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Abstract

The amount, timing, and location of bone morphogenetic protein 2 (BMP2) synthesis influences
the differentiation of pluripotent mesenchymal cells in embryos and adults. The BMP2 3’
untranslated region (3’UTR) contains a highly conserved AU-rich element (ARE) embedded in a
sequence that commonly represses gene expression in mesenchymal cells. Computational analyses
indicate that this site also may bind several microRNAs (miRNAs). Although miRNAs frequently
target AU-rich regions, this ARE is unusual because the miRNAs directly span the ARE. We
began to characterize the factors that may regulate Bmp2 expression via this complex site. The
activating protein HuUR (Hu antigen R, ELAVL1, HGNC:3312) directly binds this ARE and can
activate gene expression. An miRNA was demonstrated to reverse HuR-mediated activation.
Mutational and RNA-interference evidence also supports an AUF1 (AU-factor-1, HNRNPD,
HGNC:5036) contribution to the observed repressive activity of the 3’UTR in mesenchymal cells.
A limited number of studies describe how miRNAs interact with ARE-binding proteins that bind
adjacent sites. This study is among the first to describe protein/miRNA interactions at the same
site.
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Bone morphogenetic protein 2 (BMP2, HGNC:1069, GenelD: 650) strongly influences the
differentiation of pluripotent mesenchymal cells into muscle, fat, cartilage, and bone cells.
The amount, timing, and location of BMP2 synthesis influence this differentiation in
embryos and in adult cells. Alterations in BMP2 levels disrupt embryogenesis and contribute
to adult pathologies. Pathologies associated with BMP2 include osteoporosis, osteoarthritis,
and all forms of pathological calcification in the vasculature and in cardiac valves. Altered
differentiation of pluripotent mesenchymal cells occurs in all BMP2-influenced pathologies.
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Consequently, understanding the molecules and conditions that regulate BMP2 gene
expression is crucial.

Numerous factors that positively or negatively regulate BmpZ2 expression have been
described (reviewed in [Rogers et al., in press]). At the transcriptional level, many essential
transcription factors, for example, TCF/LEF proteins, GLI proteins, CREB, NF«B, E2Fs,
MEF2A, GATAG, and HOXA13 and HOXD13 have been shown to modulate Bmp2
expression. In addition highly conserved post-transcriptional processes act viathe BMP2
3’UTR to modulate synthesis. In mesenchymal cells, the 3’UTR often inhibits BmpZ2 gene
regulation. Which positive or negative factors regulate Bmp2 expression by binding the
3’UTR remains incompletely described.

An “ultra-conserved sequence” (UCS) within the 3’untranslated region (3’UTR) functions as
a regulatory switch that facilitates BMP2 down-regulation in some cells, but promotes up-
regulation in other cells [Abrams et al., 2004; Fukui et al., 2006; Devaney et al., 2009; Jiang
et al., 2010; Kruithof et al., 2011a; Kruithof et al., 2011b]. Reduced levels of UCS-mediated
repression may contribute to pathological BMP2 synthesis. For example, microRNAs post-
transcriptionally repress protein synthesis v7athe 3’UTR. We determined that 106 miRNAs
were down-regulated in oncogenically transformed lung cell lines [Fotinos et al., 2014].
BMP2 targeting miRNAs whose level was abnormally low in lung cancer cells, were shown
to be cytotoxic in lung adenocarcinoma cells that synthesize BMP2, but not in non-
transformed lung cells [Fotinos et al., 2014]. Reduced levels of these repressors in tumor
cells likely contribute to the excess synthesis of the pro-oncogenic BMP2 in lung tumors.
Similarly pathological loss of molecules that repress Bmp2 may contribute to other
pathologies.

Particularly in mesenchymal cells, BmpZ2 can be transcribed, but protein synthesis may be
blocked at the post-transcriptional level [Fukui et al., 2006; Devaney et al., 2009; Jiang et al.,
2010; Kruithof et al., 2011a; Kruithof et al., 2011b]. The UCS or the intact 3’'UTR represses
diverse reporter genes in vascular and valve cells in vitro and in vivo. Reduced Bmp2 3'UTR
function may contribute to the ectopic BMP2 observed in pathologically calcified vascular
and valve cells [Shao et al., 2005; Yutzey et al., 2014].

