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ARE - Adenosine-Uridine Rich Element

AUBP - Adenosine-Uridine Binding Protein

AUG - Adenosine-Uridine-Guanosine (translation initiation codon)
ATCC — American Type Tissue Collection

Cox — Cyclooxygenase

DEPC - Diethyl Pyrocarbonate
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DNA - Deoxyribonucleic Acid

DTT - Dithiothreitol

ECL ~ Enhanced Chemiluminescence
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EGTA - Ethylene Glycol-bis(B-aminoethyl)-N,N,N',N'-Tetraacetic Acid
ELAV — Embyronically Lethal and Abnormal Vision
GM-CSF - Granulocyte-Monocyte Colony Stimulating Factor
HEPES - N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
hnRNP — heterogenous Ribonucleoprotein

IL — Interleukin

KCI — Potassium Chloride

LPS — Lipopolysaccharide

MAPK — Mitogen Activated Protein Kinase

MgCl, — Magnesium Chloride

MK2 - MAPK activated Kinase 2

mRNA — messenger Ribonucleic Acid

mRNP — messenger Ribonucleoprotein

NaCl — Sodium Chloride

Na3;VO4 — Sodium Orthovanadate

NP-40 — Nonidet P40

NSAID — Non-Steroidal Anti-inflammatory Drug
PAGE - Polyacrylamide Gel Electrophoresis

PBS — Phosphate Buffered Saline

PCR - Polymerase Chain Reaction

PG — Prostaglandin

Poly(A) — Polyadenosine

PVDF — Polyvinylidene Difluoride

RPMI — Roswell Park Memorial Institute

RRM — RNA Recognition Motif

SDS - Sodium Dodecyl Sulfate

TBS — Tris-Buffered Saline

TNF - Tissue Necrosis Factor

TTP — Tristetraprolin

uORF — Upstream Open Reading Frame

UTR - Untranslated Region
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Abstract

Cyclooxygenase-2 is an early response gene that is rapidly and transiently induced by
a variety of extracellular ligands in many cell types, including macrophages and
mesangial cells. The 3’ untranslated region (UTR) of cox-2 mRNA plays a vital role in
its post-transcriptional control by regulating mRNA stability and translation. The
proximal 60-nucleotides of the 3" UTR contains highly conserved Adenosine-uridine
Rich Elements (ARES) — AUUUA, which are known to regulate mRNA stability and

translation.

Insertion of the 1 - 60 sequence was sufficient to cause a marked decrease ( >65%)
in expression of a luciferase reporter-gene, in a both rat mesangial and RAW 264.7
cells. Although, reporter-gene constructs proved unresponsive to stimulation with
IL1B in the rat mesangial cells, a response was seen with LPS in the RAW 264.7 cells,

which was dependent on the proximal 20 nucleotides of the 1 — 60 sequence.

Electromobility shift assays revealed that multiple RNA binding proteins, including
HuR, TIA-1, TIAR, hnRNP U and AUF1, interacted with this region of the
cyclooxygenase-2 3'UTR, with some noticeable differences occurring following

removal of the LPS responsive sequence.

These studies provide further evidence of the role played by the 3’ UTR in the post-
transcriptional control of cyclooxygenase-2, as well as identifying several RNA

binding proteins likely to be involved in this process.



Chapter 1

Cyclooxygenase Overview



Cyclooxygenase catalyses the conversion of arachidonic acid to PGH,, the rate
limiting step in the synthesis of prostaglandins, which are mediators of a diverse
variety of pathophysiological processes'. To list some of these processes illustrates
the importance of elucidating the mechanisms involved in the regulation of this
enzyme. To date, prostaglandins have been shown to perform key roles in
reproduction®, inflammation and wound healing*®, T cell development®, maintaining
gastric mucosal integrity”®, platelet aggregation®, neonatal renal development®®, salt

and water homeostasis'! and Ductus Arteriosus remodelling*2.

There is also increasing evidence that prostaglandins play a role in the pathogenesis

13-19 20-23

of multiple carcinomas and neurodegenerative diseases

Not surprisingly, cyclooxygenase enzyme inhibition with aspirin and other NSAIDs is
a widely used and effective therapy in many clinical settings, such as rheumatic and
cardiovascular diseases?®. However, use of these medications is associated with
significant complications and side effects®®, which result in considerable morbidity

and cost?®%.  Well documented and relatively common side effects of

29,30

cyclooxygenase inhibition include gastrointestinal ulceration®*", exacerbation of

heart failure®!, hypertension® and asthma®?, as well as renal dysfunction®***.

It was hoped that the discovery of the second cyclooxygenase isoform (cox-2)*¢®

and the development of specific cox-2 inhibitors would ameliorate many of these

39,40 41-48

problems ™. Unfortunately, this has not proven to be the case and recently two

of these agents have been withdrawn due to unexpected side-effects®. There

remains some optimism that these agents may prove useful adjuncts in the

treatment of carcinogenesis®®> 56-59.

and neurodegenerative diseases Hence,
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continued study into the regulation of cyclooxygenase isoforms may uncover new
options for safer, targeted therapy for many common medical ailments and possibly
allow progress in the treatment of specific malignancies and neurodegenerative

diseases.

Cyclooxygenase and the Kidney

Both cyclooxygenase isoforms are constituitively expressed in the kidney. Cox-1
protein is predominantly found in the renal vasculature and collecting ducts, whereas
cox-2 appears to be primarily expressed in the macula densa, the cortical thick
ascending limb of Henle (cTALH) and the medullary interstitial cells'%%2. The
functional significance of cyclooxygenase’s actions within the kidney are emphasised
by the many adverse effects on renal function related to NSAIDs use. These include
acute renal failure, sodium retention, hyperkalaemia and papillary necrosis®.
Specific inhibitors of cox-2 produce a similar renal side-effect profile® suggesting
that cox-2, rather than cox-1, is the primary isoform involved in the maintenance of
renal function and normal sodium and potassium balance. This view is reinforced by
the finding that Cox-2 interacts with many homeostatic systems within the kidney.
Expression of Cox-2 within the renal cortex is directly inhibited by angiotensin I1%%,
indirectly inhibited by dopamine® and appears to be under the tonic inhibition of

69,70

endogenous corticosteroids and mineralocorticoids While within the renal

medulla, vasopressin stimulates its expression in interstitial cells’..

Within the macula densa, renin release in response to salt restriction, diuretic use
and ACE inhibition is controlled by cox-2 derived prostaglandins®®. In these high
renin states, cox-2 expression is increased within the macula densa and renin

11



expression can be inhibited with specific cox-2 inhibitors. Futhermore cox-2 null
mice fail to increase renin production in response to salt restriction or ACE inhibition’

while cox-1 null mice demonstrate a normal response under these conditions”>.

In addition to its effects on renin release, cox-2 appears to be involved in the control
of renal haemodynamics and maintenance of GFR, particularly in the setting of
physiological stress such as volume depletion and congestive heart failure. It
cooperates with nitric oxide to fine-tune afferent arteriole tone in response to
systemic pressure and tubuloglomerular feedback’*’®> and vasodilatory
prostaglandins appear to maintain blood flow within the kidney and GFR in the
presence of vasoconstrictors such as Angiotensin II. The “protective” effect of
prostaglandins under these conditions is eliminated in the presence of Cox-2
inhibitors but not Cox-1 inhibitors’®. Cox-2 inhibition results in decreased renal blood
flow and urine flow in dogs on a low sodium diet but has no effect on these
parameters when sodium intake is adequate’®. A sustained fall in GFR and renal
blood flow of over 30% occurs in dogs on a low sodium diet subjected to Cox-2
inhibition over an eight day period”’. In agreement with animal studies, Cox-2
inhibition has little effect on renal function in healthy human subjects’®”® but appears

to play a role in maintaining renal function under salt depleted conditions®®®!,

Within the renal medulla, increased interstitial hydrostatic pressure results in sodium
excretion, which is inhibited by non selective Cox inhibitors but not specific Cox-2
inhibition®2,  However, salt loading upregulates Cox-2 expression in the renal
medulla® and it may play a role in controlling sodium excretion at this point, as,
despite its effect on renin release, Cox-2 inhibition haé been shown to impair sodium

79-81

excretion in dogs and humans Cox-2 expression within medullary interstitial

12



cells is stimulated by the ambient tonicity®* and its expression is critical to these cells’
survival in a hypertonic environment®. This observation may have significant
implications regarding the pathogenesis of NSAID induced papillary necrosis, as
studies have suggested that the medullary interstitial cells are damaged early in this

process®® and papillary necrosis is more likely to occur in the setting of dehydration®’.

Cox-2 also plays a critical role in the late stages of renal development with Cox-2 null

88-90

mice developing progressive renal dysplasia postnatally A similar abnormality

can be induced by peri-natal treatment with specific Cox-2 inhibitors®® but doesn‘t
occur in Cox-1 null mice or with Cox-1 inhibition. Case studies documenting renal

developmental abnormalities associated with maternal ingestion of non-selective and

selective Cox-2 inhibitors support a similar role in renal development in humans®*®,

In addition to its physiological and developmental roles in the kidney, Cox-2 has also
been implicated in the pathogenesis of “hyperfiltration” injury, diabetic nephropathy
and glomerulonephritis in animal models®®. In rats, subtotal renal ablation results in
upregulation of Cox-2 and visible expression within the glomerulus® and increased

expression within the macula densa is evident in rat models of diabetic

98,99

nephropathy™~°. Increased cyclooxygenase-2 expression has also been identified in

100

passive Heymann nephritis™ and Lupus nephritis in humans'®. However, it is

unclear in the setting of experimental glomerulonephritis whether Cox-2 derived

prostaglandins are pro or anti-inflammatory!®%1,

Rather surprisingly, Cox-2 inhibitors have shown some promise in ameliorating

progressive renal injury in animal models of subtotal renal ablation®’1%*1%, diabetic

106,107 100,108

nephropathy and glomerulonephritis

13



These multiple and somewhat conflicting roles of Cox-2 within the kidney emphasise
the importance of determining how this enzyme is regulated before it can utilised as
a viable therapeutic target. Before proceeding to describe what is currently known
about the regulation of cyclooxygenase-2, it would be useful to briefly overview the

post-transcriptional mechanisms involved in the control of gene expression.

14



Chapter 2

Post-Transcriptional Control of Gene Expression
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Control of gene expression in mammalian cells extends beyond transcription, involves
multiple steps in RNA processing and takes place in both the cytoplasm and the
nucleus'®. Messenger RNA undergoes a number of processes before it is eventually
translated to produce its encoded protein. While our understanding of many of these
processes is still in its infancy, it is already apparent that RNA processing is critically
important in controlling the expression of many genes. These post-transcriptional
“events” provide numerous regulatory points to fine-tune gene expression and can

significantly alter the type, abundance, location and timing of protein expression

within the cell*%*,

In order to function properly, each mRNA must contain information that determines

r':112,113

its nuclear expo , subcellular localisation'*, stability and translation efficiency,

as well as its protein coding sequence!’®. Much of this information is provided by

specific RNA-binding proteins, many of which associate with messenger RNA during

116-118

pre-mRNA processing in the nucleus , to produce large RiboNucleoProtein

complexes'’®, These complexes are diverse, dynamic structures; the protein content

of which is dictated by specific mRNA sequences as well as by the individual

processes the pre-mRNA undergoes in the nucleus?®1*,

As transcription proceeds, the carboxy terminal domain of RNA polymerase II recruits

the pre-mRNA processing machinery required to execute a number of finely

125-130

regulated modifications , which alter the composition and function of the

131,132

resultant messenger RNP complex The extent of pre-mRNA processing is

ilustrated by the fact that less than 5% of nascent phosphodiester bonds eventually

end up as mature cytoplasmic mRNA!33134,

16



The coding region of mRNA is flanked by two UnTranslated Regions, designated the
5’ and 3'UTRs'® (Figure 1). At the upstream (5°) end, a cap structure is added and,
in most cases, a poly(A) tract is added at the 3’ end'*®!3, Both of these
modifications have been shown to enhance the stability and translational efficiency of
MRNA132139-141 Furthermore, many genes encode multiple alternative
polyadenylation sites, allowing for alterations in the length of the 3'UTR of the

mRNA',  While transcription continues, the splicing machinery removes intronic

143-145

sequences to produce a contiguous protein coding sequence However, as

many genes contain alternative splice sites, resulting in altered coding and non-

146-148

coding sequences , multiple protein isoforms with varying functions can be

produced from a single gene. To add to this increasing diversity, the RNA editing

149-151

machinery can alter multiple or individual nucleotides within the mRNA

resulting in further changes to its protein coding sequence.

Following processing, mRNA must be actively transported to the cytoplasm before

112,152,153

translation and protein expression can occur The preceding “processing

rt154—158

history” of each mRNA is closely linked to its nuclear expo , as well as its fate

thereaﬁer119,131,159-161

Translation of mRNA into protein occurs predominantly in the cytoplasm**1%2, with
both ends of the molecule interacting to form a loop structure (Figure 1). The

interaction of proximal and distal parts of the mRNA is intimately connected to the

163,164 165-167

regulation of its translation and degradation The balance between

mRNA degradation and translation directly affects protein levels, as well as the

168,169

temporal pattern of their expression , as the relative abundance of a given

protein is related to its rate of translation versus its rate of degradation!’%*"%,

17



mRNA

Translation

M.G S'UTR 3'UTR

Coding Region Poly A

5' and 3' Interaction

Figure 1: Mature Mammalian mRNA

The coding region is flanked by 5' and 3' untranslated regions (UTR).

A 7-methylguanosine cap structure and poly(A) tail are added co-transcriptionally.

These modifications are of critical importance in maintaining efficient RNA

processing, nuclear export, translation and mRNA stability, mainly via the interaction

of specific RNA binding proteins.

18



Translation in mammalian cells is regulated in many ways*’>'”® and the untranslated
regions flanking the coding sequence of mRNA are critical to many of these
processes'®, The 5'UTR regulates translation via multiple mechanisms'’*, including
modification of the cap structure!’®, upstream Open Reading Frames (UORFs)'®,
multiple translation initiation sequences (AUG), RNA secondary structure!’’1’8, RNA-
protein interactions'’® and Internal Ribosomal Entry Sites'®%!8!, Regulation by the 3'-

UTR®*18  can occur through RNA-protein interactions'®!®’,  RNA-RNA

188,189 190-193

interactions , as well as through cytoplasmic polyadenylation elements and

changes in the length of the poly-A tail'%1%,

Adenosine-Uridine Rich Elements

Many of previous mentioned mechanisms of regulation are dependent on cis-acting
sequences within the untranslated regions, which govern the interaction of the mRNA
with specific proteins and protein complexes!i®11919%20 — QOne of these, the

adenosine-uridine rich element (ARE) is found in the 3’-UTR of many early response

201,202

genes, cytokines and growth factors The 3’ untranslated region of cox-2

contains multiple copies of the regulatory sequence AUUUA, a class II ARE.

There are several classes of ARE with slightly different sequence characteristics, but

203-205

they all share the ability to target their mRNAs for rapid deadenylation and

206-209

degradation However, in response to certain environmental stimuli, these

A210-212

sequences can stabilise their mRN and thereby enhance protein expression.

