistically
significant.

Results and Discussion

MicroRNA can have multiple targets. We performed micro-
array-based differential expression analysis on human 1386Ln and
HaCaT cells transfected with miR-100 mimic and negative control
mimic. We also obtained 2 existing microarray datasets with
similar study design (microarray analysis on C4-2 human prostate
cancer cells transfected with miR-99a or control [7], and SCC29
human oral cancer cells transfected with miR-100 or control [23]).
The 5% microarray dataset is based on a mouse cell line (4T1
murine mammary tumor cells transfected with miR-100 or control
[24]). Since human and mouse miR-99 family microRNA
sequences are identical (and consequently, may have similar
targets), we also included this mouse cell line-based dataset in our
analysis. All 5 cell lines used in these microarray experiments are
cells of epithelial origin. As shown in Table S1, there are 266
genes that were down-regulated by miR-99 family members (miR-
100 or miR-99a) in at least 2 microarray experiments. The top 24
candidates (down-regulated in at least 3 microarray experiments)
are listed in Table 1.

These microarray-based experiments measure the differential
expression of mRNA levels, and are only sensitive to the targets
that are regulated by microRNA mediated degradation, but not to
the targets that are regulated by microRNA mediated translational
inhibition. We anticipate that a portion of true miR-100 targets
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Figure 3. The effect of miR-100 target genes on proliferation and cell migration. 1386Ln (A and B) and HaCaT cells (C and D) were
transfected with either negative control microRNA, miR-100 mimic, negative control siRNA, or specific siRNAs against mTOR, HOXA1, CTDSPL, NMT1,
TMEM30A or SMARCAS5. Proliferation (A and C) and cell migration (B and D) were measured as described in the Material and Methods section. Data
represents at least 3 independent triplicate experiments with similar results. * indicates p<<0.05.

doi:10.1371/journal.pone.0080625.g003

will not be detected by our approach. In fact, IGFIR, a gene that
was previously shown to be inhibited by miR-100 through
translation inhibition [4,32], was not detected in our microarray
experiment. Nevertheless, our study identified a panel of genes
regulated by miR-100, including the experimentally-confirmed
miR-100 target gene, mammalian Target of rapamycin (mTOR),
Homeobox Al (HOXAI), CTD small phosphatase-like
(CTDSPL), and SWI/SN¥F-related matrix-associated actin-depen-
dent regulator of chromatin subfamily A member 5 (SMARCADJ).
As a complementary approach to our microarray analysis, we also
carried out a bioinformatics-based target prediction using 12
different sequence-based microRNA target prediction algorithms
(DIANAmT, miRanda, microCosm, miRDB, miRWalk, RNAhy-
brid, PicTar (4-way), PicTar (5-way), PITA, RNA22, TargetS-
cand.l, and TargetScanHuman6.2) to refine our list of target
genes for miR-100. Each bioinformatics tool utilizes a different
model to define targeting sequences that are associated with
functionality. Consequently, the predictions will differ when
applied to the same microRNAs, with each method having
different levels of coverage and false positive prediction [33].
These differences reflect the varying biological attributes that each
mathematical model highlights. As shown in Table S1, 81 out of
these 266 down-regulated transcripts are potential direct targets
for miR-100. Among the top 24 candidates (down-regulated in at
least 3 microarray experiments), 20 of them are potential direct
target genes of miR-100 (Table 1). As such, bioinformaticsly
predicted miR-100 target genes are significantly enriched in the
top 24 candidates (Fisher’s exact test, p<<0.0001).

