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ABSTRACT

Meprins are multimeric proteases that are expressed in a tissue-specific manner
and process a wide variety of substrates. Meprins are also regulated via numerous forms
of post-translational processing, including complex glycosylation, proteolytic processing
of both the N- and C-termini, and dimerization/oligomerization of the two subunits.
Much less is understood about how meprins are regulated transcriptionally and posttranscriptionally, though post-transcriptional control has been proposed to play a role in
expression of meprin  in human ileum. Additionally, meprin  has been implicated in
inflammatory bowel disease by genetic association studies and functional studies in
knockout mice. The aim of this study was to test the hypothesis that meprin  is posttranscriptionally regulated and to characterize the mechanism(s) by which this occurs.
The experiments described herein provide evidence that the meprin  transcript is
destabilized in response to the inflammatory stimulus PMA, and that the RNA binding
protein HuR is capable of interacting with the transcript. This research also lays the
groundwork for future studies needed to identify the specific mechanisms involved. A
greater appreciation for how meprin  is regulated will lead to an improved
understanding of how it is dysregulated in diseases such as inflammatory bowel disease
and cancer.
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Chapter 1
INTRODUCTION

1.1 Meprin Metalloproteases
Meprins are zinc-dependent metalloproteases that are members of the astacin
family of proteinases [1, 2]. The two subunits, encoded by the human genes MEP1A
(meprin , chromosome 6p) and MEP1B (meprin , chromosome 18q), are
evolutionarily related and highly conserved at the amino acid level [2]. Both subunits are
similarly organized, having the same eight domains present in each (listed in order from
N to C): signal peptide, prodomain, protease domain, MAM domain, TRAF domain,
EGF-like domain, transmembrane domain, and cytosolic tail [1]. In addition, meprin 
also contains a ninth domain (I domain, or inserted domain) inbetween the TRAF and
EGF domains that is a site for proteolytic cleavage and results in the loss of the Cterminus, including the transmembrane domain (see Figure 1A) [3, 4]. As a result,
meprin  is secreted from the cell, while meprin  remains bound to the plasma
membrane. The two subunits are capable of forming disulfide-linked homodimers (
or ) and heterotetramers (22, 31) (see Figure 1B), and the degree to which they
interact is determined by whether they are coexpressed in the same tissue and the levels
of each present [5, 6]. While tetramers of / are found associated with the cell surface,
in the absence of the  subunit, secreted meprin dimers self-associate into high
molecular weight homo-oligomers up to 6 mDa in size [5]. These functional oligomers
are denoted as meprin B (dimers), homomeric meprin A ( dimers and
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Figure 1. Meprin subunit domains and oligomeric structure. (A) Domain
organization of meprin subunits (modified from [1]). Both subunits  and  consist of an
N-terminal signal peptide (S), prodomain (PRO), protease domain, MAM domain, TRAF
domain, epidermal growth factor-like domain (EGF), transmembrane domain (TM), and
cytosolic tail sequence (C), which is only six amino acid residues long in the  subunit
and 28 amino acid residues in the  subunit. The  subunit contains an additional
inserted sequence (I), which is essential for the constitutive proteolytic processing of this
subunit. (B) Oligomerization of meprin subunits to form disulfide-linked homodimers
( or ) and heterotetramers (22, 31).
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oligomers), or heteromeric meprin A (heterotetramers comprised of  and  subunits)
[5].
Meprins are primarily expressed in the brush borders of the kidney and intestinal
epithelium [6, 7], but have also been identified in other tissue and cell types, such as
liver, epidermis, and leukocytes [6, 8-11]. Additionally, expression varies by stage of
development, indicating a potential role in cell differentiation [12, 13]. Their
predominant location at sites where there is a barrier between the host and the outside and
expression in leukocytes is suggestive of a function in host defense and the immune
response [9, 10]. Meprins cleave a wide variety of substrates, including gastrointestinal
peptides, extracellular matrix proteins, cell junction molecules, cytokines, and
chemokines [1, 14-17]. The consequences of cleavage depend on the target, as some
substrates are degraded while others are partially processed in a manner that modifies
their function through generation of an active (or inactive) fragment [1, 14]. Despite the
sequence and structural similarities, meprins A and B differ in their peptide bond and
substrate specificities [18]. Homomeric meprin A in particular has access to a number of
additional substrates because it is not restricted to the cell surface.
Due to the nature of the reactions catalyzed by these proteases, their activity is
highly regulated and dysregulation and abnormal meprin expression has been implicated
in urinary tract infection, kidney disease, inflammatory bowel disease (IBD), and cancer
[9, 10, 19-21]. Meprin  is known to undergo several types of post-translational
processing, such as glycosylation, disulfide bridging of subunits, proteolytic processing
of the C-terminus, and oligomerization [1, 6, 22-27]. Most of what is known regarding
transcriptional regulation of MEP1A involves HNF4- and CDX2-induced gene
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expression during intestinal cell differentiation [1, 28-30]. Both HNF4 and CDX2 have
been demonstrated to bind the MEP1A promoter and to increase the activity of promoter
luciferase reporters [29, 30]. Interestingly, decreased HNF4 expression has been
observed in tissue from IBD patients [31], and Hnf4a-null mice are more susceptible to
DSS-induced IBD and intestinal inflammation [31, 32]. CDX2 has also been suggested
to play a role in IBD [33].
In contrast, there is little information about regulation at the level of mRNA, and
this may be an important means by which protein levels are controlled in both normal
tissues and in a disease state. Post-transcriptional control was proposed to explain the
observed absence of detectable meprin A protein in crypt cells of human ileum, despite
the presence of mRNA [6]. As will be discussed in the next section, a recent study found
a significant association between a genetic polymorphism in the 3’ UTR of the MEP1A
transcript and the two major forms of IBD [34]. As post-transcriptional regulation (PTR)
is known to be mediated via sequence elements in the 3’ UTR, the association of a
polymorphism in this region suggests that PTR of meprin  plays a role in IBD.

1.2 Meprin  and inflammatory bowel disease
Inflammatory bowel disease (IBD) is a collective term that includes several
chronic inflammatory conditions affecting the gastrointestinal tract [35]. The illness is
characterized by inflammation that results from an abnormal immune response to
materials normally present in the gut, such as food and bacteria [35]. The two most
common forms of IBD, ulcerative colitis (UC) and Crohn’s disease (CD), differ primarily
in the type and location of lesions formed [35]. UC lesions affect only the uppermost
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layer of the epithelium in a continuous fashion, and are generally restricted to the large
intestine [35]. In contrast, CD lesions are patchy, involve multiple layers of tissue, and
can occur anywhere along the gastrointestinal tract, but are most often located at the end
of the small intestine and beginning of the large intestine [35]. As the disease typically
manifests earlier in life (15-30 years of age) [35], the cost of medical care for
maintenance and treatment of disease complications over a lifespan can be significant. In
addition, patients with IBD are at greater risk for developing colorectal cancer [35].
While IBD is known to be more common among smokers and in developed
countries, there is also strong evidence for a genetic component to the disease [35]. In
particular, several lines of evidence suggest a role for meprin  in IBD. Genome-wide
associations have consistently identified chromosome 6p as an IBD susceptibility locus
[36-38]. Although early studies of this region focused on the TNFA (tumor necrosis
factor alpha), LTA (tumor necrosis factor beta), and HLA (major histocompatibility
complex) genes, two recent reports have established that the MEP1A gene is associated
with IBD [21, 34]. Importantly, it was shown that there is a strong correlation between
decreased MEP1A mRNA expression in inflamed mucosa of both patients with CD and
UC relative to unaffected tissue from all groups [34]. Studies with meprin knockout
(KO) mice in a model of UC-like IBD suggest that increased meprin  expression in the
intestine may be protective rather than causative, as both KO and KO mice
developed a more severe colitis when challenged with DSS than either wild-type (WT) or
KO mice [21, 34]. However, the exact response may depend on the tissue type, the
nature of the stimulus, and also acute vs. chronic inflammation [9, 10]. Though
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biological substrates of meprins are still being identified, it is clear that both subunits are
likely to have a role in the inflammatory response.
According to the most recent version of the human MEP1A mRNA sequence on
NCBI (NM_005588.2), the 3’ UTR is 646 nt in length. Within this region, there are
currently 8 genetic variants published on dbSNP, six of which have been validated (see
Table 1). While several of these variants are either rare or lacking population data, two
SNPs have minor allele frequencies greater than 35% in Caucasians and greater than 15%
in African and Asian populations. One SNP in particular (rs1059276) has been
associated with susceptibility to UC and CD [34]. As post-transcriptional regulation is
known to be conferred by sequence elements in the 3’ UTR of mRNA transcripts [39],
we hypothesized that MEP1A is subject to PTR, and that the polymorphism associated
with IBD alters this regulation.