19



As well as their effects on degradation and stability, AREs have also been shown to
regulate the translation® of muitiple mRNAs including TNFo?*?°, and
cyclooxygenase-22°, The alterations in mRNA stability and translation controlled by
these sequences appear to be mediated by the association of specific trans-acting

proteins called ARE-binding proteins (AUBP)?1%217-225,

AU-Binding Proteins

An increasing number of proteins have been identified that interact with ARE
sequences??2% and affect stability, translation and subcellular localisation of their
target mRNA?13%7:28  AUF1, HuR, Tristetraprolin, TIA-1 and TIAR are among the

most studied AUBPs, some of which have been shown to interact with the 3'UTR of

2 239-241

cyclooxygenase- Their mechanism of action remains unknown, but may

242-247 209,248

involve recruitment of the exosome , alteration of RNA secondary structure

21246249 However, their role in posttranscriptional

or recruitment of other proteins
control of cox-2 has recently been disputed®’. Aberrant activity of at least some of
the known RNA binding proteins may be important in the pathogenesis of

inflammatory®*'*3, developmental'®*%>*2* and neoplastic disease***?>%2¢”,

AUF1

Also known as heterogeneous ribonucleoprotein D, AUF1 consists of four
alternatively spliced isoforms, designated p37, p40, p42 and p452%2’%. All contain
two RNA recognition motifs (RRM) and shuttle between the nucleus and the
cytoplasm?2. AUF1 has been shown to both stabilise?”**’* and destabilise?%®21%%#

28 mRNA in a cell-type specific manner, plays an important role in the regulation of

t257,279,280 260,281

ARE-containing mRNA in developmen and possibly in oncogenesis

20



HuR

282-284

HuR is a ubiquitously expressed nucleocytoplasmic shuttling protein and a

member of the Hu / ELAV family of RNA binding proteins®®2%, 1t is approximately
36Kda in size, contains three RRM and is predominantly nuclear in localisation. Many

studies have shown that this protein is involved in ARE-dependent mRNA

221,223-225,288-292

stabilisation and that this process appears to be dependent on the

293,294

translocation of HUR from the nucleus to the cytoplasm . HuR may also ehance

295

the translation of certain target mRNAs“”> and probably plays a role in the nuclear

296

export of specific mMRNAs Multiple protein ligands of HuR have been identified,

297-300

which alter its function and/or its subcellular localisation . HuR is involved in the

2301

regulation of cox- and up-regulation of this AUBP is associated with increased

cyclooxygenase-2 expression in a colon cancer cell line?°.

TIA-1 and TIAR

TIA-1 and TIAR are closely related proteins that have three RRMs and shuttle

302,303

between the nucleus and the cytoplasm Two isoforms of each protein have

been identified***3% and post-translational modification has been documented for
TIA-13%,  They regulate the general translational arrest, which accompanies
environmental stress, by recruiting most cytoplasmic mRNA to stress granules where

they can't be translated®”3!!, They mediate the specific translational inhibition of

305,313-316

TNFo?'®32  and are also involved in alternative splicing and

apoptosis®®317318 Macrophages deficient in TIA-1 produce excessive TNFa: resulting

214

in lipopolysaccharide sensitivity*™*. TIA-1 appears to act as an “arthritis suppressor”

gene and macrophages derived from TIA-1 (-/-) mice produce excessive COX-2

251

protein and develop arthritis Futhermore TIA-1 has recently been implicated in

the translational inhibition of the cox-2 gene®*.
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Tristetraprolin

Tristetraprolin (TTP) is the prototype of a family of CCCH zinc finger proteins3!*3%,
which specifically binds the ARE of TNFo and GM-CSF and destabilises their
MRNAs?%8:220.228321  1n common with many AUBPs, TTP shuttles between the nucleus

and the cytosol*%.

However, it is predominantly cytoplasmic in location and is
readily induced®%32, often by same stimulus that leads to expression of its target
mRNA3**32> TTP knockout mice develop cachexia, arthritis and auto-immunity as a

consequence of TNFa over-expression®%2>

, as this AUBP is involved in feedback
inhibition of TNFa controlled by p38 MAP kinase3?®32°. Cells derived from TTP
knockout mice express excess cox-2, which is probably involved in the pathogenesis
of their inflammatory state. Its phosphorylation by MK2, results in TTP complexing
with 14-3-3 proteins, impairing its ability to destabilise TNFo. mRNA326-330331 It has
recently been shown to bind to the cox-2 3’'UTR and loss of this interaction results in

excessive cox-2 expression in colon cancer cells4%332,
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Signal Transduction and Post-Transcriptional Requlation

Activation of the MAP kinase pathways, in particular p382:33333%  appears to be
intimately linked to the regulated control of the RNA-protein interactions involved in
these post-transcriptional processes. The exact downstream targets of these signal
transduction systems are not known, but post-translational modifications of RNA-
binding proteins may modify their affinities and/or their subcellular localisation,

resulting in altered message expression®2%3363%7,

From what's known, all of these post-transcriptional processes are under regulated

338345 To date, most of this

control and have a significant effect on gene expression
work has focused on genes involved in development, early response genes, cytokines
and growth factors®*. It can be appreciated that alterations in any or all of these
post-transcriptional events could dramatically influence the level of protein
expression and / or its location within the cell, ultimately leading to alterations in cell
function. As our understanding of these processes increases, a growing number of

347-352

genes are being identified which utilise post-transcriptional mechanisms and

they may well be a universal feature of gene expression. Already, abnormalities in
post-transcriptional regulation have been shown to result in excessive immune cell
activation and cellular transformation®*®. Hopefully, continued research in this area
will shed light on the control of many physiological and developmental processes, as

353-358

well as the pathogenesis of some common medical conditions and may lead to

the development of novel therapies®>°*%,
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Chapter 3

Cyclooxygenase Isoforms and their Regulation

25



Three isoforms of cyclooxygenase have been identified, designated cox-1, cox-2 and
cox-3. The first two isoforms are products of different genes, share 60-65% amino
acid sequence identity and are very similar in structure and catalytic mechanisms®®..
However, they vary significantly in tissue expression, regulation, and have unique

>362:34  Cox-1 and cox-2 function within the cell as membrane

physiological roles
associated homodimers®%. Both enzymes are associated with the luminal surface of
the endoplasmic reticulum and both surfaces of the nuclear envelope. However,
cyclooxygenase-2 is more concentrated within the nuclear membrane suggesting that

it may play a direct role in controlling nuclear function6¢-3%,

Briefly, cox-1 is the constitutively expressed isoform encoded by a 22 kilo-base gene
on chromosome 9, which produces a 2.8 kilo-base mRNA3%®. The gene has a TATA-
less promoter with multiple start sites for transcription. Relatively little is known
about its regulation®°., However, it is preferentially expressed at high levels in
multiple cell types suggesting it is developmentally regulated. This enzyme is the

371,372 and

sole source of prostaglandins involved in platelet aggregation®, parturition
intestinal crypt stem cell survival®”®>*’%, Cox-3 is an alternatively spliced form of cox-
1 that retains intron 13>37®, It is expressed as a 5.2 kilo-base mRNA and is most
abundant in the cerebral cortex and heart. The retained intron results in the

insertion of a 30-34 amino acid sequence into the hydrophobic signal peptide. This

isoform is selectively inhibited by paracetamol and some NSAIDs.

In contrast, cyclooxygenase-2 is an early response gene, encoded by a 7.5 kilo-base
gene on chromosome 13%377378 " Multiple polyadenylation sites are utilised resulting

in the production of a number of different RNA species, with variable lengths of
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3'UTR, which appear to be differentially regulated®®>®. The largest includes a 3'-

untranslated region of greater than 2000 bases.

This gene is rapidly and transiently induced by a variety of extracellular ligands in
many cell types, including macrophages and mesangial cells, and its expression is

inhibited by glucocorticoids%-383,

Cox-2 expression is particularly responsive to
multiple growth factors and cytokines consistent with its role in mitogenesis,
inflammation and wound repair’®3°, Constitutive, as well as inducible, expression
also occurs in specialised cell types where its regulation is intimately linked to the

specific physiological processes taking place’!86-389,

The cox-2 protein’s catalytic site is approximately 20% larger than that of
cyclooxygenase-1, making selective pharmacological inhibition possible®%3%,
Prostaglandins produced by cox-2 are required in many physiological processes such
as ovulation, implantation3, neonatal renal development10 and closure of the Ductus
Arteriosus'?, as well as being involved in modulation of the immune response®!,
maintaining gastro-intestinal integrity® and playing a significant role in

383385 In fact overexpression of the cox-2 gene was shown to be

carcinogenesis
sufficient to induce mammary tumours®” and premalignant skin disease in murine
models®. The exact mechanism by which cox-2 induces malignant transformation is
not known, although in studies of colon cancer cell lines, it has been shown to be

anti-apoptotic, promotes tumour-associated angiogenesis, increases epithelial cell

spreading and migration leading enhanced metastatic potential®*>>.

Many signal transduction pathways have been shown to be involved in transcriptional

activation of cox-2, including the NFxB, the cEBP and one or more of the MAP kinase
27



pathways377,394—400

As expected, the promoter region of the cox-2 gene contains
multiple cis-regulatory elements involved in transcriptional regulation, including an
overlapping E-box/CRE sequence, an NF-IL6/cEBP sequence and two NFxB

377,401

sequences The signalling pathways and transcriptional activators involved

vary, depending on the cell type and ligand studied.

In common with many early response genes, cox-2 expression is also controlled at
the post-transcriptional level?!#%16402404 " As in its transcriptional control, these
processes vary substantially, depending on the stimulus and the cell type examined.
Post-transcriptional control of cox-2 requires the 3-UTR and involves activation of
MAPKs*®4%  The resultant changes in mRNA half-life and translational efficiency
lead to a substantial and rapid increase in cox-2 protein expression and prostaglandin

production.

The 3’ untranslated region contains multiple cis-elements controlling mRNA stability
and translation efficiency?'®. The proximal region of the 3-UTR contains highly
conserved Adenosine-uridine Rich Elements (Figure 2), which are required for p38
induced message stabilisation?’? and have been shown to bind a number of AU-
binding proteins. Furthermore, dys-regulation of post-transcriptional control of
cyclooxygenase-2 may be involved in the pathogenesis of some carcinomas®®, as
altered expression/function of a number of AUBPs in colon cancer cell lines?>%24:332
has been shown to be associated with stabilisation and/or increased translation of
cox-2 mRNA, resulting in increased protein expression. Increased cox-2 expression
in these circumstances could enhance tumour growth and metastatic potential,

related to the known effects of prostaglandins on angiogenesis, cell proliferation and

migration*®”. In one of these articles®**, elevated levels of HUR were associated with
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increased expression of VEGF and IL8, as well as cox-2, suggesting that the
expression of multiple genes are affected by the dysfunction of a single AUBP or cis-
acting element. It is tempting to speculate that even subtle mutations of an AUBP
could lead to altered RNA binding, protein-protein interactions or subcellular
localisation with resultant knock-on effects on multiple genes, including cox-2,
leading to cellular dysfunction or transformation. The aetiology of cellular
dysfunction could be readily apparent or may appear to be a polygenetic abnormality

of obscure aetiology.
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COX-2 mRNA

AR R R A

5-UTR Coding Region

1 60
Truncation #1 CUACUGACCAUAUUUAUUUAUUUAUGUGAAGAAUUUAAUUUAAUUAUUUAAUAUUUAUAC

20
Truncation &2 AUUUAUGUGAAGAAUUUAAUUUAAUUAULUAAUAUUUAUAC

249
Truncation &3 AUGUGAAGAAUUUAAULUAAUUAUUUAAUAUUUAUAC

Figure 2: Basic structure of cox-2 mRNA

The basic structure of the Cox-2 mRNA is illustrated, showing the coding region
flanked by the 5" and 3’ untranslated regions. The 3’'UTR contains multiple AUUUA
(*) consensus sequences, seven of which are clustered within the proximal 60
nucleotides. The bottom half of the illustration shows the sequence of the proximal
60 nucleotide segment of the Cox-2 3'UTR used for construction of luciferase
reporter genes and RNA probes. AUUUA elements are underlined and in bold and
numbering begins with the first nucleotide of the 3’-UTR of COX-2. Removal of the
first 19 and 23 nucleotides of this sequence disrupts and completely removes the

proximal 3 overlapping AUUUASs respectively.
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Chapter 4

Background to Current Investigations
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Initial Studies in the Morrison lab using rat mesangial cells, showed rapid induction of
cox-2 expression with IL1B stimulation, involving activation of both JNK and p38
MAPK signalling pathways*®*%, The demonstration of increased mRNA half-life and
altered protein interactions with the proximal 3-UTR provided evidence of the
involvement of post-transcriptional mechanisms in the control of cox-2 expression in

these cells following IL1B stimulation*®?.,

Following on from this, hybrid reporter gene assays were used to identify multiple
cis-acting elements within the 3-UTR of cyclooxygenase-22!®. The 2232 base 3'UTR
of cox-2 was split into multiple smaller, more “user friendly”, sections and subcloned
downstream of the luciferase coding region of pGL3c. All subclones were under
identical transcriptional control. Therefore, any observed differences in expression
would be secondary to altered post-transcriptional regulation dependent on the
subcloned 3'UTR sequence. The hybrid reporter genes were transiently expressed in
immortalised mouse mesangial cells; steady state luciferase activity and mRNA were
measured and compared to unaltered pGL3c. Although multiple regions of the cox-2
3'UTR were found to regulate luciferase expression by post-transcriptional
mechanisms, the proximal 60 nucleotides sequence significantly decreased reporter
gene expression, by changing mRNA half-life and translation. As previously
mentioned, this region contains the highly conserved cox-2 ARE, required for p38
induced mRNA stabilisation?'?, making it of particular interest. This 60 nucleotide
sequence contains seven copies of the consensus AUUUA sequence, 3 of these are
overlapping and located within the proximal 25 nucleotides and the remaining four
are located in the distal half of the sequence (Figure 2).

While these studies illustrate the potential regions within the 2Kb 3'UTR, which

regulate the post-transcriptional control of cox-2, they do not pinpoint the functional
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cis-acting elements, nor do they identify the trans-acting factors involved or ascertain
whether they are ligand responsive. Also, it is unclear whether all AUUUA pentamers
within the proximal 60 nucleotides are required for post-transcriptional regulation.
More precise identification of the sequences involved, in particular those that are
ligand regulated, and identification of the RNA binding proteins that interact with
them would bring us much closer to understanding the post-transcriptional regulation

of cox-2 and its involvement in multiple pathophysiological processes.

In order to clarify the functional cis-acting elements within the proximal 60
nucleotide sequence, determine whether these were ligand responsive and interact

with known RNA binding proteins, we developed the following lines of investigation.

We focused on the 1-60 region, as it contains the conserved cox-2 ARE and we
already knew it had a significant post-transcriptional effect on reporter gene activity
in mouse mesangial cells®*®. We created two further luciferase constructs, the 20 -
60 and 24 - 60 truncations, designed to disrupt/remove the proximal cluster of
AUUUAs (Figure 2). We felt this would allow us to reveal whether the proximal three
overlapping AUUUAs were functionally distinct from the remaining four AUUUAs. To
test if these constructs were ligand-regulated, hybrid reporter genes were transiently
transfected into rat mesangial cells and RAW 264.7 cells, a murine macrophage cell
line. The results were analysed for changes in luciferase activity at baseline and
following IL1B and LPS stimulation, which regulate the expression of cox-2 in rat
mesangial®’7-4024%8-410 and RAW 264.7 cells*'!*1? respectively, by both transcriptional
and post-transcriptional mechanisms. The expression of cox-2 by macrophages and
mesangial cells is known to be involved in both the mediation of the inflammatory

response’® and the development of glomerular inflammation and sclerosis®.
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Therefore, the study of its regulation in rat mesangial and RAW 264.7 cells may offer

insights into the pathogenesis Qf inflammatory disease and glomerular injury.