Many diverse combinations of RNA-binding proteins and miRNAs may interact with the
Bmp23'UTR (reviewed in [Rogers et al., in press]). Nucleolin (HGNC:7667), the stabilizing
protein HUR (ELAVL1, HGNC:3312), and the destabilizing protein AUF1 (HNRNPD,
HGNC:5036) have been shown to bind transcripts bearing the UCS [Fritz et al., 2006;
Devaney et al., 2009; Jiang et al., 2010; Wu et al., 2013; Yoon et al., 2014]. In addition, a
handful of miRNAs have been experimentally validated. These include mir-140-5p,
mir-106a, mir-17-5p, mir-27a, mir-370, mir-34b, mir-34c-3p, and miR-486-3p [Rogers et al.,
in press]. How proteins and miRNAs interact to modulate BMP2 synthesis in different cell
types is unknown.

The UCS in mammalian BmpZ2 genes contains 10 dispersed AU-rich elements (ARES) that
modulate in vitro stability of synthetic BmpZ2transcripts [Abrams et al., 2004; Fritz et al.,
2004; Fritz et al., 2006]). Many of the ARE-binding proteins that bind the human UCS also
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bind the classical ARE in the TNFa mRNA [Fritz et al., 2006]. Currently our understanding
of how ARE-binding proteins interact with miRNAs is limited. The critical miRNA seed
sequence is often located in or near AU-rich sequences. However, both transcriptome-wide
surveys and studies of individual mMRNAs found that miRNA seed sequences tend to be
adjacent to rather than overlapping the sites that bind the HUR ARE-binding protein
[Lebedeva et al., 2011; Mukherjee et al., 2011; Srikantan et al., 2012]. Indeed only 89 out of
1240 (7.1%) transcripts with both miRNA and HuR sites had sites that directly coincided
[Mukherjee et al., 2011]. We observed that a classical ARE in the Bmp2 UCS is
computationally predicted to also target several miRNAs. This site may be positioned for a
direct interaction with ARE-binding proteins such as HUR or AUF1. The data presented here
is the first to describe the proteins and miRNAs that may compete or cooperate at this
unusual, conserved AU-rich sequence.

MATERIALS AND METHODS
CELL CULTURE

HelLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, D5796 Sigma
Aldrich, St. Louis, MO) with 5% fetal bovine serum without antibiotics. F9 embryonal
carcinoma cells were grown in DMEM supplemented with 10% heat-inactivated newborn
calf serum on dishes pre-coated with 1% gelatin in 10% CO,. F9 cells were induced to
differentiate into parietal endoderm by adding 1 uM all-trans retinoic acid, 250 uM dibutyryl
cAMP, and 500 pM theophylline (RACT). MC3T3-EL1 cells were grown in non-ascorbic
acid-containing a-MEM (Invitrogen #01-0083D) with 10% fetal bovine serum. C3H10TY2
and rat vascular smooth muscle cells (VSMCs) from the aortic media of male Sprague-
Dawley rats were cultured in DMEM supplemented with 10% fetal bovine serum. Normal
Human Umbilical Artery Smooth Muscle Cells (UASMC) were obtained from Lonza
Walkersville, Inc., Walkersville, MD and grown according to the manufacturer’s
instructions. All media was supplemented with 2 mM glutamine. Except for F9 cells, all
cells were grown in 5-7% CO2 at 37°C.

LUCIFERASE PLASMIDS

Bmp2Luc (mouse nt —1,237 to 471 relative to the distal promoter, aka pGL1.7XX) and
Bmp2Luc-mUCS (mouse nt —1,237 to 471 and mouse 9,574 nt to 9,938 nt relative to the
distal promoter or +83 to 446 relative to the stop codon, aka pGLB2-5" mouseCNS) were
described previously [Fritz et al., 2004].

RPL10-Luc-3'UTR (1254 nt of full-length BMP2 3’UTR including both polyadenylation
signals) was described in [Kruithof et al., 2011a]. RPL10-Luc-Stop-855 was generated by
digesting with the restriction enzymes Sbfl and Xhol and deleting a 470 nt dropout
fragment bearing the distal 3’UTR with the two endogenous polyA sites. RPL10-
Luc-855-1254 was generated by digesting with Nhel and Shfland deleting an 855 nt dropout
fragment bearing the ultra-conserved sequence (UCS). The mutated plasmids in Figure 4A
were generated by first digesting RPL10-Luc-3’UTR with EcoRv and Xhol and deleting a
377 nt. dropout fragment. The QuikChange Site Directed Mutagenesis kit Il (Agilent, Santa
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Clara, CA) was used to introduce the indicated mutations. All new plasmids were sequenced
by the NJ Medical School Molecular Resource Facility.