We selected 6 high-confidence targets (down-regulated in at
least 3 microarray experiments and consistently predicted by 10
out of 12 bioinformatics methods, or down-regulated in 4 out of 5
microarray experiments) as candidates for further confirmation
experiments and functional analysis. These high-confidence target
genes are mMTOR, HOXA1, CTDSPL, NMT1, TMEM30A, and
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SMARCA5. Among these genes, mTOR, CTDSPL and
SMARCADS have been previously identified and experimentally
confirmed as functional targets for miR-99 family members
[5,7,11,34,35]. HOXAI is a known oncogene [36-40], and
NMTT1 also plays a role in regulating tumor cell proliferation and
apoptosis [41,42]. TMEMS30A plays a major role in cell polarity
control and microtubule regulation, and is also involved in cell
migration [43]. As shown in Figure 1, the miR-100-mediated
down-regulation of these 6 candidate genes in 1386Ln and
HaCa'l cells was validated by quantitative RT-PCR analysis.

To further evaluate these candidate miR-100 target genes, we
examined the relationship between the miR-100 level and the
expression of these 6 target genes in 10 HNSCC cell lines
(Figure 2). Among these 6 genes, nTOR (Figure 2A), CTDSPL
(Figure 2C), and SMARCA) (Figure 2F) are experimentally
confirmed miR-100 target genes by previous studies
[5,7,11,34,35], and their expression exhibited apparent inverse
correlations with the miR-100 level in the HNSCC cell lines
(Pearson’s correlation coefficient =—0.38, —0.18 and —0.29,
respectively). Using these 3 known target genes as guidance, it
appears that the expression levels of HOXAI and NMTT are also
inversely correlated with the level of miR-100 in the HNSCC cell
lines (Figure 2B and 2D, Pearson’s correlation coefficient
=—0.42 and —0.32, respectively). No apparent correlation
between the TMEM30A and miR-100 was observed (Figure 2E).

The miR-99 family members (miR-99a/b and miR-100) have
been shown to regulate cell proliferation and cell migration in
several types of cancer of epithelial origin [5,7,9], and during
dermal wound healing [4]. As such, we chose to further explore
the functional role of these 6 miR-99 family target genes in our
study. As shown in Figure 3A and 3C, ectopic transfection of
miR-100 mimic to 1386Ln and HaCaT cells led to a statistically
significant down-regulation in cell proliferation as compared to
cells treated with control mimic (measured by MTT assay). When
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cells were treated with siRNAs specific to mTOR, HOXAI, compared to cells treated with control siRNA (Figure S1). These
CTDSPL, NMT1, TMEMS30A and SMARCAS, statistically siRNA-mediated gene expression changes were accompanied by
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Figure 5. The effect of miR-99 family members on HOXA1 expression. 1386Ln and HaCaT cells were treated with mimics for miR-99 family
members (miR-100, miR-99a, miR-99b), or negative control microRNA mimic. The effects of miR-99 family members on HOXA1 gene expression were
examined by qRT-PCR (A) and Western blot analysis (B).
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Figure 6. Correlation of miR-100 and HOXA1 levels in various
tissues. The levels of miR-100 and HOXA1 were determined in mouse
embryos of different stages (7-, 11-, 15-, 17-day embryo), and adult
tissues of anterior anatomical location (brain, eye, and salivary gland) by
gRT-PCR. An inverse correlation between miR-100 and HOXA1 levels
was observed (Pearson’s correlation coefficient = —0.79, p=0.03).
doi:10.1371/journal.pone.0080625.g006

(Figure 3A and 3C). As shown in Figure 3B and 3D, ectopic
transfection of miR-100 mimic to 1386Ln and HaCa'T cells led to
a statistically significant down-regulation in cell migration as
compared to the cells treated with control mimic (measured by
trans-well assay). Statistically significant down-regulation in cell
migration was also observed in 1386LN cells that were treated
with siRNAs specific to mTOR, HOXAL, and TMEMS30A, and
in HaCaT cells treated with siRNAs specific to mTOR, HOXAI,
CTDSPL, TMEM30A and SMARCADS, as compare to cells
treated with control siRNA. These results, together with the
expressional correlation test in HNSCC cell lines, suggest that
mTOR, HOXAl and SMARCAS appear to be the best
functional candidate target genes for the miR-99 family in cells
of epithelial origin.