Because the function of AREs is dependent on their interaction with RNA binding
proteins, we constructed radiolabeled probes corresponding to the sequence of the
3'UTR used in the reporter gene studies (Figure 2). Electromobility shift assays and
antibody supershift studies were performed to establish whether any of the better-
known AUBPs associated with this region of the cox-2 gene and if this association
was altered following disruption of the proximal 3 AUUUAs. Nuclear and cytosolic
fractions of both cell lines, with and without ligand stimulation, were utilised to
demonstrate any visible alteration in protein-mRNA interaction related to cellular

location or ligand stimulation.

In summary, our investigations show that insertion of the 1 - 60 sequence was
sufficient to cause a marked decrease (>65%) in expression of a luciferase reporter-
gene, in both rat mesangial and RAW 264.7 cells. Truncation of this segment by
removal of the first 20 nucleotides diminished the negative effect on luciferase
activity, particularly in the RAW 264.7 cells. However, complete removal of the
proximal 3 overlapping AUUUAs lead to an even greater decline in luciferase activity
(=89%) than seen with the 1 - 60 sequence. Although, luciferase reporter-gene
constructs proved unresponsive to stimulation with IL1B in rat mesangial cells, a
response was seen with LPS in RAW 264.7 cells, which was eliminated on removal of
proximal 20 nucleotides of the 1 — 60 sequence. EMSA and supershift studies
revealed that multiple known RNA binding proteins interacted with 1 — 60 sequence
in both cell types examined. Those proteins identified included HuR, TIA-1, TIAR

and AUF1. Even though some noticeable differences occurred following removal or
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disruption of the proximal three AUUUAS, we were unable to detect any variation in
complex formation related to subcellular location or ligand stimulation. We believe
these results shed further light on the post-transcriptional regulation or cox-2 and
identify additional avenues of investigation to help elucidate the mechanisms by

which these sequences and proteins alter mRNA stability and translation.

We expect that as our understanding of the post-transcriptional machinery and its
regulation improves, its involvement in a diverse variety of pathophysiological
processes will become apparent and hopefully, allow the development of novel

therapies for many common diseases.

35



Chapter 5

Materials and Methods
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Materials

The following were used unless otherwise specified -

Human recombinant IL1B (Roche), Lipopolysaccharide (Sigma), SB203580
(Calbiochem), Rnase-free DNase (Qiagen), T4 Ligase (Promega), Xbal (Promega),
RNA STAT-60 (Tel-Test), T/ RNA polymerase-Plus (Ambion), Ribonuclease Inhibitor
(Fischer), AMV reverse transcriptase (Fischer), Anti-Cox-2 (murine) polyclonal IgG
(Cayman), Anti-Rabbit IgG-peroxidase linked (Amersham), ECL western blotting
detection reagents (Amersham), Luciferase Assay System (Promega), Big Dye
Version 3 premix (Applied Biosystems), Superfect transfection agent (Qiagen), Qiaex

IT gel extraction kit (Qiagen), QIAquick gel extraction kit (Qiagen)

Statistics

To allow for variation between multiple experiments, Luciferase activity was
expressed as a percentage of control (Luciferase activity of pGL3c arbitrarily set at
100%). Fold increases in Luciferase activity following treatment with IL1B or LPS
were calculated by dividing the Luciferase activity at each time point by the zero time
point activity for each vector construct.

All data were expressed as mean + standard error and comparison between each
construct and pGL3c was performed using an un-paired Student’s t-test. A value of

p<0.05 was considered significant.
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Cell Culture

Rat Mesangial Cells

Rat mesangial cells were prepared from male Sprague-Dawley*** and grown in RPMI-
1640 medium supplemented with 10% (v/v) heat-inactivated foetal bovine serum,
0.6% (v/v) insulin 100 U/ml, 100 U/ml penicillin, 100 ug/ml streptomycin, 250 ug/ml
amphotericin B, and 15 mM HEPES (pH 7.4). All experiments were performed with
cells passaged 4 to 12 times and, where indicated, mesangial cells were stimulated

with IL-1B (100 U/ml) for the specified time.

RAW 264.7 Cells

RAW 264.7 cells, a murine macrophage cell line established from a tumor induced by
Abelson murine leukaemia virus, were obtained from ATCC. Lipopolysaccharide
induces Cox-2 expression in RAW 264.7 cells by both transcriptional and post-
transcriptional mechanisms*2. LPS acts via the TLR4 receptor*!!, with downstream
activation of NFkB and one or more of the MAPK pathways being involved in the

397ALMZASAS - Ajthough, it is well

transcriptional activation of the Cox-2 gene
documented that post-transcriptional control is involved in IL1B induced Cox-2
expression in rat mesangial cells, most studies in RAW cells have focused on the
transcriptional events and signalling pathways involved in LPS induced cox-2
expression. However, both these ligands signal through related receptors, with
many similarities in intracellular signal transduction*?® and post-transcriptional control

of LPS induced cox-2 has been documented in human macrophages*?. Therefore, it
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seems likely that post-transcriptional mechanisms will be active in LPS induced cox-2

expression in RAW 264.7 cells also.

RAW 264.7 cells were grown in DMEM supplemented with 10% (v/v) heat-inactivated
foetal calf serum, 100 U/ml penicillin, 100 ug/ml streptomycin, and 15 mM HEPES
(pH 7.4). Where indicated, RAW 264.7 cells where stimulated with LPS 10, 50, or
100ng/ml, Interferon y 50-100 units/ml or TNFa 20-100ng/ml for the specified time.
Where indicated, SB203580 (Calbiochem) dissolved in DMSO, at concentrations of 1

or 10um/ml, was added 30mins before stimulation with LPS.

Cell Fractionation

All steps were performed on ice, using freshly prepared DEPC-treated buffers and an

Rnase-free technique.

Rat mesangial cells were grown in T7/5 flasks to 70-80% confluency, and then
stimulated with IL13 (100 U/ml) for the specified time. Cells were washed twice with
10mis of ice-cold, sterile phosphate buffered saline before 750ul of hypotonic buffer
A - 10 mM HEPES pH 7.5, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM
MgCl,, 5% glycerol, 0.1 mM NaVO.,, with protease inhibitors (1 ug/mi leupeptin, 2
ug/mi aprotinin, and 1 ug/ml pefabloc) — was added. Cells were harvested by
scraping, transferred into sterile microcentrifuge tubes and allowed to swell on ice for

15 min.
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Cell membrane lysis was performed by adding 10% NP-40 (final concentration
0.25%) and nuclei were pelleted by centrifugation (10min x 15009 at 4°C). The
cytosolic fraction was clarified from the supernatant by centrifugation (5min x

15,000g at 4°C).

The nuclei were resuspended gently by pipetting, washed two times in 250ul of
buffer B - 10 mM HEPES pH 7.5, 10 mM KCI, 1 mM DTT and 1 mM MgCl, — and then
isolated by centrifugation (10min x 15009 at 4°C). The final nuclear pellet was
resuspended in 400ul of nuclear lysis buffer - 20 mM HEPES pH7.5, 0.4 M NaCl, 1
mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM MgCl, 25% glycerol with protease
inhibitors. Nuclear membrane lysis was achieved by incubating on ice for 15 min and
vortexing every 2 to 3 min. The nuclear fraction was then clarified by centrifugation

(5min x 15,0009 at 4°C) and the supernatant saved.

The protein concentration was measured and all specimens were stored at -70°C
until use. The purity of the cell fractions was assessed by western analysis using an
antibody directed against the splicing factor U1 SnRNP 70 (Santa Cruz) as a marker
of nuclear fractions and an antibody against GAPDH (Ambion) as a cytosolic protein

marker.

RAW 264.7 cells were grown in T75 flasks to 70% confluency, and then stimulated
with LPS (100ng/ml). Following this cells were harvested and fractionated using the
same technique as described for the Rat mesangial cells. Again, the protein

concentration was measured and all specimens were stored at -70°C until use.
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Western Analysis

At the time of harvest, cells were washed with ice-cold phosphate buffered saline
twice and lysed in 200-400ul of whole cell extract (WCE) buffer — 25 mM HEPES (pH
7.4), 0.3 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.1% Triton X-100, 0.5 mM DTT, 20
mM_-glycerophosphate, 100 uM NaVO, 1 ug/ml leupeptin, 2 ug/ml aprotinin and
0.5mg/ml pefabloc. Samples were clarified by centrifugation (10min x 15,000g) and
the supernatant saved. Protein concentrations were measured and all samples saved

at -70°C until use.

6X Laemmli sample buffer was added before heating. After boiling for 5 minutes,
equal amounts of protein were run on 8% SDS-PAGE (40mA for four hours).
Proteins were then transferred (20V for one hour) to polyvinylidene difluoride (PVDF)
membranes (Immobilon BP; Millipore Corp., Bedford, MA). The membranes were
saturated with 5 % fat-free dry milk in Tris-buffered saline (50 mM Tris-HCI, pH 8.0,

150 mM NaCl) with 0.05 % Tween 20 (TBS-T) for 1 hour at room temperature.

Blots were then incubated overnight with polyclonal anti-murine Cox-2 (Cayman) at
1:1000-dilution in TBS-T. After washing with TBS-T solution, blots were further
incubated for 1 hour at room temperature with secondary antibody, anti-rabbit Ig
antibody coupled to horseradish peroxidase (Amersham, Arlington Heights, IL) at
1:5000-dilution in TBS-T. Blots were then washed five times in TBS-T before
visualization. The Enhanced ChemiLuminescence kit (ECL, Amersham) was used for
detection. Blots were quantitated on a densitometer using Quantity One software

from PDI. The densitometer was calibrated to an external standard.
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Other antibodies used in western analysis were as follows:
Anti-GAPDH (Ambion) 1:4,000-dilution, secondary anti-mouse Ig 1:5000-dilution.
U1 snRNP 70 (Santa Cruz) 1:1,000-dilution, secondary anti-goat Ig 1:5000-dilution.

HuR (Santa Cruz) 1:1,000-dilution, secondary anti-mouse Ig 1:5000-dilution.

Plasmid Construction

Summary

pGL3c reporter-gene constructs were generated as follows. Specific regions of the
3-UTR of COX-2 were amplified by PCR using primers terminating in Xbal
recognition sequences?'®. PCR products were ligated into TOPO TA cloning vector
(Invitrogen), as per the manufacturer’s instructions and subsequently excised with
Xbal. DNA inserts were purified by agarose gel electrophoresis and extracted using
a QIAquick gel extraction kit (Qiagen).

Following this, DNA inserts were ligated into the unique Xbal site of the pGL3 control
vector (Promega), located in the 3'-UTR of the firefly luciferase gene. 2ul of each
ligation reaction was then electroporated into DH5a E. Coli and plated on selective
media overnight. Plasmid DNA was isolated from multiple colonies, using a
commercial miniprep kit (Promega), and resuspended in 50ul of water. 5ul of each
miniprep was subjected to a restriction enzyme digest using Xbal and separated by
gel electrophoresis. Minipreps with appropriate size inserts were sequenced to
confirm subcloning success and frozen stocks stored at -70°C for future use. When
the correct sequence was confirmed, Maxipreps (Qiagen) of frozen stock samples
were used to isolate larger quantities plasmid DNA, which was resuspended in

nuclease-free water and stored at -20°C.
42



Primers

Specific regions of the 3-UTR of cox-2 were amplified by PCR using primers
terminating in Xbal recognition sequences (in bold type). The following primers
were used to amplify the 1-60, 20-60 and 24-60, 1-2232 and 62-2232 regions of the
3'UTR -

-Xba-1: 5'-(TCTAGACTACTGACCATATTTATTTA)-3'

'-Xba-20: 5'-(TCTAGATTTATGTGAAGAATTTAATTTAA)-3’
5'-Xba-24: 5'-(TATAGATGTGAAGAATTTAATTTAATTA)-3’

'-Xba-62: 5'-(TCTAGAGAATTTTTTTTCATGTAAC)-3’
3'-Xba-60: 5'-(TCTAGAGTATAAATATTAAATAATTAAATTAAAT)-3’

'-Xba-2232: 5-(TCTAGAGGGCTGCAGGAA)-3’
Generation of the other luciferase reporter gene constructs used and their respective
primer pairs was previously described?!®. The entire process is described in detail

below.
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Subcloning and DNA Isolation

TOPO TA Vector

The PCR reaction was performed as follows and 10ul of each PCR product was
checked, using agarose gel (1.5%) electrophoresis, to confirm the presence of a
single discrete band -

Taq polymerase 5 units, Buffer (10x) 2.5ul, MgCl, (10x) 2.5ul, dNTPs 1pul
Template DNA 40ng (Cox-2 in Bluescript®), Primers 1uL each (Conc 2um)
H,0 to make up final volume of 25ul per reaction
PCR cycling conditions -

96°C x 2min,

96°C x 15sec, 50°C x 30sec, 72°C x 60sec - for 30 cycles

72°C x 7mins

4°C

PCR products were ligated into TOPO TA cloning vector (Invitrogen), as per the
manufacturer’s instructions. Insertion of PCR product disrupts the LacZo gene
resulting in the growth of white colonies in the presence of X-Gal. All TOPO TA
clones were selected on Luria-Bertani (LB) agar plates (Index A), containing
kanamycin 50ug/ml and coated with X-Gal 40ul (Concentration 40mg/ml). The
procedure is briefly described as follows —

TOPO cloning reaction
H,0 2ul, PCR product 2ul, pCR-TOPO vector 1ul
Mix gently and incubate reaction at room temperature for 5min

Chemical transformation
2ul of the TOPO cloning reaction was added to an aliquot of “One Shot
Cells®” and mixed gently.
Incubate on ice for 30min, then heat shock at 42°C for 30sec,

Add 250ul SOC media and transfer to a 17x100mm polypropylene tube
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Incubate at 37°C for 60min.
Plate 50ul and 200u! on selective media and incubate overnight

Analysis of Clones
5-10 white colonies were selected from each plate and cultured
overnight in 3ml of selective LB media.
1ml was saved in 25% glycerol at -70°C, as frozen stock.
DNA was isolated using Wizard® Plus Miniprep (Promega) and
eluted with 50ul nuclease-free water (stored at -20°C)

Restriction Enzyme Digest with Xbal as follows
Miniprep DNA 10ul, Xbal 10 units, Buffer D 2ul
Add water to total volume of 20ul
Mix gently and incubate at 37°C for 60min

Agarose Gel (1.5%) Electrophoresis was used to confirm that an insert was present
and “positive” clones were sequenced, using the T7 promoter sequence as a primer,

5'-(TAATACGACTCACTATAGGG)-3', as described below.