REPORTER GENE ASSAYS

Cells were plated and transfected with plasmid using FuGene6 Transfection Reagent
(Roche, Indianapolis, IN). Cells were lysed with 1xPassive Lysis Buffer (Promega, Madison,
WI1) and luciferase activities were measured using the Luciferase Assay System (Promega).
The luciferase activity of a co-transfected, constitutively expressed Renilla luciferase
reporter plasmid was used to control for transfection efficiency. Protein concentration was
used to control for cell density.

IN VITRO TRANSCRIPTION PLASMIDS

pGBmp2-PvullPst (9,574-10,202) was linearized with Acc | to make sense probe spanning
nt 85-449 relative to the stop codon [Fritz et al., 2004]. pGBmp2-PvullRsa (nt 85-246) and
pGBmp2-RsaAcc (nt 246-449) were linearized with Hind 111. The QuikChange Site
Directed Mutagenesis kit Il (Agilent, Santa Clara, CA) was used to introduce the mutation
indicated in Figure 1A into pGBmp2-RsaAcc. pGemB2-KA (nt 9,455-9,938) and plasmids
containing the homologous regions from human, chick, and zebrafish [Fritz et al., 2004]
were linearized with BamHI. Wild-type or mutated TNFa plasmids [Mukherjee et al., 2002]
were linearized with Hind I11.

IN VITRO STABILITY MEASUREMENTS

After linearization, plasmids were transcribed with SP6 RNA polymerase with "MeGpppG
and a32P-UTP. Capped and labeled RNAs were incubated in S18 cytoplasmic extracts.
RNAs and degradation products were visualized and quantified on an 8 M urea-containing
5% polyacrylamide (37.5:1, acrylamide: bis-acryl-amide) gel using a Molecular Dynamics
Phosphorimager and ImageQuant software. Detailed methods are referenced in [Fritz et al.,
2006].

UV CROSS-LINKING REACTIONS

Briefly, 20-50 fmol of radiolabeled RNA was incubated in the cell extract under in vitro
decay assay conditions for 10 min at 37°C. EDTA was added to a concentration of 1 mM to
prevent RNA decay while proteins bound to the RNA. The reaction mixtures were irradiated
with ultraviolet light for 10 min using a 15W germicidal lamp at 2 pJ/s at room temperature.
100 ng RNase A was added and incubated for 15 min at 37°C to degrade the labeled RNA.
Labeled proteins were solubilized by heating at 95°C for 5 min in 8% glycerol, 1.0% SDS,
75 mM dithiothreitol, 0.05% Bromophenol Blue, 62.5 mM Tris, pH 6.8, analyzed on a 10%
polyacrylamide gel (37.5:1, acrylamide: bis-acrylamide) in running buffer (192 mM glycine,
25 mM Tris-HCI, 0.1% SDS), and quantified as above. Detailed methods are referenced in
[Fritz et al., 2006].

IMMUNODEPLETION

F9 cytoplasmic extracts were incubated with an anti-HuR antibody (SC5261, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) or control (pre-immune) IgG at 4°C for 1 h. Protein
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AJG-agarose beads (Amersham Pharmacia Biotech, Piscataway, NJ) were added and
incubated overnight at 4°C with rotation. Beads were pelleted and the extracts were analyzed
by UV cross-linking or decay assays as described above.

AUF1 KNOCKDOWN

Cells were plated and transfected with control or anti-AUF1 siRNA using XtremeGene
Transfection Reagent (Roche) according to the manufacturer’s directions and as described in
[Gummadi et al., 2012]. To silence all four isoforms of AUF1, two separate siRNA oligos
were used in combination to target exon 3, which is common to the 4 isoforms
(CACUCUGAAGUUAGAUCCUAUCACA and
UUUAGGAUCAAUCACCUUCCCAUUC). Reporter plasmids were transfected after 2
days. Knockdown was assessed by standard immunoblotting using an AUF1 antibody
provided by Dr. Gary Brewer [Wu et al., 2013].