While the targeting sequences for miR-99 members on mTOR
and SMARCAS mRNAs have been previously identified and
experimentally confirmed [5,7,11,34], the direct interaction of the
miR-99 family and HOXAl mRNA has not been defined.
Bioinformatics analysis revealed that there are 2 miR-99 family
targeting sites in the HOXA1 mRNA, one located in the coding
region and a second located in the 3’-UTR (Figure 4A). The
HOXAT1 gene has 2 known transcript variants, resulting from
alternative utilization of 5’ exons (Figure 82). The transcript
variant 2 has a truncated coding region and appears to be
nonfunctional. The first miR-99 family targeting site is not present
in the transcript variant 2. Both variants have identical 3'-UTR,
and as such, they both contain the second miR-99 family targeting
site. To test whether the miR-99 family directly interacts with
these predicted targeting sites in HOXAT mRNA, dual luciferase
reporter assays were performed using constructs containing these
targeting sites (Figure 4B). When cells were transfected with miR-
100, the luciferase activities of the constructs containing both
targeting sites (pGL-T'S1 and pGL-TS2) were significantly reduced
as compared to the cells transfected with negative control. When
the seed regions of these two targeting sites were mutated (pGL-
TS1m and pGL-TS2m), the effect of miR-100 on the luciferase
activity was abolished. These results confirmed that miR-100
directly interacts with these targeting sites in HOXA1 mRNA.
Mature microRNAs form stable complexes with Argonaute
proteins (such as Ago2), the core of the RNAi-induced silencing
complex (RISC). The microRNA then directs RISC to bind to the
mRNA molecules containing specific targeting sequences, and
results in translational repression and/or enhanced mRNA
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Figure 7. The effect of miR-100 on Bcl-2 expression and
apoptosis. 1386Ln cells were treated with either miR-100 mimic,
negative control microRNA, HOXA1 siRNA or control siRNA. The
expression of mTOR, HOXA1, and Bcl-2 were assessed by Western blot
analysis (A). Apoptosis was measured by flow cytometry (B). Data
represent at least 3 independent experiments with similar results. *:
p<0.05.

doi:10.1371/journal.pone.0080625.9007

degradation. To further confirm that miR-100 directly interacts
with HOXA1 mRNA, we tested the miR-100-mediated binding of
RISC to HOXAI mRNA using an Ago2-based ribonucleoprotein-
IP assay (RIP-IP). As shown in Figure 4C, the Ago2 co-IP
fractions from cells treated with miR-100 mimic were significantly
enriched in HOXAI mRNA as compared to cells treated with
control mimic. It is worth noting that the expressions of HOXA3
and HOXAI10 were also down-regulated by the miR-99 family in
HaCaT and C4-2 cells, and in C4-2 and SCC29 cells, respectively
(Table S1). Two miR-99 family targeting sites were predicted,
located in the 5'-UTR and coding region of HOXA3 mRNA,
respectively (Figure 83). No targeting sequence was predicted in
HOXAI0. It is possible that the miR-99 family indirectly regulates
HOXAI0 by targeting factors that control the expression of this
gene. Alternatively, this HOX gene may be regulated by the miR-
99 family through noncanonical targeting sequences. Additional
studies are needed to explore the mechanisms that contribute to
miR-99-mediated expressional change of additional HOX genes.

In addition to miR-100, we also examined the effect of other
members of miR-99 family (miR-99a and miR-99b) on the
HOXALI expression. As shown in Figure 5, ectopic transfection of
miR-99a, miR-99b, and miR-100 mimic to 1386L.n and HaCaT
cells led to a statistically significant down-regulation of HOXA1
gene expression at the mRNA level (Figure 5A) and at the protein
level (Figure 5B). In contrast, knockdown of miR-99 family
members using a LNA inhibitor enhanced the expression of
HOXAL (Figure S4). These results, together with the luciferase
reporter assay and RIP-IP assay, provide solid evidence supporting
that members of the miR-99 family down-regulate the HOXAI
expression by directly interacting with HOXA1 mRNA. As such,
our results demonstrate that in addition to mTOR and
SMARCA5, HOXAI is another experimentally confirmed
functional target gene of miR-99 family members.