A larger quantity of each insert was produced using the frozen stock samples of
sequence-confirmed clones, saved during the previous step, to perform Midipreps
(Qiagen). DNA was eluted into 50ul of nuclease-free water (approximate
concentration 2.5 - 4ug/ul) and another restriction enzyme digest using Xbal was
performed -

Midiprep DNA 10ul, Xbal 50units, Buffer D 5ul (10X)
Add H0 to 50ul, mix gently and incubate 37°C x 60mins

All RED reactions were electrophoresed on a 1.5% agarose gel and inserts were
extracted using a QIAquick gel extraction kit (Qiagen). The resultant DNA inserts,
eluted in 100ul of TE buffer, were stored at -20°C until use.
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TOPO® TA pCR°II

Downloaded from Invitrogen® website

facZa ATG
M13 Reverse Primer |
CAG GAA ACA GCT ATG A ATG
GTC CTT TGT CGA TAC TAC

Ns{l Hin‘d ]

TAC TCA AGC TAT GCA TCA AGC
ATG AGT TCG ATA CGT AGT TCG

BS'!XI EC?Rl
GCC AGT GTGYCTG GAA TTC GCC
CGG TCR CAC GAC CTT AAG CGG
BstX Not) Xho |

!
CCA TCA CAC TGG CGG CCG CTC
GGT AGT GTG ACC GCC GGC GAG

v 4

AGT GAG TCG TAT TAC AAT TCA [CTG GCC GTC GTT TTA CGT CGT GAC TGG GAA AAC
\ TCA CTC AGC ATA ATG TTA AGT |GAC CGG CAG CAA AAT GCA GCA CTG ACC CTT TTG /

____.Sp6 Promoter *

ATT ACG CCA AGC g'r TTA GGT GAC ACT AT@:TA
TAA TGC GGT TCG MTA AAT CCA CTG TGA TAT

i i
TTG GTA CCG AGC TCG GAT CCA CTA GTA ACG GCC
AAC CAT GGC TCG AGC CTA GGT GAT CAT TGC CGG

Kpln 1 Sac'l B.iawH | Spel

EcoR | Eco&ﬁ v
|
cTT I BAG GGC GAAR TTC TGC AGA TAT
oAt TTC CCG CTT ARG ACG TCT ATA
Nsil Xbal Apal

i | _
GAG CAT GCA TCT AGA GGG CCC AAT TCG [CCC TAT
CTC GTA CGT AGA TCT CCC GGG TTA AGC |GGG ATA

__M13 (-20) Forward Primer

Comments for pCR®I-TOPO®
3973 nucleotides

LacZo gene: bases 1-589

M13 Reverse priming site: bases 205-221

Sp6 promoter: bases 239-256
Multiple Cloning Site: bases 269-383
T7 promoter: bases 406-425

M13 (-20) Forward priming site: bases 433-448

f1 origin: bases 590-1027

Kanamycin resistance ORF: bases 1361-2155
Ampicillin resistance ORF: bases 2173-3033

pUC origin: bases 3178-3851
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PGL3c Vectors

30ug of pGL3c was subjected to a restriction enzyme digest with Xba1l -
Xbal 50units, Buffer D 5y,
Add H,0 to 50ul, mix gently and incubate 37°C for 60mins

then treated with a phosphatase —

RED sample 50ul, Buffer 5ul (10X), Alkaline Phosphatase 1 unit

Following this, DNA inserts, isolated from the TOPO TA subclones, were ligated into
the linearised pGL3c vector —

T4 Ligase 3 units, Buffer 2ul (10X), Insert DNA 8ul, pGL3c 3ul,

Add water to total volume of 20ul and incubate at 16°C for > 2 hours

2pl of each ligation reaction was electroporated into 40ul DH5a E. Coli and plated on
selective media overnight. All pGL3c constructs were selected using LB agar plates
containing ampicillin 50ug/ml.  Again, plasmid DNA was isolated from multiple
colonies, using a commercial (Qiagen) miniprep kit and resuspended in 50ul of

water.

Further analysis and identification of pGL3c constructs was the same as described for
the TOPO TA (clones, except that the following primer - 5'-
AGAGATCGTGGATTACGTCG - 3" - was used for sequencing.  Unfortunately,
restriction enzyme digests of TOPO TA clones were “contaminated” with a = 50-
nucleotide segment of the vector itself, which could not be separated from the
shorter sequences by agarose gel purification. Though, this prolonged the
subcloning process, all clones were eventually isolated and single copy inserts, in the

correct orientation confirmed by sequencing.
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Frozen stocks of all confirmed clones were stored in 25% glycerol at -70°C.
Subsequently, Maxipreps (Qiagen) kits were used to isolate plasmid DNA from frozen
stock samples. DNA was eluted in 250ul of nuclease-free water and stored at -20°C
until use. DNA concentration was measured using spectrophotometry (OD 260nm)

and ranged from 0.8-2ug/ml in most cases.
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PpGL3®

Downloaded from Promega® website

g

r

Amp

pGL3-Control

Vector
2448 | Sal | (5256bp)
2442 | BamH |
SV40 Enhancer

SV40 late poly(A) signal
(for luc+ reporter)

Synthetic poly(A) signal /
transcriptional pause site

(for background reduction)
f1 ori\ Sac |

Kpn |
Miu |
Nhe |
Sma |
Xho |
Bgl |l

SV40 Promoter

Hind lll 245

luc+ Nco | 278
Nar| 313

Hpa | 2094 /

Xbal 1934

Base pairs 5256
Multiple cloning region 1-41
Promoter 48-250
Luciferase gene (luc+) 280-1929
GLprimer2 binding site 303-281
Sv40 late poly (A) signal 1964-2185
Enhancer 2250-2441
RVprimer4 binding site 2518-2499
ColE1-derived plasmid replication origin 2756
Beta-lactamase gene (Ampr) 4378-3521
F1 origin 4511-4965
Upstream poly (A) signal 5096-5249
RVprimer3 binding site 5198-5217

I
15
21
28
32
36

0747VAWO.gif
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PCcDNA3 Vectors
RNA probes for electrophoretic mobility shift assays (EMSAs) were constructed by
amplifying the same 3’-UTR sequences except that the primers encoded a HindIII

recognition site a the 5’ end and a BamHI site at the 3’ end (in bold type).

The following primer sequences were used for amplification —
5’-Hind-1III 1: 5'-(AAGCTTCTACTGACCATATTTATTTA)-3’
5-Hind-III 20: 5-(AAGCTTATTTATGTGAAGAATTTAATTTAA)-3'
5’-Hind-III 24: 5-(AAGCTTATGTGAAGAATTTAATTTAATTA)-3’

3’-BamHI 60: 5-(GGATCCGTATAAATATTAAATAATTAAATTAAAT)-3' -

and the PCR cycling conditions used were as follows —
96°C x 2min,

96°C x 15sec, 45°C x 30sec, 72°C x 60sec - for 25 cycles
72°C x 5mins
4°C
The PCR products were subcloned into the TOPO TA cloning vector (Invitrogen®),

confirmed by sequencing and the inserts were gel purified, following a restriction

enzyme digest using HindIII and BamHI.

The destination vector, pcDNA3 (Invitrogen®) was linearised using HindIII and
BamHI, treated with a phosphatase and purified using a QIAquick gel extraction kit

(Qiagen).

DNA inserts were ligated into linearised pcDNA3, electroporated into DH5o E. Coli

and plated on selective media overnight. Again, plasmid DNA was isolated from
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multiple colonies, using a commercial (Qiagen) miniprep kit and resuspended in 50ul
of water. Further analysis and identification of pcDNA3 clones was the same as

described for the pGL3c constructs.
Sequencing of pcDNA3 clones was performed using the T7 promoter [5-
(TAATACGACTCACTATAGGG)-3] and SP6 promoter [5-(ATTTAGGTGACACTATAG)-3"]

sequences as primers.

Frozen stocks of all sequence-confirmed clones were stored at -70°C and Maxipreps

(Qiagen) kits were used for isolation of plasmid DNA.

51



PCDNA3

Downloaded from Invitrogen® website

Comments for pcDNA3:
5446 nucleotides

CMV promoter: bases 209-863
T7 promoter: bases 864-882
Polylinker: bases 889-994

Sp6 promoter: bases 999-1016
BGH poly A: bases 1018-1249
SV40 promoter: bases 1790-2115
SV40 origin of replication: bases 1984-2069
Neomycin ORF: bases 2151-2945
SVA4Q poly A: bases 3000-3372
ColE1 origin: bases 3632-4305
Ampicillin ORF: bases 4450-5310

L

life technologies

* There is an ATG upstream
of the Xba | site.

A-150228

¢3) Invitrogen-
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Sequencing

All plasmid constructs had their sequences verified before use. The primers used for
individual plasmids are described in the subcloning section above and sequencing
reactions were made up as follows -

Miniprep DNA 0.5ug, Big Dye terminator 4pl, Primer 1ul
Add water to total volume of 12ul and mix gently

PCR cycling conditions —
94°C x 5min,
96°C x 10sec, 50°C x 5sec, 60°C x 4min - for 25 cycles
60°C x 4min
4°C oo

Following PCR, samples were ethanol precipitated to remove unincorporated dyes,
before being sent to the Protein and Nucleic Acid Chemistry Laboratory (PNACL) at
Washington University for sequencing -

Transfer PCR reactions into 1.7ml microcentrifuge tubes
Add 20ul MgCl; (2mM) and 48ul isopropanol

Mix gently and incubate at room temperature for 15min
Centrifuge 15000g x 15min and discard supernatant

Resuspend in 100ul of ethanol 70%
Centrifuge 15000g x 15min
Discard supernatant and air-dry for 15min

Preparation of Electrocompetent E. Coli

DH5a. E. Coli were grown in 3ml of Luria-Bertani medium overnight at 37°C and used

to inoculate one litre of LB medium. Then cells were grown at 37°C, with vigorous
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shaking, until an ODgoonm Of 0.5-0.8 was reached. At this point, the culture was

removed from the incubator and chilled on ice for 30 minutes.

All further steps were performed in a cold room at 4°C, with the cells kept on ice.
Cells were precipitated by centrifugation (15min x 4000g x 4°) and the supernatant
discarded. They were resuspended gently in one litre of chilled sterile water,
precipitated as before and the supernatant was discarded. This wash-step was
repeated once more with 0.5L of water. Cells were then resuspended in 20ml of
sterile 10% glycerol, precipitated again and the supernatant discarded. Finally, they
were resuspended in 2ml of 10% glycerol and then separated into 80ul aliquots

before being frozen on dry ice and stored at -70°C.

Electroporation

All plasmids were electroporated into electrocompetent E. Coli (DH5a:), which were
thawed gently and kept on ice throughout the procedure. 0.2cm cuvettes were
sterilised using UV light for 10min and placed on ice. The Gene Pulser apparatus

was set at 25uF and to 2.5 kV and the pulse controller to 2002.

0.5ul of miniprep DNA was added to 40ul of electrocompetent DH5c, mixed gently,
incubated on ice for 30-60 seconds and transferred to 0.2cm cuvettes. The cuvette
containing the mixture of cells and DNA was pulsed once and diluted immediately
with 1ml of SOC medium. Then the cell suspension was transferred to a 17 x

100mm polypropylene tube and incubated at 37°C for one hour.
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Following this 10ul was plated on selective LB agar and incubated overnight at 37°C.
As a negative control DH5e. were grown on selective LB agar without prior
electroporation. Electroporation followed by growth on non-selective media was
used as a positive control. A single colony was selected, a maxiprep (Qiagen) of
plasmid DNA was completed according to the manufacturer’s instructions and a
frozen stock stored at -70°C in 25% glycerol. Each specimen’s DNA concentration
was measured using a spectrophotometer, diluted to a concentration of 1ug/ul and

stored in water at -20°C for future use.

Following ligation reactions, the electroporation procedure was essentially the same,
except for the following alterations. 2ul of miniprep DNA was added to 40ul of DH5a
electrocompetent cells.  After incubation in SOC, samples were pelleted and

resuspended in 100ul of LB medium, all of which was plated on selective media.

Transient Transfection

Cells were transiently transfected using SuperFect Transfection Reagent (Qiagen) as

per the manufacturer’s protocol.

Rat mesangial cells were plated into 6 well plates, grown to 50 to 75% confluency
and transfected with 2.5ug of reporter-gene plasmid DNA, using a 4:1 Superfect to
DNA ratio. Plasmid DNA (2.5ug) was diluted with 75ul of serum free media. Then
10p!l of superfect reagent was added and the mixture was incubated at room
temperature for 5-10 minutes. During this time, cell monolayers were washed once

with sterile phosphate buffered saline (1X). After incubation, the transfection
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mixture was diluted with 0.5ml of serum-free media and layered onto the cells. Then
2ml of 10% FCS media was added per well. Following transfection, the media was
changed after 2 hours and cells were incubated overnight in 10% FCS media to allow

reporter-gene expression.

All cells were harvested on ice (see Luciferase assay below) and, where specified,
following stimulation with IL1B (100 units/ml). 5ug of plasmid DNA was used for
transfection of cell monolayers on 60mm plates. The transfection mixture was
diluted in 1ml of serum-free media then layered on cells before adding 4ml of 10%

FCS rat mesangial cell media.

RAW 264.7 cells were plated into 6 well plates or 60 mm dishes at 2 x 10° and 4 x
10° respectively, incubated overnight and transfected with 2 to 4ug of reporter-gene
plasmid DNA at a 4:1 Superfect to DNA ratio. The procedure used being identical to
that outlined above except for the amount of plasmid DNA used. Following
transfection, the media was changed after 2 hours and cells were incubated
overnight in 10% FCS media to allow reporter-gene expression. Again, all cells were
harvested on ice (see Luciferase assay below) and, where specified, following

stimulation with LPS (100ng/ml).
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Luciferase Assay

Luciferase activity was determined using a Luciferase Assay System (Promega),
following the manufacturer’s protocol. All 6-well plates were placed on ice and each
well was washed twice with 2ml of ice-cold phosphate buffered saline (1X). 100ul of
reporter lysis buffer (Promega) was added per well. Cells were removed by scraping
and transferred into 1.7ml microcentrifuge tubes. Then each sample was vortexed
and the supernatant clarified by centrifugation for 60 seconds at 12,000g. The
process for harvesting cell monolayers from 60mm cell culture dishes was the same,
except that 4ml of PBS was used to wash each dish and cells were harvested in

250l of reporter lysis buffer.

Luciferase activity was measured using a Lumat LB 9507 luminometer (E G & G
Wallac). 100pl of luciferase assay reagent was injected into 20ul of supernatant and
light output was measured over a 10 second period. Luciferase activity was
expressed as relative light units (RLU) and normalised to whole cell protein content
216, All samples were performed in duplicate and their normalised luciferase activity

averaged and expressed as a percentage of activity measured in cells transfected

with unaltered pGL3c.

Protein Assay

Protein concentration was measured using the BCA™ protein assay kit (Pierce).
Samples (10-20ul) were tested in duplicate and the results averaged. Water was

used as a “blank” and protein standards were made from a BSA stock solution, as

57



described in the index. 10ul of water and standard were added to designated wells
in a 96-well plate. Then 10ul of the buffer used to isolate protein samples was
added to all blanks and standards. Following this 20ul duplicates of sample protein

were loaded onto the 96-well plate.

At this stage, working reagent was made up by adding copper sulphate 4% to the
bicinchoninic solution (ratio - 200ul: 10ml) and mixing well. 180ul of working
reagent was added to every well and the plate was mixed on a plate shaker for 30
seconds. The plate was covered and incubated at 37°C for 30 minutes and
absorbance measured at 595nm using a microplate reader. A software package was
used to correct for absorbance in the blank specimens, create a standard curve and

calculate the average protein concentration of sample duplicates.