RESULTS

A CONSERVED HuR MOTIF

We extended our analyses of the ARE binding proteins that bind the Bmp2 UCS with the
transcripts shown in Figure 1A. Figure 1B shows that 32P-labeled RNAs bearing the entire
mouse Bmp2UCS can UV cross-link several proteins that co-migrate with proteins labeled
by the classical tumor necrosis factor (TNF) a ARE. RNAs bearing the TNF a ARE mutated
with guanine and cytosine substitutions failed to label proteins below 48 kDa. The protein-
RNA interactions were not notably perturbed by the presence or absence of excess poly(A)
competitor. AREs are distributed throughout the Bmp2 UCS. Figure 1C compares the
proteins labeled by the entire UCS or two shorter transcripts (see Fig. 1A). The band
patterns suggest that proteins of similar weight were labeled by all three transcripts. This
suggests that a common motif is present throughout the transcripts. The multiple dispersed
AUUUA or AUUUUA motifs (ARESs) are likely candidates. However, the decreased labeling
efficiency of the nt. 85-246 transcript relative to the nt. 247-449 transcript suggests that this
latter RNA has motifs with an increased affinity.

Indeed, one AU-rich element conforms more closely to an HUR binding motif than any other
Bmp2 ARE (Fig. 1A [Lopez de Silanes et al., 2004; Meisner et al., 2004]). This ARE is
perfectly conserved in the mouse, human, and chick RNAs. Although the sequence
conservation is evident in the zebrafish RNA, the HUR motif is marred by a guanosine
substitution and a 5 nucleotide deletion. We side-by-side compared 32P-labeled RNAs
bearing the full-length mouse, human, chick, and zebrafish Bmp2 UCS (Fig. 1C). The
mammalian and avian RNAs labeled several HeLa cell proteins that co-migrate with proteins
labeled by the classical TNF a ARE. The fish RNA labeled most of these proteins except a
32 kDa protein. In HelLa cells, a protein of this molecular weight was shown to be HUR
[Ford et al., 1999]. We previously confirmed that long human RNAS bearing the putative
HuR motif were capable of UV-crosslinking HUR [Devaney et al., 2009]. Because BmpZ2
RNAs contain several dispersed AREs in addition to the HUR motif shown in Figure 1A, we
used a mutated mouse transcript to test if this specific motif accounts for the HUR-Bmp2
RNA interaction. An RNA with guanine and cytosine substitutions in the HUR motif labeled
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the protein precipitated by the HUR antibody much less efficiently (Fig. 1D, Supplemental
Fig. S1A).

HuR can stabilize ARE-containing transcripts [Fan and Steitz, 1998]. We previously showed
that Bmp2 transcript abundance is induced in retinoic acid (RA)-treated F9 embryonal
carcinoma cells [Rogers et al., 1992; Glozak and Rogers, 1996]. In addition, Bmp2 RNAs
were more stable in extracts from RA-treated cells relative to extracts from untreated cells
that don’t express BmpZ2 [Fritz et al., 2004]. We tested the hypothesis that HUR may stabilize
the Bmp2 mRNA in these cells. Extracts from RA-treated cells were immuno-depleted with
HuR antibody (Supplemental Fig. S1B). Figure 1E and Supplemental Figure S1C show that
the control 1gG-treated extracts retained HuR that was efficiently labeled with the two Bmp2
RNAs bearing the HUR motif (nt. 85-449 and 247-449), but not the RNA without the HUR
motif (nt. 85-246). In contrast, little HUR, if any, remained in the cell lysates extracted by
the HuR antibody. This experiment shows that that these extracts were fully
immunodepleted. Figure 1F shows that a synthetic RNA bearing the Bmp2 UCS decayed
more rapidly (t%2 =14 min) in the HuR-depleted extract relative to the control extract (t¥2 =27
min). Together, these experiments demonstrated that HuR specifically binds a Bmp2 ARE
located between 302 and 310 nt relative to the termination codon and is able to stabilize an
RNA bearing this sequence in vitro.