1.3 Post-transcriptional regulation
Post-transcriptional regulation of expression is recognized as an important means
by which cells can rapidly adjust to changing conditions, such as nutrient availability,
inflammatory stimuli, and oxidative stress, as well as an additional level of control for
genes whose expression must be transient [40-44]. This form of regulation is known to
be effected by binding of specific proteins to regulatory elements in the 3’ UTR of target
mRNA [40, 45], the consequence of which may be a change in RNA shuttling, stability,
and/or translation efficiency depending on the protein(s) bound [45-48]. In addition to
RNA binding proteins, microRNA (small non-coding RNA) are also important posttranscriptional regulators of expression that act via binding to the 3’ UTR [47, 48].
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Table 1
Known Genetic Variants in the MEP1A 3' UTR

mRNA
position
rs67448795 2349:2358
rs17468190
2349
rs57660951 2359:2360
rs117024616
2362
rs1059276
2450
rs7759542
2534
rs76849793
2596
rs7760179
2915
SNP ID

Sequence Change
AGCTGCCCCAAACTGCATTGAA / CTGCATTGAC

G -> T
12 nt insertion (TTTGGGGCAGCT)
T -> G
C -> A
T -> C
C -> T
T -> C

MAF by Populationa,b,c
CHB /
CEU
YRI
Validated?
JPT
ND
ND
ND
no
35%
22% 15-20%
yes
ND
ND
ND
no
ND
ND
10%
yes
64%
60% 57-61%
yes
0%
11%
0%
yes
ND
ND
1%
yes
ND
ND
ND
yes

a) MAF = Minor Allele Frequency
b) Populations are from HapMap and are as follows: CEU, Caucasians of European descent (Utah, USA);
YRI, Yoruban (West African); CHB, Han Chinese from Beijing; and JPT, Japanese from Tokyo.
c) ND = not determined
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Most of the RNA binding proteins (RBPs) identified thus far have been shown to
have a destabilizing effect, such as AUF1/hnRNP D, TTP, KSRP, and hnRNP C, among
others [45, 49]. Stabilizing proteins include members of the ELAV family, HuA (HuR),
HuB, HuC, and HuD, but only HuR is ubiquitously expressed [50-52]. The sequences
bound are broadly categorized as AU-rich elements, or ARE, which merely specifies a
region of 50-150 nt that has a high content of adenosine and uridine bases [39]. This
grouping is subdivided into classes of sequence elements, the most common motif being
a class I ARE, defined as 1-5 copies of the AUUUA pentamer in a U-rich context [53,
54]. There are, however, instances of known PTR targets that do not contain a typical
binding motif [39, 53, 54].
The mechanism by which RBPs regulate mRNA can be a direct function of the
RBP itself, or an indirect effect via recruitment of additional proteins. For example,
AUF1, which comprises four isoforms generated by splice variants (37, 40, 42, and 45
kD), can degrade targets via interaction with the exosome [55, 56]. TTP is known to
destabilize transcripts directly by promoting their deadenylation [57], while TIA-1 and
FMRP have been demonstrated to inhibit translation via recruitment of their targets to
stress granules [58, 59]. HuR often functions to counteract the actions of destabilizing
proteins by promoting adenylation, competing with other RBPs for binding sites, and
enhancing translation [60-62]. While RBPs are classified as either stabilizing or
destabilizing, there are several examples of the same protein having opposite effects on
different transcripts [59, 63-66].
Both HuR and TTP have been demonstrated to regulate a number of cytokines
and chemokines, and post-transcriptional regulation is recognized to be important in the
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inflammatory response [46, 67]. Mice with a deletion of the TNF ARE develop both
chronic inflammatory arthritis and IBD [68], and TTP knockout mice develop severe
inflammatory arthritis and other maladies [69]. Dysregulation of ARE-binding proteins
has implications for multiple disease processes, including IBD and cancer [40, 70-75].
The studies herein were conducted to test the hypothesis that meprin  is posttranscriptionally regulated by RBPs, and that regulation of MEP1A is altered in response
to inflammation and as a consequence of genetic polymorphisms in the 3’ UTR.
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Chapter 2
MATERIALS AND METHODS

2.1 Tissue Culture and Cell Treatments
Caco-2 human colorectal adenocarcinoma cells (ATCC, Manassas, VA) were
maintained in a 37oC incubator with 5% CO2 and cultured in Eagle’s Minimum Essential
Medium (ATCC) supplemented with 20% FBS, 100 U/ml penicillin, and 100 g/ml
streptomycin (Invitrogen, Carlsbad, CA). Where indicated, cells were treated with 50
ng/ml Phorbol 12-myristate 13-acetate (PMA) (Acros Organics, Geel, Belgium), 5 g/ml
Actinomycin D (Acros Organics), or vehicle control (DMSO or Methanol, respectively).
In addition, the following cell lines were also cultured under similar conditions: HT29
(human colorectal adenocarcinoma), HCT116 (human colorectal carcinoma), and HepG2
(human hepatocellular carcinoma) using DMEM with 10% FBS and pen/strep (HT29 and
HCT116) or MEM containing 10% FBS, 0.075% sodium bicarbonate, L-glutamine, and
pen/strep (HepG2).

2.2 Cloning of Luciferase Reporter Constructs
A luciferase reporter vector (pmirGLO) that can be used to express both Firefly
and Renilla luciferase from the same plasmid under the control of separate promoters was
purchased from Promega (Madison, WI). This reporter was used as both a reference
control in transfection/luciferase assay experiments (below), and as the backbone vector
for the MEP1A 3’ UTR constructs. The final constructs consisted of the pmirGLO vector
with the following complete human MEP1A 3’ UTR sequences (including native
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polyadenylation signals) cloned downstream of the Firefly luciferase coding region: 1)
pmG-hMEP1A-3UTR-WT (NM_005588.2, wild-type), 2) pmG-hMEP1A-3UTR-mut1
(NM_005588.1, includes SNP ID rs57660951 and rs1059276), and 3) pmG-hMEP1A3UTR-mut2 (same as mut1 but also includes SNP ID rs17468190). The latter two were
generated by amplification of the target 3’ UTR from cDNA derived from the HepG2 and
Caco-2 cell lines (mut1 and mut2, respectively) using two rounds of PCR with a highfidelity DNA polymerase, Phusion (Finnzymes Oy, Espoo, Finland). The first set of
primers (5’-GCGTGATCTTCTTGACCTTC-3’ and 5’-TTTTTTTAAGGTGCTAACTC3’) were designed to amplify a 712 nt fragment from the 3’ end of the MEP1A transcript.
The resulting PCR product was then used as template for a second reaction to introduce
restriction endonuclease sites for DraI and XbaI using the following primers (bases
changed/added in lowercase, recognition sites underlined): 5’aaatttAAAGGCCAAGGAAGTGACCTG-3’ and 5’-aatctagAAGGTGCTAACTCAAT3’. Generation of the WT construct was done using a purchased vector, pSGG-MEP1A3UTR (SwitchGear Genomics, Menlo Park, CA), as template for the second set of PCR
primers described above. All oligonucleotides were purchased from IDT DNA
(Coralville, IA). The amplified target inserts and parent vector (pmirGLO) were cleaved
with DraI and XbaI, and digested products were purified using a gel/PCR purification kit
(IBI Scientific, Peosta, IA) prior to ligation using the Quick Ligation Kit and
transformation into chemically competent E. coli (enzymes, ligation kit, and bacteria all
from New England Biolabs, Ipswitch, MA). Plasmid DNA was isolated from multiple
colonies using the Zyppy Plasmid Miniprep Kit (Zymo Research, Irvine, CA) for
screening via restriction analysis, and all positive clones were confirmed by sequencing.
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2.3 Transient Transfections and Luciferase Assays
Knockdown experiments were conducted with cells grown to 40-50% confluence
in 6-well plates using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) as
described by the manufacturer. AllStars Hs Cell Death positive control, AllStars negative
control, or HuR-specific siRNA (catalog nos.1027298, 1027280, and SI03246551,
respectively, all from QIAGEN, Valencia, CA) were used at a final concentration of 10
nM. Cells were harvested 48 h post-transfection for isolation of both RNA and protein.
For plasmid DNA transfections, cells were seeded into 6-well tissue culture plates
and grown to 70-90% confluence prior to the addition of 600 ng luciferase reporter vector
(pmirGLO, pmG-hMEP1A-3UTR-WT, pmG-hMEP1A-3UTR-mut1, or pmG-hMEP1A3UTR-mut2) using Attractene transfection reagent (QIAGEN) according to the
manufacturer’s protocol. Cells were harvested 24 h post-transfection via trypsinization,
pelleted by centrifugation, resuspended in 1x Passive Lysis Buffer (Promega), and stored
at -80oC. Luciferase assays were conducted with the Dual Luciferase Assay Kit and a
GloMax 20/20 single tube luminometer (both from Promega) using 20 l of cell lysate
and 50 l of each assay reagent with a 10 second integration to obtain relative light units
for both Firefly and Renilla luciferase. Data were normalized to Renilla luciferase and
expressed as the fold change in Firefly luciferase relative to the parent vector, pmirGLO.