The conserved family of HOX transcription factors is critically
mvolved in patterning the body plan of bilaterian embryos by
controlling multiple morphogenetic and organogenetic processes
during development [44—47]. In mammals, there are 39 HOX
genes present in 4 paralogous gene clusters named HOXA,
HOXB, HOXC, and HOXD. During development, the expres-
sion of HOX genes is under a strict temporospatial control in a
manner that the 3" HOX genes (e.g., HOXAI) are expressed prior
to the 5" genes (e.g., HOXA9) within a given clusters. This
expression pattern is critical for ensuring segmental identity and
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morphology on the anteroposterior axis (e.g., 3" HOX genes are
associated with the development of anterior tissues and 5" HOX
genes are associated with posterior tissues). HOXAL is the most 3’
HOX gene in cluster A, and one of the earliest HOX genes to be
expressed during embryonic development. It is also the first genes
expressed in the central nervous system, and accordingly, plays a
critical role in brain and head development. HOXAI is also
expressed in several adult tissues, where they perform important
roles in maintaining homeostasis. We examined the level of miR-
100 and HOXAL expression in mouse embryos of different stages,
and adult tissues of anterior anatomical location (brain, eye, and
salivary gland). As shown in Figure 6, an apparent inverse
correlation was observed between miR-100 and HOXALI levels
(r=-0.79, p=0.03). This further supported our conclusion that
HOXALI is a target gene of miR-100, and also suggested that the
interaction between miR-100 and HOXA1 may play a role in
development. It is worth noting that HOXAI (and other HOX
family genes) is also controlled by other microRNAs, including the
miR-10 and miR-196 families which reside within the HOX
chromosomal clusters [48-51]. As such, microRNA-mediated
post-transcriptional regulation provides another layer of control to
the strict temporospatial expression pattern of the HOX gene
family.

In addition to its role in development, HOXALI is an established
oncogene [36-40], and its over-expression has been observed in
several types of solid tumor, including oral/head and neck cancer
[52,53]. The HOXAIl-stimulated oncogenic transformation is
mediated by transcriptional up-regulation of a number of down-
stream genes, such as the anti-apoptotic gene Bcl-2 [36,54]. As
shown in Figure 7A, while ectopic transfection of miR-100 mimic
to 1386Ln cells led to the down-regulation of mTOR, HOXAI
and Bcl-2 expression as compare to control mimic treated cells, the
HOXALI siRNA treated 1386Ln cells exhibited reduced expres-
sion of HOXAT1 and Bcl-2 and no apparent change in mTOR
level. The Bcl-2 expression in HaCa'l' was undetectable, which is
consistent with previous observation [55]. As shown in Figure 7B,
both miR-100 and HOXAI siRNA treated 1386Ln cells exhibited
statistically significant increases in apoptosis as compare to control
mimic or control siRNA treated cells, respectively. This is in
agreement with previous observation showing that HOXAI
promotes cell survival by up-regulating Bcl-2 [36,54].

In summary, we identified a panel of high confidence miR-99
family target genes, including previously reported target genes
mTOR, CTDSPL and SMARCA5, and novel candidates
HOXAL, CTDSPL, NMT1, and TMEMS30A. Our data suggests
that the miR-99 family regulates cell proliferation, migration and
apoptosis in part by regulating the expression of HOXAI. We
further demonstrated that the miR-99 family regulates HOXAI
expression by directly interacting with 2 target sites in HOXAI
mRNA. Further studies are required to explore the role of miR-99
family-regulated HOXAT1 expression in development, tumorigen-
esis, and wound healing.

Supporting Information

Figure S1 siRNA-mediated down-regulation of mTOR,
HOXA1, CTDSPL, NMT1, TMEM30A and SMARCA5
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