POST-TRANSCRIPTIONAL REPRESSION IN ADDITIONAL CELL TYPES

Because preventing elevated BMP2 synthesis in vascular cells is clinically relevant, we
began to assess the function of the UCS and this ARE in mesenchymal cells. The Bmp2
UCS and 3’'UTR can either activate [Abrams et al., 2004; Fritz et al., 2004; Fritz et al., 2006;
Jiang et al., 2010] or repress [Jiang et al., 2010; Kruithof et al., 2011a, b] gene expression.
Which effect depends on cell type. Therefore, we tested different regions of the 3’UTR in
two primary vascular cell lines, vascular smooth muscle cells (VSMC) from rat aorta and
human umbilical artery smooth muscle cells (UASMC), and in MC3T3-E1 mouse pre-
osteoblast cells. Both the entire 3’UTR and the first 855 nt. bearing the UCS repressed a
luciferase reporter driven by the constitutively expressed RPL10 (ribosomal protein L10)
promoter (Fig. 2A, plasmids RPL10Luc-3’"UTR and RPL10Luc-Stop-855). The fragment
bearing only the two polyadenylation sites (plasmid RPL10Luc-856-1254 [Liu et al., 2008])
did not significantly alter expression relative to the promoter alone.

In theory, the Bmp2 3’'UTR sequence could contain transcriptional elements within the DNA
of the plasmid or post-transcriptional elements within the transcript. To distinguish between
these effects, we compared reporter plasmids whose sequences were identical except that a
strong SV40 site was positioned either upstream or downstream of the 3’UTR. The SV40
site efficiently truncates the mRNA leading to luciferase transcripts with or without the
3’'UTR [Jiang et al., 2010; Kruithof et al., 2011a]. Figure 2B shows that the transcript
without a 3’UTR (Bmp2Luc-SVpA-3'UTR) expressed more luciferase than the transcript
with the 3¥UTR (Bmp2Luc-3’UTR). Thus, as previously shown in non-transformed lung
cells [Jiang et al., 2010], the repression observed in many mesenchymal cells [Kruithof et
al., 2011a,b]) has a post-transcriptional component.
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HuR AND MicroRNA COMPETITION

One mechanism that may explain how the UCS represses in some cells is that an activating
factor such as HUR may be displaced by neutral or repressive factors. The Bmp2 3’UTR can
repress various expression plasmids in C3H10T% cells [Devaney et al., 2009; Kruithof et al.,
2011a]. Figure 3A confirms that the UCS reduces the expression of a BmpZ2 promoter-driven
reporter plasmid when co-transfected with a control GFP-expression vector (compare
Bmp2Luc with Bmp2Luc-mUCS with GFP). HuR overexpression selectively induced only
the reporter plasmid with the UCS, but not the plasmid lacking the UCS. Thus, the
HUR/UCS interaction up-regulates gene expression.

Several microRNAs, for example miR-633 (mirSVR score: —1.3074; PhastCons score:
0.7607, Fig. 4A), are computationally predicted to span the HuR-binding ARE (http://
www.microrna.org/microrna/getMrna.do?gene=650&utr=21822&organism=9606).
Functional miRNA sites are preferentially located in AU-rich regions. Indeed, three quarters
of 3’'UTRs with Argonaute binding sites also contained AU-rich HuR sites [Mukherjee et al.,
2011]. However, in approximately 9 out of 10 messages, the Argonaute and HuR sites fail to
overlap [Lebedeva et al., 2011; Mukherjee et al., 2011]. Thus the Bmp2 HUR binding site
belongs in a relatively small group of sites where miRNAS are positioned for direct
competition with HUR binding.

We tested if miR-633 and HuR can directly compete (Fig. 3B). HuUR can induce the Bmp2-
driven plasmid with only the UCS in the presence of the negative control miRNA (compare
GFP+NC vs. HUR+NC). HuR also induced the constitutively-expressed RPL10Luc-3'UTR
reporter gene bearing the entire human BMP23'UTR. This confirms that the HuR activates
exclusively viathe 3’UTR. In contrast, the activating effect of HUR on both plasmids was
abolished by the miR-633 mimic (compare GFP+633 vs. HUR+633). These data support the
principle that a miRNA can displace the activating HUR on the BmpZ2 transcript.