2.4 RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR
Total RNA was isolated using TRIzol reagent (Invitrogen) as described by the
manufacturer and quantitated by UV absorbance at 260 nm. Within an experiment,
equivalent amounts of RNA were reverse-transcribed using the High Capacity cDNA
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Reverse Transcription Kit (Applied Biosystems, Foster City, CA) according to the
manufacturer’s instructions. Quantitative Real-Time PCR was performed using template
cDNA, 2x SensiMix SYBR master mix with fluorescein (Bioline, Tauton, MA), and the
gene-specific primers in Table 2. All reactions were run in 96-well plates on the Bio-Rad
MyiQ2 Two Color Real-Time Detection System (Bio-Rad, Hercules, CA) using the
following program: 2 min hot start at 95 oC, 40 cycles of 15 s at 95 oC and 60 s at 60 oC,
and 2 min at 10 oC. Data were analyzed by the Ct method with normalization to the
endogenous control -actin or GAPDH where indicated.

Table 2
Primers used for Quantitative Real-Time-PCR
Target
-actin
GAPDH
MEP1A
HuR
CCL2
hRluc
Fluc

Primer Sequence
5’-GGC GGC ACC ACC ATG TAC CCT-3’
5’-AGG GGC CGG ACT CGT CAT ACT-3’
5’-GAG TCA ACG GAT TTG GTC GT-3’
5’-TTG ATT TTG GAG GGA TCT CG-3’
5’-CAG GTG GAC GTT CCC CAT TC-3’
5’-AGC ACC CAT CAA ACT GTT GAA AT-3’
5’-GGC TGG TGC ATT TTC ATC TAC-3’
5’-CCA TCG CGG CTT CTT CAT AG-3’
5’-GCT CAG CCA GAT GCA ATC A-3’
5’-AGA TCT CCT TGG CCA CAA TG-3’
5’-AGA GGC TAT TCG GCT ATG ACT G-3’
5’-GAG CAA GGT GAG ATG ACA GGA G-3’
5’-CAG CAA GGA GGT AGG TGA GG-3’
5’-CGA TGA GAG CGT TTG TAG CC-3’
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Amplicon
Length
202 bp
238 bp
167 bp
175 bp
157 bp
276 bp
281 bp

2.5 Biotin Pulldowns
To generate the biotinylated RNA oligos for biotin pulldown experiments, cDNA
templates were first amplified using the primers shown in Table 3 to add a T7 site for
RNA polymerase (T7 start site in uppercase, target sequence in lowercase). Templates
were then in vitro transcribed to RNA using the MAXIscript T7 Kit and a ratio of 4:1
CTP:biotin-CTP, followed by digestion with DNase I and reaction cleanup using
NucAway spin columns as described by the manufacturer (both from Ambion, Austin,
TX). RNA integrity was confirmed via agarose gel electrophoresis and concentrations
determined via spectrophotometry. For pulldown experiments, cell pellets were lysed in
1x PLB (100 mM KCl, 5 mM MgCl2, 10 mM HEPES pH 7.0, 0.5% NP-40) for 10 min
on ice in the presence of EDTA-free protease inhibitors (Roche, Indianapolis, IN), then
centrifuged for 5 min at maximum speed (4oC) to clear cellular debris. DynaBeads M280 Streptavidin (Invitrogen) were prepared as such: 15 l bead suspension per pulldown
was transferred to a clean microcentrifuge tube and combined with 200 l Solution A
(0.1 M NaOH, 0.05 M NaCl), then placed on a magnetic rack. The solution was removed
and wash step repeated with an additional 200 l Solution A. A third wash step was done
using 200 l Solution B (0.1 M NaCl), and finally the beads were resuspended in 15 l of
1x TENT buffer (10 mM Tris, pH 8.0, 1 mM EDTA, 250 mM NaCl, 0.5% Triton) and
stored on ice until use. To set up reactions, 500 nM of the appropriate biotinylated RNA
was combined with approximately 40 g of cell lysate and RNaseOUT (Invitrogen) in 2x
TENT buffer and allowed to incubate at room temperature for 30 min. Reactions were
then combined with the prepared DynaBeads and incubated for an additional 30 min at
room temperature with gentle mixing every 5-10 min to keep the beads in solution.
15

Table 3
Primers used to generate cDNA templates for IVT of biotinylated RNA
Target

Primer Sequence

GAPDH 3' UTR

5’-CCA AGC TTC TAA TAC GAC TCA CTA TAG GGA GAc gac cac ttt gtc aag ctc a-3’
5’-ccc ctc ttc aag ggg tct ac-3’

MEP1A 3' UTR

5’- CCA AGC TTC TAA TAC GAC TCA CTA TAG GGA GAt gcc tgc tgg cat tgg-3’
5’- ggt gct aac tca ata ttt att aaa ttt att aaa gg-3’
5’- CCA AGC TTC TAA TAC GAC TCA CTA TAG GGA GAg cag aga gcc aga cgg ga-3’
5’- tgt aca aaa ata tat tta ttt ggt gta ata gtt ac -3’
5’- CCA AGC TTC TAA TAC GAC TCA CTA TAG GGA GAc tgc aga gga ttc ctg ca-3’
5’- tgg ttg cat tga gaa ctt taa tgg-3’

CCL2 3' UTR
CCL5 3' UTR
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Beads/oligo/lysate mixtures were placed on a magnet and washed three times with 500 l
cold 1x PBS, eluted in 10 l of 2x SDS-PAGE sample buffer containing mercaptoethanol, and analyzed by western blotting for the indicated proteins using the
antibodies described in the next section. All conditions were essentially as previously
described [76].

2.6 Gel Electrophoresis and Western Blotting
Samples were prepared for western blotting by boiling for 5 min in SDS-PAGE
sample buffer and subjected to denaturing polyacrylamide gel electrophoresis using
precast 4-20% Ready Gels (Bio-Rad) for approximately 45 min at 200 V. Proteins were
transferred to 0.45 m nitrocellulose membranes using a semi-dry transfer apparatus
(Bio-Rad) for 1 h at 16 V, after which membranes were blocked for 1 h at room
temperature in 3% BSA (Fisher Scientific, Pittsburgh, PA) prepared in 1x TBST (10mM
Tris, 150 mM NaCl, 0.1% Tween-20). Primary antibodies were diluted 1:1000 in
blocking buffer and incubated overnight at 4oC. Membranes were washed twice in 1x
TBST at room temperature, and HRP-conjugated secondary antibodies were diluted
1:5000 in blocking buffer and incubated 1 h at room temperature. Following two more
washes in 1x TBST, blots were detected using HyGLO Chemiluminescent Detection
Reagent (Denville Scientific, Metuchen, NJ) and exposed to x-ray film. Antibodies used
in this study were from the following sources: HuR, Santa Cruz #sc-5261; beta-tubulin,
Santa Cruz #sc-5274; TTP, Sigma #T5327; hnRNP D0 (AUF1), Santa Cruz #sc-22368;
beta-actin, Sigma #A5441; donkey anti-rabbit IgG, GE Healthcare #NA934, donkey antimouse IgG, Santa Cruz #sc-2314; donkey anti-goat IgG, Santa Cruz #sc-2020. Where
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indicated, densitometry was used to quantitate band intensities using the program
ImageQuant TL (GE Healthcare, Piscataway, NJ) with “rolling disk” background
subtraction. Bands were normalized to an internal loading control (beta-tubulin or betaactin) and scaled to the experimental treatment control.