Quantitative RT-PCR

Luciferase mRNA from transiently transfected Rat Mesangial Cells was isolated as
follows. Using an RNAse-free technique, RNA STAT-60 reagent (Tel-Test, Inc.) was
used to isolate total RNA. Cells were grown to 50-75% confluency on 60mm plates,
culture medium was aspirated and 500ul of RNA STAT-60 reagent was added. Cell
monolayers were removed by scraping and transferred into sterile 1.7ml
microcentrifuge tubes. 100ul of chloroform was added, the mixture shaken
vigorously for 15 seconds and incubated at room temperature for 3 minutes.
Samples were centrifuged (15min x 12000g at 4°C); the upper aqueous phase was

transferred into a fresh microcentrifuge tube and saved. 250ul of isopropanol was
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mixed with the aqueous phase and incubated at room temperature for 10 minutes.
Samples were centrifuged (15min x 12000g at 4°C) and the supernatant discarded.
In order to wash the RNA pellet, 500ul of ethanol (75%) was added and the samples
vortexed. RNA was isolated by centrifugation (5min x 7500g at 4°C) and the pellet
air-dried for 10 minutes. The RNA pellet was resuspended in 100ul of nuclease-free

water.

Then total RNA was treated with Rnase-free DNase I (10 units, 37°C for 45 minutes)
followed by repeat isolation of RNA using RNA-Stat reagent. DNase treatment was

performed a total of three times to eliminate reporter-gene DNA, as well as genomic
DNA. Following the three Dnasel treatments and final RNA STAT isolation, RNA was
resuspended in 50ul of nuclease-free water. The concentration was measured using

spectrophotometry and samples stored at -70°C until use.

Total RNA (0.5pg) was reverse transcribed with AMV reverse transcriptase (Fischer),
using random hexamer primers. Reactions were incubated for 15 minutes at room
temperature, 30 minutes at 37°C, 30 minutes at 42°C and for 5 minutes at 95°C.

RNA 0.5ug

AMV RT 10 units

AMV RT Buffer (5x) 4ul

Ribonuclease Inhibitor (Fischer) 20 units
dNTP mix 2yl

MgCl, (25mM) 4ul

Primers (3ug/ul) 0.25ul

Water to total volume of 20ul
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After first strand synthesis, the cDNA was quantified by TagMan® real-time PCR. All
standards and samples were done in triplicate and the results of three independent
experiments averaged. The following concentrations of pGL3c vector were used as

standards — 20fmol, 200fmol, 2pmol, 20pmol, 200pmol, 2nmol, and 20nmol.

The sequence of luciferase amplification primers and Tagman® probe used were as
follows — Forward primer - GCGCGGAGGAGTTGTGTT
Reverse primer - TCTGATTTTTCTTGCGTCGAGTT

Probe - 6-Fam-TGGACGAAGTACCGAAAGGTCTTACCGG

A mastermix of all reagents was made up and added to wells before the sample was
added. A no template control was used in all cases and the original RNA samples
were run alongside all RT reactions to confirm the success of DNase treatment in
eliminating plasmid DNA. Standard Tagman® cycling conditions were used and each
reaction contained —

Tagman® PCR mastermix 12.5ul
Probe (2uM) 2.5ul

Fwd primer (2uM) 2.5ul

Rev primer (2uM) 2.5ul

Sample 5ul

Luciferase mRNA was normalized to ribosomal RNA, measured using the TagMan®
Ribosomal RNA Control Reagents (Applied Biosystems). Relative amounts of
luciferase cDNA were calculated by the comparative G method (Applied Biosystems
user bulletin #2) and expressed as a percentage of luciferase cDNA measured in cells

transfected with unaltered pGL3c.
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Electromobility Shift Assay

RNA Probe Synthesis

Plasmids for RNA probes were synthesised (described above) and linearised with
BamH1 in a restriction enzyme digest —

BamH1 5ul, Buffer E 5ul, Plasmid DNA 40ug
Add water to total volume of 50ul, mix gently and incubate at 37°C for 60min.

Linearised plasmid was purified by ethanol precipitation -

Total RED reaction

Add 0.1 vol Sodium Acetate (3M) and 2.5 vol Ethanol 100%

Incubate at -80°C for 30min

Centrifuge (15min x 15000g) and discard supernatant

Wash once with 150ul Ethanol 70%

Centrifuge (10min x 15000g) and discard supernatant

Resuspend in nuclease-free water and dilute to concentration of 1ug/ul

The TOPO® TA cloning vector, pCR-II®, was used as template for “sequence non-
specific” probe. Linearised TOPO® TA was generated and isolated using the same

protocol except that restriction enzyme digest was performed with EcoR1.

Labelled RNA probes were generated from linearised plasmid by in vitro transcription
and unincorporated nucleotides removed using Sephadex G-25 mini Quick Spin RNA
columns (Roche). Cold probes were synthesised by substituting ?P-UTP with UTP

500uM.
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In vitro transcription reaction -

T7 polymerase 100 units (Ambion)
Transcription Buffer 10x (Ambion)
Ribonuclease Inhibitor (Fischer) 20 units
DTT 10mM

ATP/CTP/GTP 500uM each

UTP 12.5uM

50uCi 32P-UTP (3000 Ci/mmol, Perkin Elmer)
Water to total volume of 50ul

DNA 10ug (added last to start reaction)
Incubate at 37°C for 90min

The reaction was terminated with the addition of 1ul of RNAse-free DNAsel and
incubating at room temperature for 10 minutes. Labelled RNA probes were isolated,
according to the manufacturer’s instructions, using Sephadex G-25 mini Quick Spin
RNA columns (Roche). Following this, radioactive nucleotide incorporation was
calculated by dividing cpm of final product by cpm of input. Probes were stored at

4°C and used within 2 weeks.

Electromobility Shift Assay

Labelled RNA probes were incubated with cell fraction protein at 37°C for 30 minutes
using the following binding reaction —

Binding buffer (10x) 2ul, Ribonuclease Inhibitor (Fischer) 0.5ul
Heparin (100 pg/ul) 1ul, Cell Fraction Protein 3-10ug

RNA Probe 1-2ul (2-3 x 10° CPM, 1-5pmol)

Add RNAse-free water to total volume of 20ul

After the 30-minute incubation period, 10 units of RNase T1 were added to EMSA

samples and a further incubation was performed (30min x 37°C). 5ul of loading
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buffer was added and samples were electrophoresed on non-denaturing 4%
polyacrylamide gels at 250V for 150 minutes (until dye front just runs off). All gels

were prerun for 60 minutes at 200V and visualised by autoradiography.

Antibody Supershift

The procedure was the same as that for electromobility shift assays, except that the
following were added to the binding reaction —

0.2 g affinity purified IgG raised against HuR, TIA-1, TIAR or TTP

(Santa Cruz, polyclonal goat IgG)

1 g affinity purified anti-AUF1 (Upstate Biotechnology, polyclonal goat IgG)
1 ul anti-hnRNP A1l and anti-hnRNP U (Generous gift of Gideon Dreyfuss)

1 pl normal goat serum (Sigma), as control

After 30-minutes incubation at 37°C, RNase T1 (10u) was added to the binding
reactions and a further incubation was performed (30min x 37°C). After adding 5l
of loading buffer, samples were electrophoresed on non-denaturing polyacrylamide
(4%) gels at 250V for 150 minutes. Again, all gels were prerun for 60 minutes at

200V and visualised by autoradiography.
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Chapter 6

Rat mesangial cells results
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Reporter Gene Transfections
The 3°UTR of cyclooxygenase-2 decreases the expression of the Luciferase

reporter gene by post-transcriptional mechanisms

The first 60 nucleotides of the 3’-UTR of cox-2 mRNA contains multiple copies of the
sequence AUUUA and has been reported to have a significant effect on post-
transcriptional regulation of cox-2 expression®!®, These 60 nucleotides contain a
major translational control element and caused a decrease in message stability when
placed in a chimeric reporter gene expressed in an immortalized mouse mesangial
cell system®6.  Four different chimeric-reporter gene constructs were used,
containing the following regions of the cox-2 3’ UTR - 1-60, 20-60, 24-60, as well as
the full length 3° UTR. Unaltered pGL3c vector (Index B) was used as a control.
Each construct contained the luciferase coding sequence under the control of an
SV40 promoter and enhancer elements followed by its’ 3'UTR and the SV40 late poly-
A signal. Reporter gene constructs only differed in the region of the Cox-2 3-UTR
that was present. Therefore, any observed differences in reporter gene expression
were likely to be secondary to post-transcriptional mechanisms, related to the
different 3’-UTR sequences, as all constructs were under the same transcriptional
control. Reporter gene constructs were transiently transfected into rat mesangial
cells and incubated overnight. Samples were assayed for luciferase activity and
steady state luciferase mMRNA was quantified using RT-PCR. Luciferase activity and
mMRNA levels were expressed as a percentage of levels from rat mesangial cells
transiently transfected with unaltered pGL3c. The results represent the average of

n=3 identical experiments (Figure 3).

65



B Luciferase mRNA & Luciferase Activity

p&.3c 1-2232 1-60 20-60 24-60
Luciferase Constructs

* Compared to pGL3c- P < 0.001
Other P values compared to 1-2232

Figure 3: Transient transfections in Rat Mesangial Cells

Result of transient transfections of pGL3c constructs into Rat Mesangial Cells. The
graph represents the average of normalised luciferase activity and steady state
luciferase mRNA levels expressed as a percentage of levels obtained using unaltered
pGL3c (N = 3 independent experiments).

Insertion of the full-length 3" UTR results in an 85% reduction in reporter gene
activity, but no change in steady state mRNA. Insertion of the 1-60 region causes a
71% decrease in luciferase activity with a similar fall in mRNA levels. No appreciable
additional change occurs following removal of the proximal 19 nucleotides of the 1-
60 region. However, complete removal of the proximal 3 AUUUA sequences (24-60
truncation) did produce a further reduction in luciferase activity, 93% in total, as well

as a fall in steady state mRNA.
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Figure 4: Lack of effect of ILIp on Luciferase activity

Rat mesangial cells were transiently transfected with pGL3c and the full-length 3'UTR
construct and treated with ILip (100 u/ml) over a 24-hour period. Cells were
harvested at the above intervals and luciferase activity measured and averaged over
three independent experiments. The fold change following ILIp stimulation was
calculated by dividing the Luciferase activity at each time point for pGL3c and the
3'UTR by the baseline activity of pGL3c and the 3'UTR respectively. No significant

change was seen in luciferase activity following ILip treatment.
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The addition of the full length 3" UTR resulted in a significant reduction in reporter
gene activity (85%) but no change in steady state mRNA levels. This suggests that
the principal effect of the full length 3’ UTR involves inhibition of translation.
However, insertion of the first 60 nucleotides of the 3'-UTR of COX-2 into the 3'-UTR
of a luciferase reporter message resulted in a 71% decrease in luciferase activity and
a similar decrease in steady state mRNA levels. This region contains 7 copies of the
ARE consensus sequence AUUUA; 3 of these are overlapping and located within the
proximal 25 nucleotides. The fall in steady state mRNA levels associated with
insertion of 1-60 region is consistent with what’s known about the effect of AREs on
message stability. Disrupting the proximal overlapping AUUUA repeats by truncation
of the first 19 nucleotides of the 1-60 region had no additional effect on luciferase
reporter-gene activity or mRNA levels. Complete removal of the proximal 3 AUUUA
sequences was achieved by further truncation to leave the 24-60 insert. This
resulted in a further decrease in luciferase activity (93% overall) and mRNA levels.
Despite repeated attempts, the insertion of the full length 3'UTR was insufficient to

endow the luciferase reporter gene with IL1B responsiveness (Figure 4).

Overall, these results suggest that the 3’ UTR of Cox-2 decreased expression of our
chimeric-reporter gene by post-transcriptional mechanisms. The conserved ARE
sequence within the proximal 60 nucleotides results in decreased steady state mRNA
levels, most likely due to decreased message stability. Furthermore, removal of the
proximal 3 overlapping AUUUA sequences results in an additional fall in luciferase
activity and mRNA levels (Figure 3). This suggests that the proximal 24 nucleotides
of the 1-60 region contains a positive control element that modulates the effect of a

negative control element in the distal part of 1-60 region.
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Electromobility Shift Assay

1-60 region forms multiple RNA-protein complexes

To determine whether changes in luciferase activity following insertion of the 1-60
truncations of the Cox-2 3'UTR were associated with altered binding of proteins to
this region of the message, EMSAs were performed using radiolabeled RNA probes
corresponding to the proximal 60 nucleotides of the Cox-2 3UTR (Figure 2) and
protein fractions isolated from rat mesangial cells.

RNA-protein complexes of similar electromobility were seen with all three probes
(Figure 5) suggesting that truncation of the 1-60 region had no visible effect on the
type of the RNA-protein complexes formed. However, the intensity of complex
formation was greatest with the 1 — 60 probe suggesting an improved ability to form
stable complexes in the presence of the proximal 20 nucleotides. Similarly, nuclear
fractions consistently formed greater “quantities” of RNA-protein complexes, despite
using equal amounts of nuclear and cytosolic protein. This difference in intensity of
complex formation between the nuclear and cytosolic fractions is presumably
secondary to the greater concentration of RNA binding proteins within the nucleus.
Stimulation of rat mesangial cells with IL1 had no effect on gel-shift pattern and
lead to no discernible change in the intensity of the complex formation (Figure 5).
Figure 6 illustrates a cold competition study performed to determine whether RNA-
protein complex formation was sequence specific. Nuclear protein fractions of rat
mesangial cells were incubated with the 1 — 60 probe and resulted in the formation
of 3 prominent RNA-protein complexes (C1 — 3). Increasing concentrations of “cold”
probe effectively competed for all 3 complexes, but the addition of increasing
amounts of a non-related RNA of similar size, derived from the TOPO TA cloning

vector, had no effect on complex formation.
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Figure 5: EMSA using Rat Mesangial Cell fractions

An electromobility shift assay was performed using nuclear (N) and cytosolic (C)
fractions and RNA probes corresponding to the 1 - 60, 20 - 60 and the 24 - 60
regions of the Cox-2 3'UTR. Free probe (P) was used as a control. Where indicated,
cells were treated with ILip (100 units/ml) for 60mins.

RNA-protein complexes of similar electromobility can be seen with all three probes.
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Probe

Cold Probe 1-60 Non-specific

Figure 6: EMSA competition study

Electromobility shift assay using the nuclear fraction of rat mesangial cells incubated
with the 1-60 probe (Lanes 1-7). Three prominent RNA-protein complexes were
formed (Cl, C2 and C3). Complex formation was sequence-specific, as the addition
of increasing concentrations of "cold" 1-60 probe effectively competed for all 3
complexes and the addition of increasing amounts of a non-specific RNA probe

(Lanes 8-14) had no effect on complex formation.



Antibody Supershift Studies

Multiple RNA binding proteins interact with the 1 -60 region

Antibodies to a number of known RNA-binding proteins were added to the binding
reaction to determine whether any of these proteins were present in the RNA-protein
complexes identified by EMSA. The formation of a higher molecular weight RNA-
protein complex (supershift) or the disruption of one or more complexes would
suggest the presence of a given protein. Normal goat serum (Sigma) was used as a

non-immune control.

All three major RNA-protein complexes were still present when non-immune serum
was included in the binding reaction (Figures 7 and 8). However, addition of anti-
TIA-1, anti-TIAR, anti-HuR (Figure 7) and anti-hnRNP U (Figure 8) resulted in altered
RNA-protein complex formation suggesting that all these proteins interact with the
proximal 60 nucleotides of the Cox-2 3'UTR. Minor changes in RNA-protein complex
formation were seen following the addition of antibodies directed against hnRNP Al
and tristetraprolin (Figure 8) raising the possibility that both these proteins may also
interact with the RNA probes. Despite the fact that AUF1 has previously been shown
to interact with the proximal region of the murine 3'UTR?!2, no change was seen in

complex formation on the addition of anti-AUF1 (Figure 7).