AUF1-MEDIATED REPRESSION

Another mechanism by which the UCS might repress is to recruit proteins that function as
repressors. To begin to dissect the potentially complex interactions at this ARE, we created a
set of mutated reporter genes. All mutated sequences were compared to known miRNA
sequences to avoid creating a new site that may bind other miRNAs. Mutations 1 and 2
disrupted the ARE with guanosine and cytosine insertions (Fig. 4A). Figure 1D
demonstrated that HUR was unable to bind Mutation 1. Mutation 2 was designed to destroy
the ARE without reducing the potential base pairing with miR-633. Mutation 3 disrupted the
complementarity between the Bmp2 mRNA and the seed sequence of miR-633 and any
other miRNAs that were predicted to bind this site. Mutation 4 and 5 mutated or deleted
both the ARE and the seed respectively. These two mutations should prevent both protein
and miRNA interactions. As shown in Figure 4A, all mutations significantly induced
reporter gene expression. The lack of a statistically significant difference in the activities of
each mutated reporter indicates that both the ARE and the seed sequence mediate repression.

If an activating protein such as HUR acts independently v/athis ARE, then the ARE
mutations (1 and 2) might reduce reporter gene activity. However, these two mutations
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activated the reporter. This suggests that a repressive factor binds the ARE. The four
isoforms of the ARE binding protein AUF1 (hnRNPD) promote mRNA decay [White et al.,
2012]. Proteins with apparent molecular weights similar to the p37, p40, p42, and p45 AUF1
proteins also were labeled by the Bmp2 RNAs (Fig. 1B and C). We tested if AUF1 could
repress the UCS-bearing reporter by knocking down AUF1 levels with an AUF1 siRNA
(Fig. 4B). Indeed, AUF1 knockdown significantly activated the reporter gene (Fig. 4C,
compare WC vs. WA, £<0.002). As shown in Figure 4A, a reporter with the ARE disrupted
by mutation 2 was induced relative to the wild-type sequence in cells transfected with the
control siRNA (compare WC vs. MC). If AUFL1 repressed viathis ARE and not AREs
elsewhere in the sequence, then AUF1 knockdown should not activate the mutated reporter
gene. Indeed, reduced levels of AUF1 failed to induce the mutated reporter (compare MC vs.
MA). This confirms that AUF1 contributes to the repressive effect of the UCS in
mesenchymal cells.

DISCUSSION

We showed that a specific conserved ARE within the Bmp2 UCS was directly bound by the
activating protein HuR. We also showed for the first time that a miRNA could reverse HuR-
mediated activation in mesenchymal cells where the UCS is normally repressive. Finally, we
provide evidence that AUF1 contributes to the repressive function of the UCS in
mesenchymal cells.

HuR, a ubiquitous and exceedingly well-characterized ARE-binding protein, has a
multifaceted relationship with miRNAs. HuR has been demonstrated to both enhance and
hinder the ability of miRNAS to repress protein synthesis (reviewed in [Srikantan et al.,
2012]). HuR sites can function at a distance from the targets bound by miRNAs. For
example, HUR was shown to block miR-122 mediated repression at a distance of up to 50
nucleotides on the cationic amino acid transporter 1 (CAT1) mRNA [Kundu et al., 2012].
Even more remote HuR binding at 100 nucleotides enhanced the inhibition mediated by the
let-7 miRNA on the c-Myc RNA [Kim et al., 2009]. The direct overlap between the Bmp2
HuR binding site and the miR-633 miRNA target is highly unusual [Lebedeva et al., 2011;
Mukherjee et al., 2011]. We showed that HUR clearly binds this specific ARE and can
induce gene expression viathe Bmp2 3’'UTR. Furthermore, exogenous miR-633 can
abrogate this up-regulation. One simple model explaining the repressive effect of the Bmp2
UCS in mesenchymal cells is that endogenous miRNAs hamper the ability of HuR to
interact with the BmpZtranscript (Fig. 4D, model 1). The profiles of miRNAs present in
different mesenchymal cells that support UCS-mediated repression are currently being
surveyed.

However, many other proteins may bind this ARE. Indeed, AUF1, another widely expressed
and well-characterized ARE-binding protein, was shown to pull-down the Bmp2 mRNA
[Wu et al., 2013; Yoon et al., 2014]. AUF1 and HuR bind many of the same RNAs [Lal et
al., 2004]. AUF1 is a destabilizing protein that exerts an effect opposite to HuR. The
interplay between AUF1 and miRNAs has been studied on fewer mRNAs. However, like
HuR, both cooperative and competitive effects have been described [Wu et al., 2013]. How
AUF1 and the associated miRNAs affected transcript translation and stability was highly
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specific to different mMRNAs. We showed that reducing the level of AUF1 stimulated the
expression of a reporter gene bearing the Bmp2 UCS. Mutation of the ARE abolished this
response proving that AUF1 functions at this site. However, AUF1 may not function alone,
because single or combined mutations of the ARE and the miR-633 seed site activated the
BmpZ2 reporter gene to an equal extent. One hypothesis that explains both the effect of AUF1
knockdown and the five mutations is that AUF1 and the miRNA induced silencing complex
(RISC) cooperate to promote mRNA degradation (Fig. 4D, model 2).