2.7 Ribonucleoprotein Immunoprecipitation
For immunoprecipitation of ribonucleoprotein complexes (RNP-IP), cell pellets
were lysed in 1x PLB as above with the addition of both protease inhibitors and
RNaseOUT for 10 min on ice, followed by centrifugation for 5 min at 500 x g (4oC) to
clear cellular debris. DynaBeads Protein G (Invitrogen) were prepared as such: 75 l
bead suspension per IP was transferred to a clean microcentrifuge tube and placed on a
magnet to remove the storage solution, and beads were resuspended in 500 l of PBST
(0.05% Tween-20) containing 10 g of either isotype control mouse IgG (sc-2025) or
HuR antibody (sc-5261, both from Santa Cruz Biotechnology, Santa Cruz, CA).
Antibodies were allowed to complex with the beads for 30 min at room temperature with
gentle mixing on a rocking platform, and tubes were rotated every 5-10 min to keep the
beads from settling to one side. Tubes were then placed on the magnet and beads washed
once with 200 l PBST prior to combining with approximately 400 g cell lysate with
RNaseOUT in a total volume of 500 l per IP. Lysates were incubated with the
antibody-bead complexes for 30 min at room temperature on a rocking platform as above,
then placed on the magnet and washed three times with 200 l PBST. A 10 l aliquot of
the beads from each IP was saved from the third wash step for western blot analysis to
confirm that the target protein was successfully immunoprecipitated. The remaining
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beads from each IP were subjected to the following steps: digestion with DNase I for 10
min at 37oC, one wash with PBST, digestion with proteinase K and 0.1% SDS for 30 min
at 55oC, then PBST added and the entire supernatant extracted via phenol:chloroform to
remove proteins. Following a 1 min centrifugation at maximum speed, the upper layer
was transferred to a new tube and RNA precipitated using one-tenth volume of 3.0 M
sodium acetate, pH 5.2 and 2.5 volumes of 100% ethanol in the presence of Glycoblue
co-precipitant (Ambion) overnight at -20oC. The next day, samples were centrifuged for
30 min at max speed (4oC) to pellet RNA, and pellets were washed once in 1 ml 70%
ethanol, centrifuged 2 min at max speed (4oC), aspirated, and allowed to air-dry for 5-10
min prior to resuspension in 10 l of ddH2O. The entire volume of RNA was then used
for cDNA synthesis and quantitative real-time PCR as described above. In parallel, cells
not lysed for the RNP-IP were used for total RNA isolation, reverse-transcription, and
qRT-PCR to verify that the RNA transcripts of interest were present at a detectable level
in the starting sample. Fold enrichment was calculated by taking 2(-Ct), where Ct is the
difference in average Ct values between the HuR-IP and isotype control-IP for a given
transcript.

2.8 Statistical Analysis
Hypothesis testing was performed primarily using the Student’s unpaired twosample t-test (two-tailed). Analysis of qRT-PCR data from RNP-IP experiments was
done using a paired, one-tailed t-test only when comparing the fold enrichment of a
transcript in the HuR-IP vs. control-IP, as these were conducted using cell lysate from the
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same sample. Single Factor Analysis of Variance (ANOVA) was used when testing more
than two samples and the between groups p-values were reported.
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Chapter 3
RESULTS

3.1 MEP1A expression in human colorectal cancer cell lines
In order to test regulation of MEP1A, it was preferable to identify a cell line that
has endogenous expression rather than to overexpress the message from an exogenous
plasmid. Because our hypothesis is that MEP1A mRNA is post-transcriptionally
regulated in IBD, the most appropriate model for these studies would be a human
intestinal epithelial cell line. Expression has been demonstrated in Caco-2 cells, but
because atypical secretion of meprin  protein from both the apical and basolateral
membranes has been found [19] and could reflect abnormal regulation in these cells, we
investigated whether a different colon cell line could be used instead. To that end, RNA
was isolated from three colon-derived cell lines (Caco-2, HT29, and HCT116). RNA was
also isolated from liver-derived HepG2 cells as a positive control, as HepG2 cells have
been shown to express MEP1A mRNA at a high level [9]. Equivalent amounts of RNA
were used for cDNA synthesis, followed by PCR amplification of -actin and meprin 
using the primers indicated in Table 2 and visualization of the products by agarose gel
electrophoresis. The positions of the primers used to amplify meprin  are illustrated in
Figure 2A. Surprisingly, even though MEP1A is known to be expressed on normal
human colonic epithelium [6, 7], the MEP1A transcript was not detected in the HT29 and
HCT116 cell lines (Fig. 2B). Based on the finding that Caco-2 were the only colon cells
to endogenously express MEP1A, all subsequent experiments were conducted using
Caco-2 cells to test for regulation of MEP1Avia post-transcriptional mechanisms.
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3.2 PMA Regulates MEP1A
Previously published reports indicate that meprin  plays a role in inflammation
and IBD [21, 34]. To determine whether meprin  is regulated by inflammatory stimuli,
treatment with PMA was used to induce an inflammatory response. PMA is known to
induce lymphocyte differentiation and to activate the PKC pathway [77, 78], and effects
have been demonstrated on both transcriptional and post-transcriptional regulation [7982]. More relevant to this study, PMA has been used as a model of IBD and has been
shown to induce colitis in both rabbits and rats [83, 84]. In addition, studies using
cultured primary rat colon cells provide evidence that PMA causes damage to colonic
epithelium [77]. Therefore, Caco-2 cells were treated for 0, 4, and 16 h with 50 ng/ml
PMA or vehicle control. Total RNA was isolated at the indicated time points, reversetranscribed to cDNA, and quantified by qRT-PCR with normalization to the
housekeeping gene GAPDH, which was unchanged with PMA treatment (data not
shown). Levels of CCL2 mRNA were also evaluated as a positive control, as PMA has
been demonstrated to upregulate expression of CCL2 [85]. As expected, CCL2 mRNA
was strongly increased with 4 h PMA treatment (data not shown). In contrast, MEP1A
mRNA levels were decreased following both 4 and 16 h treatment with PMA relative to
control (Fig. 3). These results indicate that MEP1A is regulated in response to PMA
treatment.
As our hypothesis is that the MEP1A 3’ UTR contains regulatory elements that
impact RNA stability, an Actinomycin D assay was performed to test whether treatment
with PMA had an effect on the half-life of the MEP1A transcript. Actinomycin D
inhibits global transcription via binding to the transcription initiation complex and
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preventing elongation by RNA polymerase [86], thus allowing the half-life of existing
transcripts to be determined. Based on the finding that MEP1A mRNA levels are
decreased with 4 h PMA treatment, cells were pretreated with either 50 ng/ml PMA or
vehicle for 4 h, then changed to media containing 5 g/ml Actinomycin D and harvested
for RNA isolation at 0, 1, 2, and 3 h post-treatment. Analysis was again performed by
qRT-PCR and normalized to GAPDH, which was unchanged through 3 h Actinomycin D
(data not shown). Percent transcript remaining was calculated for the control (-PMA) and
treated (+PMA) samples with respect to 0 h Actinomycin D. As shown in Figure 4,
pretreatment with PMA resulted in a significant decrease in the percent transcript
remaining at 3 h Actinomycin D and a shorter estimated half-life relative to the untreated
control (approximately 3 h vs 13 h, respectively). Taken together, these results provide
evidence that MEP1A is regulated post-transcriptionally in response to PMA, and that
PMA has a destabilizing effect on the transcript.

3.3 The MEP1A 3’ UTR is a regulatory element
To test the hypothesis that the 3’ UTR of the MEP1A transcript contains
regulatory elements, the entire 3’ UTR was subcloned from an existing vector, pSGGMEP1A-3UTR, into the pmirGLO vector. The resulting construct encodes a fusion
transcript with the firefly luciferase coding region and the MEP1A 3’ UTR, including
native MEP1A polyadenylation signals that will supersede those on the plasmid. The
new, derived vector (pmG-hMEP1A-3UTR-WT) and parent vector (pmirGLO) were
transfected into Caco-2 cells, and 24 h post-transfection samples were harvested for
luciferase assays. As shown in Figure 5, the presence of the MEP1A 3’ UTR decreased
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the level of Firefly luciferease activity by almost half relative to the parental vector with
the Fluc 3’ UTR. The results of this experiment led us to conclude that the 3’ UTR of
meprin  does possess regulatory elements.

3.4 HuR binds to the MEP1A 3’ UTR
The results of the luciferase reporter assay and effects of PMA on RNA stability
indicate that the 3’ UTR of MEP1A results in a decrease in RNA stability. As several
RBPs are known to be involved in destabilizing transcripts [40], biotin pulldown
experiments were conducted to test for binding of two well-studied binding proteins, TTP
and AUF1. Labeled RNA oligonucleotides for the 3’ UTR of MEP1A and negative
control CCL5 were incubated with untreated Caco-2 cell lysate, and following pulldown
by streptavidin-coated beads and several washes, bound proteins were eluted and detected
by western blot. This procedure is illustrated in Figure 6. While both proteins were
readily detected in the cell lysate, neither TTP nor AUF1 were present in the MEP1A
pulldown (Figure 7).
The RBP HuR is most frequently associated with a role in RNA stabilization;
however, studies demonstrating HuR cooperation with other factors to induce
destabilization have also been published [64, 65]. The 3’ UTR of MEP1A also contains a
class I ARE with two AUUUA motifs, sequences known to be sites of HuR binding [39,
52, 87], and is generally AU-rich (Fig. 8). Therefore, the ability of HuR to bind the
MEP1A 3’ UTR compared to CCL5, a negative control shown not to bind HuR [88], was
evaluated by biotin pulldown. As seen in Figure 9, HuR protein was detected in both the
cell lysate and the MEP1A 3’ UTR pulldown, but did not bind to the CCL5 3’ UTR.
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These results indicate that HuR is capable of binding to the MEP1A 3’ UTR in
vitro. To determine whether HuR binds to the endogenous mRNA, an RNP-IP assay for
HuR was performed as illustrated in Figure 10. Ribonucleoprotein (RNP) complexes
were immunoprecipitated from cell lysates using either an antibody to HuR or normal
mouse IgG as an isotype control. An aliquot of each immunoprecipitation (IP) prior to
proteinase K digestion was also analyzed by western blot to confirm that the target
protein, HuR, was successfully bound (Fig 8A). Following RNP-IP, RNA was isolated,
reverse-transcribed, and used for qRT-PCR analysis to determine the fold enrichment of
GAPDH (negative control) and MEP1A mRNA in the HuR-IP vs. control-IP (Fig. 11B).
The MEP1A transcript was significantly enriched in the HuR-IP (p<0.05), whereas
GAPDH was unchanged. Taken together, these data demonstrate that HuR binds to the
MEP1A transcript via the 3’ UTR.