The addition of anti-TIA-1 and anti-TIAR antibodies produced a supershift (S1, figure
7), as well as a significant reduction in complex C2. The intensity of the supershift
increased as the RNA probe was truncated suggesting that a more stable complex
forms between these proteins and the shortened RNA probes. Also, the similarity

between the supershift studies using these antibodies suggests that both proteins
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are components of the same protein complexes.

Incubation with antibody directed against HuR resulted in both a supershift (S2,
figure 7) and loss of the C3 complex. This supershift was most prominent with the
60-nucleotide probe and decreased in intensity as the probes were shortened. The
loss of the C3 complex occurred with all of the RNA probes. This suggests that HUR

binds to all three RNA probes, possibly in multiple different protein complexes.

In contrast, the supershift seen with anti-hnRNP U occurred only with the truncated
RNA probes (S1, figure 8). No supershift was seen with either anti-hnRNP Al or
anti-TTP, though the intensity of complex formation (C1 and C2, figure 8) was

diminished.
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Figure 7: Antibody Supershift - AUF1, TIA-1, HuR, TIAR

Antibody supershift study, using the nuclear fraction of rat mesangial cells incubated
with three labelled RNA probes - probe "A" (1-60), probe "B" (20-60) and probe "C"
(24-60). Non-immune serum (Lanes 1-3) was used as a control and antibodies
directed against the following known RNA-binding proteins were tested - AUF1
(Lanes 4-6), TIA-1 (Lanes 7-9), HuR (LaneslO-12), and TIAR (Lanes 13-15). Three
major RNA-protein complexes were present when non-immune serum was included
in the binding reaction (Cl, C2 and C3). Prominent supershifts were seen with the
addition of anti-TIA-1, anti-TIAR (SI) and anti-HuR (S2). These antibodies also
resulted in decreased intensity of C2 (TIA-1 and TIAR) and complete loss of C3
(HuR). No significant change in RNA-protein complex formation occurred following

the addition of anti-AUFI.
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Figure 8: Antibody Supershift - TTP, hnRNP Al, hnRNP U

Antibody supershift study, using the nuclear fraction of rat mesangial cells incubated
with three labelled RNA probes - probe "A" (1-60), probe "B" (20-60) and probe "C"
(24-60). Non-immune serum (Lanes 1-3) was used as a control and antibodies
directed against the following known RNA-binding proteins were tested - TTP (Lanes
4-6), hnRNP Al (Lanes 7-9), and hnRNP U (LaneslO-12). Lanes 13-15 contain free
probe only. Again, all three major RNA-protein complexes were present when non-
immune serum was included in the binding reaction. Anti-hnRNP U produced a
supershift (S1) with the truncated RNA probes only. Although, no supershift was
seen with either anti-hnRNP Al or anti-TTP, both produced a significant decrease in

the intensity of RNA-protein complexes (Cl, C2 and C3).
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IL-1B treatment causes a transient increase in osolic HuR

HuR has been shown to be involved in ARE-dependent mRNA stabilisation?22224288-290

and this process appears to require translocation of HuR to the cytoplasm®®.

To determine whether IL1B stimulation of rat mesangial cells is associated with
increased cytoplasmic HuR levels, cells were harvested and fractionated at various
time intervals following IL1B stimulation. Then western analysis on cytosolic
fractions was performed to reveal whether any change in HuR content could be
documented. As HuR is predominantly nuclear in localisation®®?, any cross
contamination between fractions could significantly interfere with results. Therefore,
cell fraction purity was verified using western analysis with anti- U1 snRNP 70 as a
marker of nuclear fractions and an anti-GAPDH as a cytosolic protein marker (Figure
9A).

As expected, the vast majority of HUR in rat mesangial cell was nuclear in localisation
and cell fraction purity was confirmed using anti-U1 snRNP 70 and anti-GADPH
(Figure 9A).

HuR was only detectable in the cytosolic fractions by western analysis if increasing
amounts of sample protein were tested (Figure 9B). Its cytosolic content increased
within 15 minutes of IL1B stimulation, had peaked by 30 minutes and remained
elevated for at least 4 hours (Figure 9C and 10). Testing for GAPDH ensured equal
loading of sample protein and cytosolic levels of HUR were shown to return to
baseline after 24 hours (Figure 10). To illustrate the effect of IL1J treatment on the
cytosolic content of HuR, western Blots were quantitated on a densitometer using

Quantity One software from PDI and the results are illustrated in figure 10.
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Figure 9:

Subcellular distribution of HuR following ILIp Stimulation

Western analysis of rat mesangial cell fractions, harvested at the specified times,
following treatment with ILip (100 units/ml) as indicated.

A - Nuclear (N) and cytosolic (C) fractions were tested with antibodies directed
against the splicing factor, Ul SNP 70, and GAPDH to verify the purity of cell
fractions. As expected, HuR is predominantly nuclear in localisation.

B- Only by using increasing amounts of cytosolic protein was HuR detectable in the
cytoplasm.  Cytosolic levels of HuR increased following 80 minutes of ILIp
stimulation.

C - Timecourse of HuR levels in the cytoplasm of rat mesangial cells (using 60mg
cytosolic protein) treated with ILIp. Testing for GAPDH was performed to ensure

equal loading of sample protein.
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Time with IL-1 p (hours)

Figure 10:
Densitometry of Cytosolic Levels of HuR following ILIp

Densitometry of westernanalysis showing the relativechange in levels HuR in the
cytosol of rat mesangialcellsfollowing stimulation with ILIp 100 units/ml.  Levels
increase as early as 15 minutes and peak at 30 minutes. They remain elevated for at

least four hours, but have returned to baseline by 24 hours.
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Chapter 7

RAW 264.7 cell results
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Lipopolysaccharide (LPS) induces cox-2 expression in Raw 264.7 cells, an
immortalised murine macrophage cell line. LPS acts via the TLR4 receptor, with
downstream activation of NFkB and one or more of the MAPK pathways being
involved in the transcriptional activation of the cox-2 gene3¥ 411412415419 © Although,
it is well documented that post-transcriptional control is involved in IL1B induced cox-
2 expression in rat mesangial cells, most studies in RAW cells have focused on the
transcriptional events and signalling pathways involved in LPS induced cox-2
expression. However, as both these ligands signal through related receptors, with
many similarities in intracellular signal transduction*?® and post-transcriptional control
of LPS induced cox-2 has been documented in human macrophages*! , it seems
likely that post-transcriptional mechanisms will be active in LPS induced cox-2

expression in RAW 264.7 cells.

Expression of Cox-2 protein following LPS treatment

RAW 264.7 cells were cultured and harvested for western analysis, as described in
the methods section. Samples were tested for expression of cox-2 protein, which
was not detectable while cells were in their resting state. However, stimulation with
LPS (10-100ng/ml) resulted in rapid and robust expression of cox-2 protein (Figure
11), with near maximal stimulation occurring with LPS 50ng/ml. Under identical
conditions, little or no expression of cox-2 occurred following treatment with IL1pB,

TNFo or Interferon vy (Figure 12).
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Figure 11:

Cox-2 protein expression in RAW 264.7 Cells following LPS

RAW 264.7 cells were treated with lipopolysaccharide for the specified time before
harvesting. Timepoints were done in friplicates using LPS at 10, 50, 100ng/ml and
20pg of whole cell lysate was used for western analysis to detect cox-2 protein
expression. Protein samples obtained from unstimulated RAW 264.7 cells and ILIp
treated rat mesangial cells were used as negative and positive controls, respectively.
Following treatment with LPS, cox-2 protein expression can clearly be seen after 2
hours, peaks at 8-12 hours and diminishes thereafter. Maximal response occurs at
an LPS concentration of 50 to 100ng/ml. Result shown is representative of n=3

experiments.
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Figure 12:
Cox-2 is not induced by TNFa, ILip or IFNy in RAW Cells

Western analysis for cox-2 protein was performed using 20pg of protein from whole
cell lysate of RAW 264.7 cells. Multiple ligands were used to induce cox-2 protein
expression and cells were harvested after 6, 12 and 24 hours. Positive and negative
controls were obtained using 20pg whole cell lysate harvested at 24 hours, treated
with or without LPS 100ng/ml respectively. No stimulation of cox-2 was seen with
TNFa, ILlp or interferony. The same result was obtained in two independent

experiments.
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Inhibition of p38 MAPK

Effect on Cox-2 protein expression
Timecourse experiments of LPS stimulation were performed over 24 hours. These
showed that cox-2 protein was detectable within two hours and peaked by 8-12

hours. Expression of cox-2 protein diminished thereafter (Figure 11 and 13A).

Identical experiments involving pre-incubation of RAW 264.7 cells with 1 to 10um of
SB203580, a specific p38 MAPK inhibitor, for 30 minutes showed delayed onset of
cox-2 protein expression following LPS stimulation with augmentation of expression
at later time-points (Figure 13A). The effect of p38 inhibition on LPS induced cox-2
expression in this cell type was seen consistently and was more marked when 10um
of SB203580 was used. Western blots of 5 independent experiments were
quantitated on a densitometer using Quantity One software from PDI and resuits are

illustrated in figure 13B.

The significance of this effect is unclear, but may suggest that LPS activates a
negative feedback loop in RAW 264.7 cells, which ultimately down-regulates cox-2
expression following sustained LPS exposure. This “dual” action of LPS, involving
p38 MAPK, has previously been described related to TNFo and tristetraprolin

6

expression®”® in RAW 264.7 cells and probably acts as a protective mechanism

against sustained early response gene expression.
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Figure 13:
Effect of p38 Inhibition with SB203580 on Cox-2 Expression

A) RAW 264.7 cells were treated with LPS I0Ong/ml for the specified times before
harvesting for western analysis. Where indicated, cells were pre-incubated for 30
minutes with SB203580 (1 or 10pm) or an equal volume of carrier (DMSO). 5pg of
whole cell lysis was then examined for cox-2 protein expression. Negative controls
showed no cox-2 expression regardless of the SB203580 concentration. Pre-
treatment with the p38 inhibitor lead to a biphasic response in cox-2 protein
expression; inhibition occurred at earlier timepoints, but expression of cox-2 protein

was greater at later timepoints compared to treatment with LPS alone.
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B) Densitometry was used to semi-quantify cox-2 expression following LPS treatment
to illustrate the effect of p38 inhibition with SB203580. Measurements were
expressed as a percentage of the 24-hour “LPS-only” level and the results of five
independent experiments were averaged. The biphasic response with p38 inhibition
was most marked when 10um concentrations were used. This may indicate that the
p38 signal transduction pathway may play multiple roles in the LPS induced

activation of cox-2 in RAW cells.
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Reporter Gene Transfections

Multiple Regions of the 3'UTR alter Reporter Gene Expression

Luciferase reporter gene constructs, containing the luciferase coding region followed
by various sequences of the cox-2 3-UTR, were transiently transfected into RAW
264.7 cells and incubated overnight. Cell monolayers were harvested and assayed
for luciferase activity, which was expressed as a percentage of levels from cells
transfected with unaltered pGL3c (control). As previously explained, any resultant
change in reporter gene activity is most likely secondary to post-transcriptional

mechanisms controlled by the inserted sequences.

Insertion of the full-length 3'-UTR (1-2232) reduced luciferase activity by more than
90%, when compared to control (Figure 14). Luciferase activity decreased 65% with
insertion of the proximal 60 nucleotides of the 3-UTR. Sequential deletion of the
proximal portion of the 1-60 sequence resulted in first an increase in reporter-gene
expression and then a further decrease in expression (Figure 14), suggesting that

multiple control elements are operative within this region of the cox-2 3'UTR.

Further transient transfection studies were performed using luciferase reporter genes
constructs containing multiple other regions of the cyclooxygenase-2 3'UTR. The
results of luciferase activity from these transfections are illustrated in figure 15 and

summarised in table 1.
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Figure 14: Transient Transfections in RAW 264.7 Cells

The graph represents the average results of N > 6 independent experiments
involving transient transfections of RAW 264.7 cells with the 1-60 constructs.
Luciferase activity is expressed as a percentage of levels obtained using unaltered
pGL3c. As in previous experiments, insertion of the full-length 3'UTR of cox-2
resulted in a significant fall in luciferase activity (>90%) and the 1-60 sequence
decreased activity by approximately 65%. Disruption or deletion of the proximal
three AUUUA sequence caused an increase or a further decrease in activity,
respectively.  This suggests that multiple “control elements” exist within this

sequence and interact to regulate reporter gene expression.
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Figure 15:

Transient Transfections of Miscellaneous Constructs in RAW Cells
Luciferase activity is expressed as a percentage of levels obtained using unaltered

pGL3c.
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Construct [N = %Control | SEM +/-
pGL3c 19 100 0
1-2232 17 7.34 2.12
1-60 14 32.66 3.28
20-60 9 65.35 9.34
24-60 6 10.81 2.77
1-52 5 46.25 13.16
1-45 5 143.5 40.63
1-30 6 78.29 24.51
31-60 5 61.2 19.85
1-80 11 27.92 4.84
20-80 9 3.06 0.94
24-80 10 97.9 17.8
62-2232 12 9.61 2.12
1-180 3 60.57 13.36
1-373 11 2.09 0.86
1-792 7 5.57 1.73
373-792 3 17.9 7.16
780-1384 4 22.62 5.48
1553-2232 4 25.29 8.81
373-2232 3 8.16 1.73
TA Sequence |3 87.21 6.84

Table 1:
Summary of Transient Transfections in RAW 264.7 Cells

A summary of all transient transfections performed using RAW 264.7 cells and
various pGL3c constructs. Luciferase activity is expressed as a percentage of levels

obtained using unaltered pGL3c (control).
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Effect of LPS on Reporter Gene Expression

In previous experiments using rat mesangial cells transiently transfected with
luciferase reporter genes, we were unable to demonstrate that IL1B had any affect
on reporter gene expression. This lack of response could be due to numerous
factors, including the possibility that sequences outside the cox-2 3-UTR are
required, or may simply be secondary to technical shortcomings related to the
system examined. Demonstrating ligand responsiveness would prove very useful in
determining which elements within the 3’'UTR are involved in the post-transcriptional
control of cox-2 and allow further examination of the mechanisms by which it is
achieved. To determine whether any regions of the cox-2 3’-UTR would confer LPS
responsiveness to a hybrid reporter gene, following transient transfection into RAW
264.7 cells, we stimulated the cells with LPS 100ng/ml for 6-10 hours before

assaying for luciferase activity.

As before, luciferase activity was expressed as a percentage of levels from cells
transfected with unaltered pGL3c (control). LPS treatment resulted in augmentation
of luciferase activity from all constructs, including unaltered pGL3c, which increased
by 2 — 4.5 fold with 6-10 hour of treatment (Figure 16). However, some regions of
the cox-2 3'-UTR gave rise to a disproportionate increase in luciferase activity (Figure
16), probably secondary to a direct LPS effect, which became more pronounced with
increasing duration of stimulation (Figure 16). Under the same treatment conditions,
the activity of the construct containing the entire 3’-UTR increased 10 to 30-fold
(Figure 16). Insertion of the 1-60 region caused a 6-fold increase in luciferase

activity within 6 hours and a 12-fold after 10 hours of LPS stimulation (Figure 16).
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The most likely explanation for the disproportionate increase in luciferase activity is
LPS mediated post-transcriptional control of reporter genes, acting via cis-acting
elements within the cox-2 3'UTR. However, the observed increased expression of
unaltered pGL3c suggests a generalised increase in transcriptional activation also

occurs following lipopolysaccharide treatment.