Where, when, and how much BMP2 is synthesized and activated must be tightly regulated in
diverse cell types. The mechanisms that control BmpZ2transcription are complex [Rogers et
al., in press]. Further tuning of BMP2 synthesis is accomplished by an intricate network of
RNA binding proteins and non-coding RNAs. Nucleolin, the stabilizing protein HuR, and
the destabilizing protein AUF1 are among the dozens of proteins that can bind the UCS (this
work and [Fritz et al., 2006; Devaney et al., 2009; Jiang et al., 2010]). In addition, many
miRNAs modulate BMP2 synthesis v7athe 3’UTR [Rogers et al., in press]. Some of these
miRNAs also may coordinately regulate effectors of BMP2 signaling, such as the BMP
receptor BMPR1A (miR-27a [Gong et al., 2014]), the signaling intermediary SMAD1
(miR-486 [Lin et al., 2009]), and the osteogenic transcription factor RUNX2 (mir-34c
[Zhang et al., 2011]). Given the necessary complexity of BmpZ2 gene regulatory
mechanisms, many different combinations of ARE-binding proteins and miRNAs are likely
to regulate BmpZ2in different cell types. Deciphering the protein and miRNA code that
dictates the precise level and timing of BMP2 synthesis in the many BMP-responsive tissues
has only just begun.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

anservation of an AU-rich HuR binding site. A: Bars show the relative lengths and
positions of BMP2 RNAs relative to the termination codon used for UV-crosslinking. The
mouse, human, and chicken sequences uniquely conform to a putative HuR binding site as
defined by [Lopez de Silanes et al., 2004; Meisner et al., 2004]. The zebrafish sequence has
a G substitution and a deletion that alters the HuUR motif. The sequence of the mutated RNA
used in panel D is shown. B: In vitro synthesized, radiolabeled transcripts containing mouse
BmpZ2 conserved sequence (nt. 85 to 449 relative to the termination codon) or the wild-type
(AAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAA) or mutated
(AAUGAUGUACUACUUGUUCAUGAUGUUCUUCUUGAA) ARE from TNFa were UV
cross-linked with HelLa cell S100 extracts without (= pA) or with (+ pA) excess
nonradioactive poly(A) competitor. Duplicate lanes show bound proteins from two
independently prepared HeLa cell extracts. The wild-type TNFa ARE was shown previously
to bind HUR [Ford et al., 1999]. White asterisks mark co-migrating bands. C: Transcripts
containing the TNFa ARE or three transcripts containing the three indicated Brmp2 RNAs or
the homologous regions from mouse, human, chick, and zebrafish were incubated in HeLa
extracts with excess poly(A) competitor. ARE binding proteins were most efficiently labeled
by the two RNAs containing the HUR consensus site. The mammalian, avian, and fish RNAs
UV cross-linked several ARE binding proteins. However the zebrafish RNA which lacks a
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canonical HuUR site failed to label a protein migrate at 32 kDa. D: HeLa extracts were
incubated with radiolabeled wild-type mouse (WT) RNA (nt. 85-449) or an RNA with its
ARE mutated (MT) as shown in panel A. After UV crosslinking, the extracts were
immunoprecipitated with preimmune 1gG or with anti-HuR antibody (Santa Cruz, sc5261).
E: Extracts from retinoid-treated F9 cells, which express elevated BMP2 levels, were
immunodepleted with anti-HuR antibody or preimmune IgG, then UV cross-linked to BMP2
RNA, and finally immunoprecipitated with the HuR antibody. This experiment shows that
the anti-HuUR antibody fully immunodepleted HuR in the extracts used for panel F. F:
Radiolabeled wild-type mouse RNA (nt. 85-449) was incubated in the immunodepleted
extracts described in E. Intact RNA was plotted as a % of RNA in unincubated extracts at
time 0.
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Fig. 2.