3.5 PMA does not alter HuR levels or binding to MEP1A
To test the hypothesis that HuR is responsible for the PMA-induced
destabilization of MEP1A, Caco-2 cells were treated +/- PMA for 4 h prior to isolation of
RNA and protein. While MEP1A mRNA levels decreased with treatment as before (Fig.
12A), PMA had no effect on the amount of either HuR mRNA or protein (Figure 12).
Densitometry data are consistent with no change in HuR protein levels with 4 h PMA
(1.0 vs. 1.1, not shown).
As PMA was not found to change HuR abundance, the possibility that treatment
alters HuR binding affinity was tested. Lysate from Caco-2 cells treated 4 h +/- PMA
was used for RNP-IP as described above, and purified RNA samples were again reverse-
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transcribed and analyzed by qRT-PCR for the detection of MEP1A and GAPDH
transcript levels. An aliquot of each IP prior to proteinase K digestion was also analyzed
by western blot to confirm that HuR was successfully bound (Fig 10A). Fold enrichment
of each transcript in the HuR-IP vs isotype control-IP was calculated separately for the
two treatment groups (Fig. 13B, n=3). Whereas the MEP1A transcript was again
enriched in the HuR-IP, there was no significant difference between treatment groups
(mean fold enrichment = 5.07 vs 3.61 for –PMA and +PMA, respectively, p=0.15).
Taken together, the results indicate that the effects of PMA on MEP1A are not due to a
change in HuR expression or binding.

3.6 HuR knockdown by siRNA
Results from the biotin pulldown and RNP-IP experiments suggest that HuR does
bind to the MEP1A transcript. To determine the functional consequence of HuR binding,
knockdown experiments were performed using Caco-2 cells transiently transfected with
either negative control (non-specific) or HuR-specific siRNA. Initial testing and
validation of siRNA was done using 10, 20, and 30 nM siRNA for 48 h with similar
levels of HuR knockdown for all concentrations of siRNA (data not shown). As the time
course of HuR knockdown has been shown to vary by cell type [89], 10 nM siRNA was
evaluated at 48, 72, and 96 h post-transfection. As shown in Figure 14A, HuR mRNA
was significantly decreased after 48 h and remained low through 96 h (p<0.001). Protein
levels were similarly diminished compared to negative control siRNA and to the loading
control -tubulin (Fig. 14B), with densitometry analysis indicating greater than 70%
knockdown at all time points examined (not shown). Based on these data, the
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combination of 10 nM siRNA for 48 h was determined to be the best option for
experiments going forward.
With the HuR knockdown conditions optimized, transfections were repeated and
RNA isolated to evaluate the effect on the MEP1A transcript. CCL2 mRNA levels were
also evaluated as a positive control, since previous studies have shown it to be stabilized
by HuR binding and thus knockdown of HuR should result in a decrease in CCL2 [88].
The results presented in Figure 15 are the mean expression of each transcript in the
presence of siHuR relative to its expression in the negative control (n=6). While HuR
mRNA was again significantly decreased to less than 20% of control (p<0.001), the
change in MEP1A mRNA was not statistically significant (p=0.41). Of note, CCL2
mRNA levels were not significantly decreased relative to control (p=0.10). This suggests
that even with efficient HuR silencing, a sufficient quantity of HuR protein remains such
that the effect cannot be determined.

3.7 Regulation of MEP1A 3’ UTR sequence variants
The 3’ UTR of MEP1A has several known sequence variants (see Table 1), and
SNP rs1059276 in particular has been associated with susceptibility to UC and CD, the
two major forms of IBD [34]. Thus, we hypothesized that this polymorphism might alter
post-transcriptional regulation of MEP1A mRNA. To test this, two additional MEP1A 3’
UTR luciferase constructs were generated by cloning the cDNA sequences from HepG2
and Caco-2 cells into the pmirGLO vector as in section 3.3, then screened for the
presence of any of the polymorphic variants listed in Table 1. Evaluation of sequencing
data revealed that the HepG2-derived 3’ UTR, hereafter referred to as “mut1”, contained
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both the 12-bp insertion and C/A SNP (rs57660951 and rs1059276, respectively). The 3’
UTR sequence from Caco-2 cells, hereafter referred to as “mut2”, included a G/T SNP
(rs17468190) in addition to the same two variants present in the HepG2 sequence. These
results are summarized in Table 4 and illustrated in Figures 13 and 14.
To test whether the common genetic polymorphisms observed in the MEP1A 3’
UTR would have an effect on regulation, luciferase assays were conducted as before
using Caco-2 cells transfected for 24 h with the parent vector (pmirGLO) and the three
MEP1A 3’ UTR reporter constructs shown in Figure 17 (WT, mut1, and mut2). As
shown in Figure 18A, the presence of the MEP1A WT 3’ UTR again decreased the level
of Firefly luciferase activity by almost half relative to the parental vector. The MEP1A
mut1 and mut2 reporters also resulted in a decrease in Firefly luciferase activity, but were
not significantly different from WT.
The luciferase reporter data with MEP1A 3’ UTR are suggestive of posttranscriptional regulation, but because the assay measures enzyme activity it was unclear
whether the decrease in luciferase was due to destabilization or translational inhibition of
the Firefly luciferase (Fluc) transcript. To address this question, cells were transfected in
duplicate with the parent, MEP1A WT, and MEP1A mut1 reporter constructs and
harvested for both luciferase assays and RNA isolation. The results shown in Figure 18B
demonstrate a pattern of decreased Fluc mRNA levels that is consistent with the
luciferase reporter data, although this did not reach statistical significance. These data
strengthen the hypothesis that MEP1A is regulated post-transcriptionally and indicate that
the transcripts are destabilized rather than translationally inhibited. As before, while both
MEP1A 3’ UTR transcripts were reduced relative to control, there was no significant
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difference between the RNA levels for WT and mut1, suggesting that the genetic variants
in the 3’ UTR do not alter the steady-state regulation of MEP1A.