Further truncation of the proximal end of the 1-60 region resulted in the loss of the
LPS response. Accordingly, it appears that the first 60 nucleotides of the 3'-UTR of
cox-2 contains major control elements that confer decreased expression of the
reporter gene under non-stimulated conditions and increased expression in response
to LPS stimulation. The response to lipopolysaccharide appears dependent on a cis-
acting element within the proximal 24 nucleotides of this sequence. The results of all

transient transfections performed with LPS stimulation are summarised in table 2.
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Figure 16: LPS Effect on Reporter Gene Expression in RAW 264.7 Cells

Raw 264.7 cells were transfected and stimulated with LPS (100ng/ml) for 6 and 10

hours and the results expressed as a fold increase compared with non-stimulated

controls.
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Construct | LPS x 6 hrs N = |LPSX 10hrs | . _
(SEM+/-) (SEM+/-)
PGL3c (16.721) ’ (3?2) °
m | pm (0] B% |
1-60 (g:;g) ° (122.'72433 )
TN SN
24-60 039 | | (045 i
1-52 as | S| @iy |°
1-45 (16?78) 2 (:.'792) ’
1-30 ((ll:gg) 2 (g:gg) ’
31-60 3.98 Y ose |
1-80 (iﬂ) ’ (122.:73 °
20-80 os8) | - - 0
24-80 @ | 18) ’
62-2232 4.82 3 11.85 7
(2.13) (1.5)
1180 _ 0 7.32 3
(1.2)
1-373 ((z):gg) ’ gﬁ? *
1-792 - 0 L;_S;;) 3
373-792 - 0 (g:gg) 3
373-2232 - 0 ((7,:23) 3

Table 2:
Summary of LPS Effect on Reporter Gene Expression in RAW 264.7 Cells

A summary of all transient transfections performed using RAW 264.7 cells and
various pGL3c constructs, following treatment with LPS (100ng/ml) for 6 or 10 hours.
Increased luciferase activity is expressed as a fold increase compared with non-

stimulated controls.
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Reporter Genes have no effect on Endogenous Cox-2

As shown above, many sequences within the 3’-UTR of cox-2 have a dramatic effect
on luciferase activity, when inserted downstream of the coding sequence in a hybrid
reporter gene. It is likely that the affects on luciferase expression are secondary to
post-transcriptional mechanisms controlled by interactions between trans-acting
factors and cis-elements within the 3'-UTR sequence. Transient transfection of these
reporter-gene constructs may result in large volumes of these sequences being
expressed within each cell and could lead to sequestration of key mRNA-binding

factors and altered post-transcriptional control of the endogenous cox-2 gene.

To determine whether this is the case, we repeated the transient transfections
studies using a number of reporter-genes constructs. After incubation overnight to
allow reporter gene expression, cells were stimulated with LPS 100ng/ml for 10
hours, before being harvested to measure luciferase activity and perform western

analysis to assess expression of endogenous cox-2.

Despite the obvious effect that LPS has on reporter gene expression (Figure 18B),
dependent of the sequence of cox-2 3-UTR present, no change in endogenous cox-2
protein expression was seen under basal conditions or following LPS stimulation in

transiently transfected cells (Figure 18A).
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Figure 17:

Transient Transfection has no Effect on Endogenous Cox-2 Expression

Raw 264.7 cells were transiently transfected with luciferase reporter-genes and
incubated overnight before treatment with LPS 100ng/ml for 10 hours. Cells were
harvested and luciferase activity measured. @A) Cox-2 protein was detected by
western analysis. As shown, no change in endogenous cox-2 expression was seen
related to transfection. B) Luciferase activity following LPS treatment for 10 hours,
expressed as a fold increase compared with non-stimulated cells. Results represent
the average of n=2 experiments and the fold changes expressed were not

statistically different from control (pGL3c).
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Electromobilty Shift Assays

The 1-60 region forms multiple RNA-protein complexes

As the proximal 60 nucleotides of the 3’'UTR of cyclooxygenase-2 was shown to
significantly alter the expression of the luciferase reporter gene and appeared to
contain a lipopolysaccharide response element, electromobility shift assays were
performed to document the occurrence of RNA-protein interactions involving this
region of the Cox-2 3-UTR. RNA probes were generated from pcDNA3 and cell
fractions obtained from LPS stimulated and unstimulated RAW 264.7 cells, as

described in the methods section (chapter 5).

At least five distinct complexes were observed (C1 - C5), though no difference was
visible between stimulated and unstimulated cell fractions (Figure 19). As in the
EMSA studies using fractions from rat mesangial cells, the quantity of complex
formation is greater when using the nuclear fractions (N), despite loading equal
amounts of total protein. The size and distribution of complexes are similar between
cell fractions, suggesting that this difference is related to a higher concentration of

RNA-binding proteins in the nucleus, which is not unexpected.

Truncating the RNA probe resulted in decreased intensity of some complexes (figure
19, C4 and C5) and increased intensity of others (figure 19, C2 and C3), which was
more prominent in the nuclear fractions. Despite the altered intensity, the mobility
of the complexes was similar using all three RNA probes. This implies a difference in
protein binding ability between the 1-60 and the two shorter probes, with the
presence of the proximal 20 nucleotides allowing more effective formation of larger

RNA-protein complexes.
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Probe 1-60 20-60 24-60

Cell fraction WN ¢ ¢~ N N ¢ ¢ - N N ¢ ¢
LPS -+ -+ +
C5 —p
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C3 —p

CcC2 —p

Cl1—»

Free

probe

Figure 18: EMSA using cell fractions from RAW 264.7 Cells
This gel is representative of electromobility shift assays performed by incubating

radiolabeled probes with protein from cell fractions of RAW 264.7 cells. Both nuclear
(N) and cytosolic (C) fractions were obtained from untreated cells (-) and following
stimulation (+) with lipopolysaccharide.

RNA probes corresponding to regions 1-60 (Lanes 1-5), 20 - 60 (Lanes 6-10) and
24 - 60 (Lanes 11-15) of the cox-2 3TJTR were used and at least 5 distinct RNA-
protein complexes were observed. No difference was visible between stimulated and
unstimulated cell fractions. The quantity of complex formation is greater when using
the nuclear fractions. However, the size and distribution of complexes are similar
between different cell fractions, suggesting that this difference is related to a higher

concentration of RNA-binding proteins in the nucleus.
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Antibody Supershift Studies

Multiple known RNA binding proteins interact with the 1 — 60 Region

The identity of some of the proteins present in the complexes seen on the EMSAs
was determined by adding antibodies raised against known RNA-binding proteins and
looking for a loss of complex intensity and/or formation of a higher molecular weight
complex (supershift). Using this approach, we established that TIAR, TIA-1, HUR
and AUF1 were able to interact with the proximal 60 nucleotides of the 3-UTR of
cox-2 (Figures 20 and 21). As in the previous EMSA studies, the results for both
truncated RNA probes were identical. Therefore, only the 1-60 and 24-60 probes

were compared in the illustrations shown (Figures 20 and 21).

Using cytosolic fractions, antibodies to TIAR and TIA-1 (figure 20) produced similar
supershift results. Two higher molecular weight complexes (supershifts S2 and S3)
were formed, but only the S3 complex remained when the proximal 23 nucleotides of
the RNA probe were removed. Furthermore, addition of these antibodies resulted in

diminished intensity of complex C3 with both probes.

Also, anti-HUR produced a single supershift (S1) and decreased intensity of
complexes C1 and C2 (figure 20). The HuR supershift was more evident using the
60-nucleotide probe and decreased in intensity as the probe was truncated.
Although in the gel displayed, the HuR supershift appeared far more prominent in
LPS stimulated cytosolic fractions, which could be related to improved binding
conditions or increased cytosolic HuR content following LPS stimulated nuclear
export, this was not consistently observed. However, the loss of complexes C1 and

C2 was consistently seen with all the probes.
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When anti-AUF1 antibody was added to the binding reaction between RNA probes
and RAW cell cytosolic fractions, no major change in complex intensity or formation

was seen (figure 20).

Further supershift studies were performed using nuclear fractions of RAW cells
(figure 21). Results with TIA-1, TIAR and HuR antibodies were similar to those using
proteins isolated from cytosolic fractions (figure 20). The following exceptions were
noted. TIA-1 and TIAR antibodies formed a single higher molecular weight complex
with both RNA probes (Figure 21, S2). The HuR supershift was attenuated and

showed no alteration with LPS treatment (figure 21, S1).

However, anti-AUF1 resulted in nearly a complete disappearance of all RNA gel shifts
when added to RAW cell nuclear fractions (figure 21). These changes in RNA-protein
complex formation were consistently present, suggesting that AUF1 is an essential
component of most protein complexes interacting with this region of the Cox-2
mRNA within the nucleus. The absence of any supershift using anti-AUF1 with
cytosolic fractions suggests that AUF1 doesn’t associate with this sequence in the

cytosol or that its antigenic determinant is masked.

Using protein from both cell fractions, no obvious change was seen in supershift

studies following treatment with LPS (Figure 21).
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Antibody - TIAR TIAR AUF1 AUF1 HuR HuR TIA-1 TIA-1

LPS - - + - + + - +
Probe 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3

~-S3
Figure 19:

Antibody Supershift - TIAR, AUF1, HuR and TIA-1 - using cytosolic protein

Antibodies to the TIAR, AUF1, HuR and TIA-1 were added to the binding reaction
along with cytosolic protein from RAW 264.7 cells. Samples obtained from LPS
treated cells are labelled (+) and only the 1-60 (probe 1) and 24 - 60 (probe 3)
were used. Non-immune serum was used as control (Lanes 1 and 2). TIAR and
TIA-1 both produced two higher molecular weight complexes (supershifts S2 and
S3), but only the S3 complex remained when the proximal 23 nucleotides of the RNA
probe were removed. Addition of these antibodies resulted in diminished intensity of
complex C3 with both probes. Anti-HuR produced a single supershift (SI) and
decreased intensity of complexes Cl and C2. The HuR supershift was more evident
using the 60-nucleotide probe. However, the loss of complexes Cl and C2, when
anti-HuR was included, occurred consistently seen with all the probes and was
independent of LPS treatment. Anti-AUF] antibody produced no change in complex
formation when added to the binding reaction with the cytosolic fraction of RAW

cells.

100



Antibody - TIAR TIAR AUF1 AUF1 HuR HuR TIA-1 TIA-1

LPS - A + + “ + - +
Probe 13 1 3 1 3 1 3 1 3 1 3 1.3 1 3 1 3
Figure 20:

Antibody Supershift - TIAR, AUF1, HuR, TIA-1 - using nuclear protein

Antibodies to the TIAR, AUF1, HuR and TIA-1 were added to the binding reaction
along with nuclear protein from RAW 264.7 cells. Samples obtained from LPS treated
cells are labelled (+) and only the 1-60 (probe 1) and 24 - 60 (probe 3) were used.
Non-immune serum was used as control (Lanes 1 and 2). Results with TIA-1, TIAR
and HuR antibodies were similar to those using proteins isolated from cytosolic
fractions (figure 20). However, a number of differences are noteworthy. TIA-1 and
TIAR antibodies formed a single higher molecular weight complex with both RNA
probes, S2. The HuR supershift was attenuated and showed no alteration with LPS
treatment, SI. Interestingly, anti-AUFI resulted in nearly a complete disappearance
of all RNA gel shifts when added to RAW cell nuclear fractions (Lanes 7-10). These
changes in RNA-protein complex formation were consistently present, suggesting
that AUF1 is an essential component of most protein complexes interacting with this
region of the Cox-2 mRNA within the nucleus. Again, no obvious change was seen in

supershift studies following treatment with LPS.
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Chapter 8

Conclusions
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Cyclooxygenase-2 plays a key role in many pathophysiological processes, such as
thrombosis, carcinogenesis and reproduction. Inhibition of this enzyme has proven
to be an extremely useful mode of treatment for many common medical conditions
and preliminary evidence suggests that cox-2 may be a viable target in the treatment
of neoplasia and Alzheimer’s disease. However, the use of both non-selective and
selective cox-2 inhibitors is associated with considerable side effects due to their
interference with the critical physiological roles of this enzyme. An in-depth
understanding of both its regulation and function will not only provide an important
insight into a diverse number of pathophysiological processes but, may allow the
development of novel therapies that can modulate cox-2 activity in a cell-specific and

site-specific manner.

Post-transcriptional mechanisms are now well recognised as an integral part of the
regulation of cyclooxygenase-2 by multiple ligands and its 3’ untranslated region has
significant effects on mRNA stability and translation. An increasing number of RNA
binding proteins are being identified, which interact with this area of the cox-2 mRNA
and are probably involved in its post-transcriptional control. The precise sequences
required for these interactions and the exact mechanisms by which they alter cox-2
expression remain to be elucidated®*>%, but already this “pathway” of regulation

has been implicated in abnormal expression of cox-2 in neoplastic cells?3240,264332

From previous work, we knew that the conserved AREs, located in the proximal 1 -

60 region, of the 3-UTR of COX-2 play an important role in regulating gene

216422 Therefore, we subcloned this sequence into a luciferase reporter-

expression
gene, as well as two truncations designed to disrupt and completely remove the first

three overlapping AUUUA sequences. Insertion of the 1 - 60 sequence was sufficient
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to cause a marked decrease in expression of the hybrid luciferase reporter-gene, in
both rat mesangial and RAW 264.7 cells. Truncation of this segment by removal of
the first 20 nucleotides diminished the negative effect on luciferase activity,
particularly in the RAW cells. In both cell types, the complete removal of the
proximal 3 AUUUAs lead to an even greater decline in luciferase activity than was
seen with the 1 - 60 sequence. The decreased steady-state luciferase mRNA levels,
seen in rat mesangial cells, are compatible with reduced stability being the primary

mechanism underlying these results.

Furthermore, insertion of the full length 3-UTR or its proximal 60 nucleotides
resulted in increased luciferase expression following stimulation with
lipopolysaccharide in RAW cells. The regulation by LPS was attenuated by removal
of the first 60 nucleotides from the full length 3-UTR and completely lost following
removal of the first group of AUUUA repeats from the 1 — 60 sequence. Taken
together, these results suggest that multiple interacting control elements exist within
this part of the 3'UTR, which modulate the expression of cox-2 by post-
transcriptional mechanisms. Some of these elements perform multiple roles
depending on environmental conditions and these may vary depending on the cell
type and ligand studied. For example in RAW 264.7 cells, the 1 - 60 region of the
3'UTR lead to decreased gene expression under basal conditions and was also
required for full induction of gene expression following LPS treatment. The actual
mechanism by which LPS stimulation leads to changes in target gene expression is
not fully understood. A combination of transcriptional activation and message

stabilization is known to take place **4%,

While the changes in control plasmid
activity following LPS treatment are consistent with a transcriptional, and possibly a

proliferative effect, the differential increase in luciferase activity associated with
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insertion of the cox-2 3’ UTR strongly suggests that post-transcriptional mechanisms

are operative in its control RAW 264.7 cells.