Tr?e Bmp2 3'UTR represses gene expression in immortalized and primary mesenchymal
cells. A: The luciferase activities of transfected reporter genes driven by the heterologous,
constitutive promoter RPL10 were compared in MC3T3-E1 immortalized preosteoblast
cells, human umbilical artery smooth muscle cells (UASMC), or vascular smooth muscle
cells (VSMC) from rat aorta. The indicated plasmid regions are to approximate scale.
Relative to the promoter only plasmid, plasmids with the full-length human 3’'UTR (1,227 nt
to polyadenylation (pA) signal 2, 1,323 nt total) inserted downstream of LUC or a shorter
fragment bearing the UCS (855 nt) were expressed less. The fragment bearing the two
polyadenylation signals did not repress in MC3T3-E1 cells (UASMC and VSMC not done).
Relative reporter activity is shown £SEM. MC3T3-EL1 cells, n =4, £<0.0004; UASMC, n
=4-6, P<0.006; VSMC, n =6, £<0.03. B: Bmp2Luc-3’UTR and Bmp2Luc-SVpA-3'UTR
both contain the distal mouse BmpZ2 promoter (-1,237-471 relative to the distal
transcription start site), the entire mouse 3’'UTR (870 or 1,185 nt depending on which pA
signal is used), and downstream sequence (2,212 nt total). These plasmids are identical
except that the SV40 pA signal was positioned downstream or upstream of the Bmp23’'UTR
as indicated. In MC3T3-E1 cells (UASMC and VSMC not done), Bmp2Luc-SVpA-3'UTR,
whose transcript excludes the 3UTR, was nearly twice as active as Bmp2Luc-3’'UTR whose
transcript includes the 3UTR. n =6, £<0.005.
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Fig. 3.
HSR and miR-633 competition. A: Mouse C3H10T1/2 mesenchymal cells were co-
transfected with a reporter gene driven by the mouse BMP2 promoter (nt. —1,237 to 471
relative to the distal promoter, Bmp2Luc) alone or with nt. 85-449 from the mouse 3’UTR
inserted downstream of luciferase (Bmp2Luc-mUCS). These cells were co-transfected with
either a GFP-expressing control plasmid or a plasmid expressing HuR [Fan and Steitz,
1998]. The average luciferase reporter activity is shown £SEM, n =12, Bmp2LucUCS with
GFP vs. with HUR P<0.02. B: C3H10T1/2 cells were co-transfected with either Bmp2Luc-
mUCS or RPL10Luc-3'UTR with the GFP or HuR expression vectors and with the Negative
Control (NC) or miR633 (633) miRNA precursors as indicated (n =3). Although, HUR
activated both the BmpZ2driven and the RPL10-driven vectors bearing the UCS or the
3'UTR respectively (P£<0.003, n =3 each), HuR failed to activate in the presence of
miR-633.
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Fig. 4.
AUF1 mediated repression. A: Reporter genes were constructed with two different mutations

restricted to the ARE, a mutation restricted to the seed motif of the miR-633 target site,
mutations within both the ARE and the seed, or a deletion of both motifs within RPL10Luc-
Stop-855 (Fig. 2B). The mutated nucleotides are shown lower case. All mutated plasmids
were expressed significantly more than the wild-type human plasmid in MC3T3E1 cells (P
<0.0002). The differences between each mutation were not significant. B, C: 3 x 10%
MC3T3EL1 cells were transfected with 100 pmol AUF1 siRNA (n =4) or negative control
siRNA (n =3) each day for 3 days. On the third day, the cells also were transfected with
either wild-type (WT) RPL10Luc-Stop-855 or this reporter with ARE mutation 2 (MT 2). B.
shows the level of AUF1 protein in C3H10TY cells as determined by Western blotting. C.
shows the relative luciferase activity of each reporter in the AUF1 knockdown cells relative
to control cells. Reduced AUF1 levels activated the wild-type vector (£<0.002). As shown
in A, the ARE mutation induced reporter gene expression (£<0.00001). However, AUF1
knockdown did not activate the mutated vector D. Two models for hypothesized mechanisms
by which factors may repress BmpZ2 gene expression via the overlapping ARE and miRNA
binding sites. HuUR, Aufl, and miR-633 are shown as potential regulatory factors; however,
the precise combination and identity of factors may be cell-specific.
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