3.8 HuR binding to the wild-type vs. mut MEP1A 3’ UTR
The sequence variants tested with the reporter constructs did not have an obvious
effect on either luciferase activity or RNA levels above and beyond that of the wild-type
3’ UTR construct. However, it is feasible that changes in sequence could alter RNA
folding and the accessibility of binding sites to various RBPs. Predicted folding of the
MEP1A 3’ UTR sequences illustrated in Figure 17 was evaluated using the online
resource Vienna RNAfold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi).
The structures shown in Figure 19 illustrate a modest change in predicted folding
between the WT and mut1 sequences (Fig. 19A-B), and a dramatic change in predicted
folding of the mut2 sequence (Fig. 19C). Biotin pulldown experiments were performed
as before using Caco-2 cell lysate and labeled RNA oligos for MEP1A WT, MEP1A
mut1, or CCL5. HuR protein was readily detected in the cell lysate and in both MEP1A
pulldowns, but did not bind to CCL5 (Fig. 20). The MEP1A mut2 sequence was not
tested, as it is derived from Caco-2 cells and earlier RNP-IP experiments had already
demonstrated that HuR can bind the endogenous MEP1A transcript. Taken together, the
results indicate that neither the 12-bp insertion nor the C/A SNP have a strong effect on
binding of HuR to the MEP1A 3’ UTR.
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Figure 2. MEP1A expression in human colon cancer cell lines. RNA was isolated
from the indicated cell lines and used to generate cDNA for amplification of meprin 
and -actin by PCR. (A) Location of primers used to amplify meprin  cDNA. (B)
Agarose gel showing a DNA standard with pertinent sizes indicated (lane 1) and PCR
products for meprin (lanes 2-5), and positive control reactions for -actin (lanes 6-9) to
verify that cDNA synthesis was successful. While -actin was strongly amplified from
all samples, the meprin  transcript was detectable only in cDNA from Caco-2 and
HepG2 cells.
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Figure 3. Effect of PMA treatment on MEP1A mRNA levels. Caco-2 cells were
cultured in the presence of 50 ng/ml PMA or DMSO (vehicle control) for the times
indicated prior to harvesting for RNA isolation and qRT-PCR. Data were normalized to
an endogenous control (GAPDH, unchanged with treatment) and mean relative
expression of MEP1A mRNA was calculated with respect to the 0 h control. Each target
gene reaction was run in duplicate, and the results shown represent three independent
experiments with standard error bars for the mean of the three experiments (*p<0.05,
unpaired two-sample t-test).
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Figure 4. PMA destabilizes the MEP1A transcript. Caco-2 cells were pre-treated
with 50 ng/ml PMA or vehicle (DMSO) for a period of 4 h, after which the media was
removed and replaced with culture medium containing 5 g/ml Actinomycin D. Cells
were then harvested at the indicated time points for RNA isolation and qRT-PCR. Data
were normalized to an endogenous control (GAPDH, unchanged with PMA) and percent
transcript remaining was calculated separately for the –PMA and +PMA samples with
respect to the 0 h Actinomycin D treatment control (set to 100%). Each target gene
reaction was run in duplicate, and the results shown represent three independent
experiments with standard error bars for the mean of the three experiments. The
difference in percent MEP1A transcript remaining is significant only at 3 h postActinomycin D (*p<0.05, unpaired two-sample t-test). The estimated half-life of the
MEP1A transcript under each treatment condition was calculated from the equations of
the trendlines shown.
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Figure 5. MEP1A 3’ UTR effect on luciferase activity. Caco-2 cells were transiently
transfected with either pmirGLO (no 3’UTR added) or pmG-hMEP1A-3UTR-WT
reporter vector for 24 h prior to harvesting for luciferase assays. Firefly luciferase values
were normalized to Renilla luciferase, and the relative Firefly luciferase activity for the
MEP1A 3’ UTR construct was calculated relative to the parent (pmirGLO) vector.
Conditions were run in triplicate within an experiment, and data shown are the mean of
four independent experiments with standard error bars for the mean of the four
experiments (***p<0.001, unpaired two-sample t-test).
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Figure 6. Schematic outline of the biotin pulldown assay. Target 3’ UTR sequences
were amplified from cDNA to add a T7 start site for RNA polymerase and in vitro
transcribed with a 4:1 mixture of unlabled:biotin-CTP. Following DNase digestion and
reaction cleanup, biotinylated RNA oligos were allowed to form a complex with
DynaBeads Streptavidin M-280. Cell lysate was added and incubated with the
RNA:bead complex to allow RNA binding proteins to associate with the oligo, after
which unbound proteins were removed by three wash steps. Bound proteins were eluted
under denaturing conditions in SDS-PAGE sample buffer and analyzed by western blot.

38

39

Figure 7. Neither TTP nor AUF1 binds to the MEP1A 3’ UTR. Caco-2 cell lysate
was incubated with biotinylated RNA oligos of the 3’ UTR from either CCL5 (negative
control) or MEP1A, followed by pulldown of RNA:protein complexes with streptavidincoated magnetic beads. Washed beads were eluted in SDS-PAGE sample buffer and
analyzed by western blot to detect the presence of (A) TTP or (B) AUF1 in the cell lysate
and RNA pulldowns. Images shown are representative of two experiments for AUF1 and
one experiment for TTP, but similar results for TTP have been observed using lysate
from HCT116 cells (Faoud Ishmael, unpublished data).

40

41

Figure 8. Potential HuR binding sites in the 3’ UTR of MEP1A. The MEP1A 3’
UTR sequence (646 nt) was searched for AU-rich elements (ARE) using the online
resource AREsite (http://rna.tbi.univie.ac.at/cgi-bin/AREsite.cgi). Pentamers (AUUUA)
are underlined and bolded. The sequence overall is 60% AT.
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Figure 9. HuR binds to the MEP1A 3’ UTR in vitro. Caco-2 cell lysate was
incubated with biotinylated RNA oligos of the 3’ UTR from either CCL5 (negative
control) or MEP1A, followed by pulldown of RNA:protein complexes with streptavidincoated magnetic beads. Washed beads were eluted in SDS-PAGE sample buffer and
analyzed by western blot to detect the presence of HuR in the cell lysate and RNA
pulldowns. The data shown are a representative blot from three independent
experiments.
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Figure 10. Schematic outline of the RNP-IP assay. Antibodies to the RBP of interest
(HuR) or isotype control (mouse IgG) were allowed to form a complex with DynaBeads
Protein G. Cell lysate was added and incubated with the antibody:bead complex to allow
association of the antibody with its target protein and any bound transcripts. Unbound
proteins and RNA were removed by three wash steps, and an aliquot of the beads was
saved following the third wash for western analysis to confirm successful IP of the target
protein. The remaining beads were further processed to remove both DNA and protein,
and finally RNA was extracted for cDNA synthesis and qRT-PCR analysis of the
transcripts of interest.
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Figure 11. HuR binds to the endogenous MEP1A transcript. RNP-IP was performed
using lysate from untreated Caco-2 cells and either HuR antibody or normal mouse IgG.
(A) Representative western blot of antibody-bound beads from control (IgG) and HuR-IP
showing specific binding of HuR. (B) Purified RNA samples were reverse-transcribed
and analyzed by qRT-PCR for the detection of MEP1A and GAPDH transcript levels.
Fold enrichment was calculated as 2(-Ct), where Ct is the difference in average Ct
values between the HuR-IP and isotype control-IP for a given transcript. Reactions for
each target gene were set up in duplicate, and the results shown represent the mean of
four independent experiments with bars indicating the standard error of the mean. The
MEP1A transcript is significantly enriched in the HuR-IP vs. control-IP (*p<0.05, paired
t-test).
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Figure 12. PMA does not change HuR levels. Caco-2 cells were cultured in the
presence of 50 ng/ml PMA or DMSO (vehicle control) for 4 h prior to isolation of RNA
and protein. (A) Quantitative Real-Time PCR analysis showing of RNA samples. Data
were normalized to an endogenous control (GAPDH, unchanged with treatment) and
mean relative expression was calculated with respect to the 0 h treatment sample. Each
target gene reaction was set up in duplicate, and the results shown represent four
independent experiments with standard error bars for the mean of the four experiments.
MEP1A RNA levels are again significantly decreased with 4 h PMA (*p<0.05, unpaired
two-sample t-test), whereas HuR levels are essentially unchanged (p=0.987). (B)
Representative western blot showing HuR protein is also unchanged with PMA compared
to 0 h PMA (DMSO) and -actin loading control.
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Figure 13. PMA does not significantly affect HuR binding to endogenous MEP1A.
RNP-IP was done using either HuR antibody or normal mouse IgG and lysate from Caco2 cells treated +/- 50 ng/ml PMA for 4 h. (A) Representative western blot of antibodybound beads from control (IgG) and HuR-IP showing specific binding of HuR. (B)
Purified RNA samples were reverse-transcribed and analyzed by qRT-PCR for the
detection of MEP1A and GAPDH transcript levels. Fold enrichment was calculated as 2(Ct)

, where Ct is the difference in average Ct values between the HuR-IP and isotype

control-IP for a given transcript. Reactions for each target gene were set up in duplicate,
and the results shown represent the mean of three independent experiments with error
bars indicating standard error of the mean. The MEP1A transcript was again
significantly enriched in the HuR-IP in the absence of PMA and was near-significant in
the presence of PMA (p=0.04 and 0.07, respectively, paired t-test). However, there was
no statistical difference between the fold enrichment of the MEP1A transcript +/- PMA
(p=0.53, unpaired two-sample t-test).
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Figure 14. Time-course of HuR Silencing by siRNA. Caco-2 cells were transfected
with 10 nM HuR siRNA (siHuR) and duplicate wells were harvested 48, 72, and 96 h
post-transfection for isolation of RNA and protein. (A) Quantitative Real-Time PCR
analysis showing HuR mRNA levels are decreased by siHuR compared to negative
control (n=3). The decrease in HuR is significant at both 48 and 96 h (*p<0.001,
unpaired two-sample t-test), but statistical analysis could not be done for the 72 h time
point as there was one sample missing (n=2). (B) Representative western blot showing
HuR protein is also decreased with siHuR compared to negative control siRNA and tubulin loading control at all time points.
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Figure 15. Effect of HuR knockdown on MEP1A transcript levels. Caco-2 cells were
transfected as before with 10 nM negative control or HuR-specific siRNA for 48 h and
RNA was isolated for analysis by qRT-PCR. Data shown are the mean expression of
each transcript with siHuR relative to negative control siRNA (n=6). The decrease in
HuR mRNA levels with siHuR is significant (***p<0.001, unpaired two-sample t-test),
while MEP1A and CCL2 mRNA levels are not significantly different from control
(p=0.41 and 0.10, respectively).
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Table 4
MEP1A 3' UTR sequence variants used for luciferase reporter assays
MEP1A 3'
UTR
wild-type
(WT)

Length
646 bp

NCBI Accession #
NM_005588.2

Sequence Variation
none

mut1

658 bp

NM_005588.1

rs57660951, rs1059276

mut2

658 bp

n/a
(sequence from Caco-2 cells)

rs57660951, rs1059276,
and rs17468190
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Details by position within the
MEP1A mRNA transcript
n/a
12 bp insertion
(TTTGGGGCAGCT) at nt 2359,
C/A SNP at nt 2450
G/T SNP at nt 2349, 12 bp insertion
at nt 2359, C/A SNP at nt 2450

Figure 16. Sequence alignment of wild-type vs. mutant MEP1A 3’ UTR. HepG2 (mut1) and Caco-2 (mut2) cDNA was used to
amplify, clone, and sequence the meprin alpha 3’ UTR for genetic variants. Alignment to the wild-type / reference sequence (NCBI
accession number NM_005588.2, upper strand) illustrates the position and nature of the changes observed from screening. The
locations of two AUUUA pentamers (rectangles) are also indicated for reference.
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Figure 17. MEP1A 3’ UTR sequence variants used in this study. Schematic of the 3’ UTR sequences cloned from HepG2 (B) and
Caco-2 (C) compared to wild-type (A).
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Figure 18. MEP1A 3’ UTR sequence variants have reduced luciferase enzyme
activity and Fluc transcript levels. (A) Caco-2 cells were transiently transfected with
either parent vector (pmirGLO) or one of the three MEP1A 3’ UTR reporter vector
constructs (WT, mut1, or mut2) for 24 h prior to harvesting for luciferase assays. Firefly
luciferase values were normalized to Renilla luciferase, and the relative Firefly luciferase
activity for each of the MEP1A 3’ UTR constructs was calculated relative to the parent
(pmirGLO) vector. Conditions were set up in triplicate within an experiment, and data
shown are the mean of four independent experiments with standard error bars for the
mean of the four experiments (***p<0.001, Single Factor ANOVA between groups pvalue = 5.11 x 10-6). (B) Caco-2 cells were transfected with either pmirGLO, pmGhMEP1A-3UTR-WT, or pmG-hMEP1A-3UTR-mut1 reporter vector for 24 h prior to
harvesting for RNA isolation and qRT-PCR analysis. Firefly luciferase (Fluc) transcript
levels were normalized to the Renilla luciferase (hRluc) transcript and mean relative
expression was calculated compared to the parent vector. Each target gene reaction was
set up in duplicate, and the results shown represent three independent experiments with
standard error bars for the mean of the three experiments (Single Factor ANOVA
between groups p-value = 0.11).
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Figure 19. Predicted RNA folding of the MEP1A 3’ UTR sequence variants. The MEP1A 3’ UTR sequences were analyzed
using the online resource Vienna RNAfold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) to predict formation of
secondary structures. Minimum free energy values for the optimal secondary structures shown are as follows: (A) WT, -173.80
kcal/mol; (B) mut1, -179.50 kcal/mol; and (C) mut2, -181.70 kcal/mol.
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Figure 20. HuR binds to both the WT and mut1 MEP1A 3’ UTR in vitro. Caco-2
cell lysate was incubated with biotinylated RNA oligos of the 3’ UTR from either CCL5
(negative control), MEP1A WT, or MEP1A mut1 followed by pulldown of RNA:protein
complexes with streptavidin-coated magnetic beads. Washed beads were eluted in SDSPAGE sample buffer and analyzed by western blot to detect the presence of HuR in the
cell lysate and RNA pulldowns. The data shown are a representative blot from three
independent experiments.
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Chapter 4
DISCUSSION

Meprin  has been previously established to have a role in inflammation and
disease. The results of this study are consistent with that view, as we have demonstrated
that MEP1A mRNA is destabilized in response to the inflammatory stimulus PMA. The
3’ UTR of MEP1A has been shown to be a regulatory element, and the RBP HuR is
capable of interacting with this region of the transcript. The significance of these
findings is discussed herein.

4.1 Regulation of MEP1A by PMA
As meprin  has been associated with the susceptibility to and progression of IBD
[21, 34], we hypothesized that MEP1A expression is altered by inflammation. To that
end, Caco-2 cells were treated with PMA, an inflammatory stimulus that has been used in
models of IBD [83, 84], and the effect on endogenous MEP1A mRNA levels was
observed. The data demonstrated that treatment with PMA at either 4 or 16 h caused a
significant reduction in steady-state levels of MEP1A mRNA. As mutations in the
MEP1A 3’ UTR are linked to IBD and PMA is known to post-transcriptionally regulate
gene expression, the mRNA stability of MEP1A was assessed in the presence and
absence of PMA. Results from an Actinomycin D assay revealed that 4 h PMA treatment
decreased the half-life of the MEP1A transcript relative to an untreated control.
Although it is clear that PMA post-transcriptionally regulates meprin , it is
possible that the effect of PMA is not exclusively due to a post-transcriptional
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mechanism. A computational analysis of the MEP1A promoter indicates that there are
putative AP-1 and PEA3 elements that may be capable of conferring a response to PMA
[28], and the MEP1B promoter, which also contains these elements, has been shown to
upregulate transcription of the meprin ’ isoform following treatment with PMA [90].
There is also the possibility that post-transcriptional regulation of MEP1A by PMA is
indirect and requires transcription of a downstream factor that destabilizes the MEP1A
transcript. The complete mechanisms of MEP1A regulation will be the focus of future
work; the importance of post-transcriptional regulation and the role of the MEP1A 3’
UTR in this process is discussed below.

4.2 Post-transcriptional regulation of MEP1A

4.2.1 Contribution of the 3’ UTR
The results from PMA treatment experiments suggest that meprin  is regulated
post-transcriptionally. Because post-transcriptional regulation is most commonly
conferred by regulatory elements in the 3’ UTR [39, 54], we first tested whether the 3’
UTR of MEP1A had any effect on a luciferase reporter construct. The results
consistently demonstrated that the presence of the MEP1A 3’ UTR is sufficient to
decrease both Fluc mRNA levels and Firefly luciferase enzyme activity, and strongly
suggest that the MEP1A sequence contains destabilizing elements.
Both the effects of PMA treatment and results using luciferase reporter constructs
indicate that the 3’ UTR of MEP1A confers a decrease in RNA stability. This led to the
hypothesis that meprin is bound and destabilized by an RNA binding protein such as TTP
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or AUF1. We demonstrated that Caco-2 cells express both AUF1 and TTP, in contrast to
a previous report [70]; however, no binding to the MEP1A 3’ UTR was observed for
either protein by biotin pulldown. An alternative hypothesis was that MEP1A interacts
with HuR, a RBP which is primarily known as an mRNA stabilizer but has also been
shown to destabilize in certain cases [52, 64, 65]. Results from pulldown and
immunoprecipitation experiments provide convincing evidence that HuR binds to the 3’
UTR of the MEP1A transcript both in vitro and in vivo.
To test the functional consequences of HuR binding, siRNA was used to silence
HuR expression. A marked decrease in HuR mRNA and protein levels was observed, but
there was no significant effect on meprin  mRNA. Of note, our positive control in these
experiments, CCL2, has been shown to be reduced by HuR silencing in airway epithelial
cells [88], but showed no statistical change in this study. It is possible that a different
positive control may be more appropriate for HuR silencing in Caco-2 cells, but the data
herein are inconclusive and thus the possibility that HuR regulates MEP1A cannot be
ruled out. As the expression of HuR is very high in Caco-2 cells, it is possible that even
with significant knockdown the protein level was still high enough to exert an effect.
HuR is primarily located in the nucleus of normal cells, but cancer cells exhibit a much
larger proportion of protein in the cytosol [71, 91], which may also be confounding our
attempts at knockdown. The combined effect of HuR silencing and PMA treatment was
not tested here, but may prove to be informative.
There are a few alternative explanations for the inconclusive results with HuR
knockdown, and a proposed model of MEP1A post-transcriptional regulation is shown in
Figure 21. First, it is feasible that HuR influences translation efficiency rather than RNA
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Figure 21. Models of post-transcriptional regulation of MEP1A. Three possible mechanisms by which MEP1A is posttranscriptionally regulated. (A) HuR blocks translation by sequestering the transcript away from polysomes and into stress granules.
(B) HuR cooperates with Ago2/RISC to recruit microRNA to the 3’ UTR and causes translational inhibition or degradation. (C) HuR
binds in combination with another RNA binding protein (such as TTP or AUF1) and targets the MEP1A transcript for degradation.
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stability, in which case RNA levels may not change whereas meprin A protein would be
altered (Fig. 21A). Data from luciferase reporter assays are consistent with a
destabilization mechanism rather than translational inhibition (Fig. 18). However,
accurate levels of meprin A protein were unable to be obtained in this study, likely due
interference from the high serum content in growth media that cross-reacted with the
meprin A antibody by western blot and impeded the detection of purified recombinant
meprin A control protein by BK+ assay [92] (data not shown). Future studies will be
directed at this by testing the use of reduced-serum or serum-free growth media, and
possibly also concentration of media samples by size exclusion prior to western blot. The
ability to evaluate meprin A protein levels in response to treatment conditions will be
vitally important going forward to fully characterize the nature of post-transcriptional
regulation.
Another possible explanation for the lack of an observed change in meprin 
mRNA levels with HuR silencing is that HuR cooperates with microRNA to
translationally inhibit or degrade the MEP1A transcript in a manner similar to HuR and
let-7 [64] or TTP and miR-16 [48], in which case knockdown of HuR alone may be
insufficient to fully rescue the meprin  transcript from degradation (Fig. 21B). Testing
for the presence of Ago2/RISC in samples immunoprecipitated by HuR should help
address this question.
Lastly, while HuR does bind, it is still plausible that another RNA binding protein
is the primary regulator of MEP1A mRNA with inflammation (Fig. 21C). Binding of
TTP and AUF1 was not observed in untreated cells, but may bind with PMA treatment,
and other RBPs not tested in this study, including hnRNP C, KSRP, and GR, may also be
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involved [43, 59, 93]. It may be that HuR has a stabilizing role under resting conditions,
but is either displaced or out-competed by another, destabilizing RBP with inflammatory
conditions. Given the wide variety of potential binding partners, it may be preferable to
analyze the components of a biotin pulldown reaction with MEP1A 3’ UTR compared to
a negative control (or +/- treatment) by either a total protein stain to estimate the
molecular weights of interacting proteins or by 2D gel and proteomics analysis rather
than to immunoblot for one at a time.

4.2.2 Effect of PMA on HuR and MEP1A
The mechanism by which PMA decreases the stability of the MEP1A transcript is
unclear. PMA treatment could alter HuR expression, binding to RNA, or subcellular
localization. Treatment with PMA did not change the level of HuR mRNA or protein,
and although results from RNP-IP experiments using cells treated +/- PMA may indicate
a slight reduction in HuR binding to the meprin  transcript with treatment, the difference
was not significant.
Others have demonstrated that PMA can exert a functional effect on RNA
stability through HuR by altering its subcellular localization rather than overall
abundance [79, 80]. PMA has been shown to activate the PKC pathway [82, 94, 95], and
HuR is phosphorylated by PKC and other kinases [96-98]. Phosphorylation of HuR often
results in nuclear retention, but can also increase translocation to the cytoplasm and
modify binding affinity to certain target transcripts [98-102]. Thus, it seems reasonable
to hypothesize that PMA is causing phosphorylation of HuR, enhancing its nuclear export
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and resulting in a greater pool of cytoplasmic HuR available to bind and destabilize the
MEP1A transcript. This potential mechanism certainly warrants further investigation.
In contrast, it may be that PMA decreases meprin  RNA levels through binding
of a different protein altogether. While binding of TTP was not observed in the biotin
pulldowns using lysate from untreated cells, it is known to be induced by phorbol esters
and other inflammatory stimuli [42, 49] and thus may bind under conditions of cellular
stress. Positive controls are also needed to clearly demonstrate when pulldown assays
represent a true negative result (no binding) rather than an unsuccessful experiment. The
contribution of other RBPs to the regulation of the MEP1A transcript will be a subject of
future studies.

4.3 MEP1A and inflammatory bowel disease
Meprin  has been implicated in IBD by both genetic associations and functional
studies [21, 34, 36-38]. Dysregulation of HuR has also been implicated in IBD [74]. The
association of a polymorphism in the 3’ UTR of MEP1A is with both UC and CD [34]
led us to hypothesize that the risk allele might alter post-transcriptional regulation relative
to the wild-type sequence. Others have demonstrated examples of polymorphisms in the
3’ UTR that resulted in a change in regulation of the transcript, including TNF,
thymidylate synthase, and CYP2A6 [103-105]. To that end, we evaluated whether
sequence variants identified in the MEP1A 3’ UTR might result in similar changes in
post-transcriptional regulation.
The sequences cloned from Caco-2 and HepG2 cells each contained genetic
variants, a finding that was not entirely unexpected given that cancer cell lines are known
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to harbor several mutations. As both contained the IBD-associated SNP (rs1059276) and
a 12-nt insertion, the combination was tested as this may be more biologically relevant if
the two variants are genetically linked and frequently inherited together. (See Table 4 for
a summary of sequences used in this study.) Results from transfections and luciferase
assays using all three MEP1A 3’ UTR constructs indicate that steady-state levels of
“WT”, “mut1”, and “mut2” are all significantly different from the parent vector, but not
from one another (Fig. 18). An additional negative control vector using a DNA sequence
of the same length as the MEP1A 3’ UTR would be helpful in confirming that the effect
on the Firefly luciferase transcript is specific.
In vitro binding studies with the “WT” and “mut1” 3’ UTR sequences
demonstrated that both are able to interact with HuR (Fig. 20). The predicted secondary
structures of these two sequences are fairly similar when compared to the predicted
folding for “mut2” (Fig. 19). It is worth noting that because the mut2 sequence was
derived from Caco-2 cells, experiments using the endogenous meprin  transcript (RNPIP and PMA treatment) are reflective of HuR binding and inflammatory response to mut2
and not to wild-type. As results with the reporter constructs showed that mut2 is similar
to mut1 and WT, these data are consistent with in vitro binding studies and likely to be
valid. However, it is still a possibility that the polymorphic variants may differ in their
overall stability or response to cellular stressors, as they were only tested here under
resting conditions and binding was not directly compared between all three sequences.
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4.4 Conclusions and future directions
Meprin  has been previously established to have a role in inflammation and
disease, and the results of this study are consistent with that view, as we have
demonstrated that MEP1A mRNA is post-transcriptionally regulated in response to PMA
treatment, that the MEP1A 3’ UTR is a regulatory element, and that the RNA binding
protein, HuR, is capable of interacting with the 3’ UTR of the transcript.
The mechanism of PMA-induced destabilization of meprin  is still to be
determined, as is the specific role of HuR in post-transcriptional regulation of the
transcript. Our studies demonstrate that although HuR binds to the MEP1A 3’ UTR, the
destabilizing effect of PMA is not due to a change in expression or binding of the protein.
Results from HuR silencing experiments were inconclusive, and thus we have proposed
three working models to guide future studies and ascertain whether HuR is working alone
or in concert with another RBP or microRNA, and also to establish the consequences of
regulation for meprin protein levels. Ultimately the Caco-2 may not be a desirable model
system due to the high serum requirement and abnormal regulation of meprin others
have demonstrated in these cells [19, 106].
An intriguing potential extension of this work would be to utilize existing mouse
models of IBD to study whether Mep1a is post-transcriptionally regulated in vivo. The
mouse and human protein sequences have high identity and largely similar enzyme
activity and substrate-specificities, with a few exceptions [92]. However, a comparison
of the 3’UTR sequences reveals no significant similarity, and evaluation of the murine
sequence fails to identify any AU-rich motifs (AREsite). Thus, based on sequence
analysis it is unlikely that the mouse mRNA is post-transcriptionally regulated in the

78

same manner as the human mRNA. A possible alternative approach may be to generate a
mouse strain wherein the human MEP1A 3’ UTR sequence replaces the mouse Mep1a 3’
UTR. This humanized mouse strain could then be used to test for post-transcriptional
regulation by PMA in vivo, and would be predicted to have an inflammatory response
that is intermediate between the WT and KO mice. Additional experiments would be
required to determine how PMA-induced colitis compares phenotypically to the current
DSS model. It would also be of interest to determine whether the effect on the meprin 
transcript is specific to PMA or is typical of a more general response to inflammation.
In summary, the results of this study demonstrate the first direct evidence that
meprin  is post-transcriptionally regulated. While preliminary data provides clues as to
how this happens, the exact mechanism and major role players in the process are yet to be
fully defined. An improved understanding of meprin  regulation in normal tissues will
enable us to discern how it is dysregulated in diseases such as IBD and cancer, and
hopefully contribute to the development of more effective therapeutics.
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