In light of observations that changes in mRNA stability and translation occur through
specific interactions with trans-acting factors, proteins that bind to this region of the
cox-2 message are likely to be involved in the post-transcriptional regulation of this
gene. The electromobility shift assays clearly show that the proximal part of the
3'UTR associates with multiple protein complexes, which contain many known RNA
binding proteins, including HuR, TIA-1 and TIAR, AUF1 and hnRNP U, though no

ligand induced difference was observed using this technique.

Binding of cox-2 mMRNAZ%3013%9 a5 well as multiple other mRNA, by HuR has
previously been reported. Our results show that one of the HuR binding sites is
located within the first 60 nucleotides of the 3-UTR of murine cox-2, as evidenced by
the HuR antibody-dependent supershift in both rat mesangial (figure 7) and RAW
264.7 cells (figures 20 and 21). The supershift obtained with anti-HuR antibody was
also accompanied by a significant decrease in intensity of one or more of the RNA-
protein complexes. Truncating the RNA probes, to disrupt the proximal three
overlapping AUUUAs, was still associated with the decrease in RNA-protein
complexes, but the HUR supershift was greatly diminished. Possible explanations for
these observations include that more than one HuR-RNA complex occurs and/or that
more stable complex formation takes place when the proximal 20 nucleotides of this

sequence are present.

The decreased intensity of the HUR supershift associated with disruption of the three

overlapping AUUUAs is consistent with previous studies, which ascertained the
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optimum mRNA sequence required for binding of two related ELAV proteins, Hel
N1** and HuD®4%, Hel N1 most closely associated with the sequence
UUAUUUAUU and HuD required at least three AUUU repeats for maximum affinity
and complex stability. Thus, it seems plausible that disruption of the proximal AUUUA
repeats not only decreased HuR'’s affinity for the RNA probes, but also decreased the
stability of complex formation. It is also noteworthy that HuR cytosol levels increase
transiently in stimulated rat mesangial cells (figure 9), given that its involvement with
changes in message stability appears to be related to its translocation from the
nucleus to the cytoplasm 28228929 Tts shuttling ability has also been linked to mRNA

export from the nucleus®®’2%°

, allowing mRNA access to ribosomes for translation.

In our experiments, we can see circumstantial evidence that HuR is implicated in the
post-transcriptional control of cox-2. Firstly, HuUR associates with the proximal 60
nucleotides of the 3'UTR of cyclooxygenase-2, probably involving a high-affinity
binding site encompassing the first three overlapping AUUA repeats. Secondly,
reporter gene assay demonstrate that removal of this site results in decreased
steady-state mRNA levels in rat mesangial cells and loss of LPS induced regulation in
RAW cells. Thirdly, induction of cox-2 in rat mesangial cells is associated with
increased levels of HUR in the cytoplasm. Whether, this translocation of HuR is
directly related to stabilisation of cox-2 mRNA or increases its export from the

nucleus is not possible to determine from these experiments

Unlike the HuR supershift, TIA-1 and TIAR both appeared to form more stable
complexes with the truncated RNA probes and the similarity in EMSA studies
suggested that both might participate in the same protein complexes. A single

supershift was observed using the rat mesangial cells and the nuclear fractions of
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RAW 264.7 cells with no discernible change following IL1B or LPS treatment (figures
7 and 22). Both of these related AUBPs have been shown to bind the ARE of TNFa,

214,218

resulting in its translational silencing and over-expression of TIA-1 in COS cells

decreased expression of a reporter gene containing the TNFo. ARE 3%,

Recently,
TIA-1 has been shown to be involved in the translational silencing of cox-2, which
may be relevant to the pathogenesis of neoplasia related to cox-2%*. Therefore, it is
plausible that binding of these proteins may suppress translation of cyclooxygenase-2
mRNA in rat mesangial and RAW cells. Moreover, when using the cytosolic fractions
of RAW cells, these antibodies produced two supershifts, with the faster moving
complex disappearing as the probe was truncated (figure 21). Though no change in
supershift studies was observed following ligand stimulation, this truncation of the
sequence was associated with a significant change in reporter-gene expression and
loss of LPS responsiveness. It is possible that LPS treatment resulted in a
functionally significant post-translational modification of TIA-1 and/or TIAR, not

detectable using this method of investigation, producing increased reporter gene

expression.

As other investigators had reported that AUF1 interacted with the proximal part of
the cox-2 3'UTR in Hela cells®*?, it was somewhat surprising that no supershift was
seen using this antibody in the rat mesangial cell fractions (figure 7). Possible
explanations for the apparent “absence” of AUF1 include differences in length of RNA

probe, cell-type examined or experimental conditions.

Despite the rat mesangial cell findings, there was a dramatic loss of virtually all RNA-
protein complexes when AUF1 was added to the binding reaction along with the

nuclear fractions of RAW cells (figure 22). Yet, there was no visible change in gel-
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shift pattern using the cytosolic fractions of these cells (figure 21). The explanation
for the difference between the RAW cell fractions is not readily apparent, but it does
appear that AUF1 is an integral component of most RNA-protein complexes that
associate with this part of the cox-2 mRNA in the nucleus. In the cytoplasm, either
AUF1 doesn't bind to this sequence or the antigen epitope is sequestered, thereby
preventing antibody binding. Although, AUF1 has been shown to play a role in ARE-
mediated mRNA decay, no conclusion regarding the physiological consequence of its

interaction with the cox-2 mRNA can be drawn from these experimental findings.

In rat mesangial cells, we also found that hnRNP U binds to 20 — 60 region of the
3'UTR of cyclooxygenase-2 (figure 8). The significance of this interaction is unclear,
as little is known of hnRNP U’s role in the post-transcriptional control of gene
expression. This RNA binding protein %4 has been shown to associate with a

number of proteins, including the glucocorticoid receptor 4284%°

, raising the possibility
that hnRNP U may act as a scaffolding protein, which mediates the interaction
between mRNA and proteins regulating its expression. Glucocorticoids have been
shown to regulate cox-2 expression both by transcriptional and post-transcriptional

mechanisms380:430:431

Their effect on message stability requires de novo protein
synthesis, involves inhibition of the p38 pathway and the 3'UTR®%%0%2  The
involvement of the 3’'UTR in this process is supported by the differential effect that
dexamethasone exerts on the stability of endogenous cox-2 mRNA dependent on the
length of it 3'UTR®*®, with dexamethasone decreasing mRNA half-life in the presence
of the conserved ARE region. Although these findings do not prove that hnRNP U
binding to the 20 — 60 region is responsible for the glucocorticoid-mediated effect on

cox-2 mRNA stability, it is tempting to speculate that this interaction is physiologically

significant. Glucocorticoids are highly effective anti-inflammatory agents, with some
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of there actions likely related to inhibition of prostaglandin production. Also, they
exacerbate the “ulcerogenic” potential of cyclooxygenase inhibitors, without
significantly increasing the risks when used alone. From what’s known of the role of
cox-1 and cox-2 in maintaining gastric mucosal integrity, this finding is in keeping

with preferential inhibition of cox-2.

Using the rat mesangial cell fractions, relatively minor changes in gel-shift pattern, of
questionable significance, were seen following the addition of antibodies to two other
known RNA binding proteins, TTP and hnRNP Al. Following the addition of anti-TTP
to EMSA studies, no supershifts were seen but there was a decrease in intensity of
complexes C1 and C2 (Figure 8), suggesting that this protein interacted with the RNA
probes. Tristetraprolin is known to bind the ARE of TNFqa, GM-CSF208:220.228321 a4 5
distal sequence within the 3'UTR of cox-22*332, Lipopolysaccharide induces TTP
expression in RAW 264.7 cells and results in its phosphorylation by p38, enhancing
its binding to and subsequent degradation of TNFoo mRNA. It is possible that the
cell fractions used in our experiments were harvested before maximal induction of
TTP occurred and “missed” its interaction with the probes. Alternatively, there may
not be a specific TTP binding site in this region of the 3'UTR or its interaction may be

indirect as part of a multi-protein complex.

Lastly, a general decrease in complex intensity was seen, with all three RNA probes,
following the addition of antibody directed against hnRNP A1. This may suggest that
hnRNP Al is an integral part of RNA-protein complexes interacting with this region of
the 3’'UTR of cyclooxygenase-2, which may be relevant given its role in mRNA export

from the nucleus!!3118,
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While these experiments confirm the interaction of a number of known RNA binding
proteins with the proximal portion of the cox-2 3'UTR, they do not prove that the
identified proteins are involved in the post-transcriptional control of this gene.
However, of the RNA binding proteins that were shown to interact with the 1 - 60
region, most are known to be involved in the post-transcriptional regulation of
numerous genes and altered RNA-protein interactions with the proximal region of the
cox-2 3'UTR is associated with IL1p stimulated message stabilisation*®?. Therefore, it
is probable that at least some of these interactions are functionally active, especially
as this region of the 3'UTR has a significant effect on the expression of our hybrid
reporter gene, most likely by altered message stability. Moreover, in RAW 264.7
cells, this region conferred responsiveness to LPS resulting in enhanced expression of

the luciferase reporter gene.

Further study of these RNA binding proteins, including ligand stimulated post-
translational modifications, and their target sequences should provide us with a
deeper understanding of the mechanisms by which they alter gene expression, as
well as allowing us to ascertain the extent to which post-transcriptional control is

involved in gene expression.
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Future Directions
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Although, these methods successfully identified an interaction between a number of
known RNA binding proteins and the conserved ARE of the cyclooxygenase 3'UTR,
they offer little information on the exact mechanisms involved in its
posttranscriptional control. Also, given the size of the cox-2 mRNA, it is difficult to
predict how the 1 — 60 region would “behave” in the context of the full mRNA.
However, its very size makes it virtually impossible to identify the functional
elements, while working with the complete mRNA. Using reporter gene assays, as a
screening tool, helps identify cis-acting elements within the 3'UTR, which may be of
physiological significance. The identification of these sequences and their associated
RNA binding proteins is a constructive initial step in unravelling the complex
interaction of the numerous processes involved in the post-transcriptional regulation
of this gene. I believe that the manageable size of the 1-60 sequence, the LPS
response observed and the presence of multiple RNA-protein complexes make this

region an ideal choice for further examination.

The ultimate fate of each mRNA is intimately linked to its processing history, as well
as the composition of protein complexes associated with it. Many of these RNA
binding proteins are expressed as multiple isoforms and undergo post-translational
modifications that alter their cellular localisation, binding affinity and function. LPS is
known to activate a number of intracellular kinases and iNOS, with the resultant
potential for post-translational modification of RNA binding proteins. Phosphorylation
of AUF-1, TTP and TIA-1 has been documented and a resultant change in function
shown for both TTP and AUF-1306:326:330.337 " Also  the involvement of iNOS in the
induction of cox-2 by LPS has been described in RAW 264.7 cells®*** with the

5

possibility that nitrosylation**® may involved in regulating the function of RNA

binding proteins.
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Using RNA, the point at which post-transcriptional events converge, as the focus for
initial study optimises the potential of isolating the trans-acting factors involved. The
1 — 60 sequence could be harnessed to isolate many of the proteins present in the
RNA protein complexes detected by electromobility shift assay. A combination of 2D-
gel electrophoresis, western analysis and mass spectrometry would enable their
identification, whether multiple isoforms of a given protein are present and whether
post-translational modifications have occurred. Any observed differences related to
lipopolysaccharide treatment are likely to be functionally related to cox-2 post-
transcriptional control. However, the temporal pattern of cox-2 expression in RAW
264.7 cells would suggest that multiple time-points would require examination to

identify the relevant changes.

Once more of the relevant RNA binding proteins are identified, it may be possible to
ascertain a direct link to the mRNA degradation/translation machinery or signal
transduction pathway intermediates. Alternatively, an indirect link via protein-protein
interactions could be detected using yeast two-hybrid and immunoprecipitation
studies, as they may exert their effect through associated protéins. Direct
visualisation of the intracellular localisation of RNA binding proteins and their
relationship to cox-2 mRNA could be examined utilising GFP fusion proteins,

fluorescent in-situ hybridisation and immunoprecipitation.

Further examination of the involvement of the p38 pathway is warranted given the
increasing evidence linking it to post-transcriptional regulation. The biphasic
response to p38 inhibition seen in RAW 264.7 cells is suggestive that it plays multiple
roles in the induction of cox-2 in this cell type. Manipulation of this MAP kinase signal

transduction pathway, using dominant negatives of its multiple isoforms and specific
113



pharmacological inhibitors, together with nuclear run-ons and tet-off vectors may
determine whether it is primarily involved in mediating specific post-transcriptional

events and which p38 isoforms are particularly involved.

Once these techniques are refined using the 1 — 60 sequence, the rest of the cox-2
3’ untranslated region could be screened for other potential control elements.
However, it is likely that these cis-acting elements would behave differently in the
context of the complete sequence. Ideally, the various species of the 3’ UTR
expressed under normal physiological conditions should be compared using these
methods, as there is already some evidence of differences in post-transcriptional

control’®,

Lastly, a search for polymorphisms within 3'UTR of cyclooxygenase-2 of patients with
various pathological conditions may uncover its clinical relevance. If an association is
discovered, this region of sequence could be used to identify the pathogenesis of the
process involved. Abnormalities would probably need to be gene specific (i.e. not
major abnormalities of multi-function AUBPs) to lead to “low grade”, cumulative

environmental damage resulting in disease.
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Cell culture preparation

Rat mesangial cell: }
RPMI-1640 medium supplemented with
10% (v/v) heat-inactivated foetal bovine serum, 0.6% (v/v) insulin 100 U/ml,
100 U/ml penicillin, 100 pg/ml streptomycin, 250 ug/ml amphotericin B, and
15mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) pH 7.4

RAW 264.7 cells:
Dulbecco’s Modified Eagle’s Medium supplemented with
10% (v/v) heat-inactivated foetal calf serum, 100 U/ml penicillin,
100 pg/ml streptomycin, and 15 mM HEPES pH 7.4

Freezing media:
DMEM / RPMI media
containing 20% (v/v) foetal calf serum and 8% (v/v) DMSO

Heat Inactivation of Foetal Calf Serum:
Thaw at 37°C
Heat at 56°C for 30mins
Separate into 50ml aliquots
Store at -20°C

Cell fractionation buffers preparation

Buffer A:
10 mM HEPES pH 7.5, 10 mM KCl, 1 mM EDTA, 1 mM EGTA,
1 mM DTT, 1 mM MgCl,, 5% glycerol, 0.1 mM NaVO,, with protease inhibitors
(1 ng/ml leupeptin, 2 ug/ml aprotinin, and 1 pg/ml pefabloc)

Buffer B:
10 mM HEPES pH 7.5, 10 mM KCI, 1 mM DTT and 1 mM MgCl,

Nuclear Lysis Buffer:
20 mM HEPES pH7.5, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA,
1 mM DTT, 1 mM MgCl,, 25% glycerol with protease inhibitors

EMSA buffer preparation

Binding Buffer:
10 mM HEPES pH 7.6, 5 mM MgCl;, 40 mM KCl,
1 mM DTT, 5% glycerol, 5 mg/ml Heparin

Loading buffer:
80% glycerol, 0.1% bromphenol blue in 50 mM Tris-Cl pH 7.5

Polyacrylamide Gel 4%:
44 mM Tris-Cl pH 8.3, 44 mM Boric acid, 1 mM EDTA,
4% acrylamide-bisacrylamide (29:1) and 2.5% glycerol
(prerun 1 hour at 250 V)
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Protein standard preparation

BSA stock solution 10mg/ml was diluted in water to obtain five protein standards of
increasing concentrations of 0.25, 0.5, 1.0, 2.0, 4.0ug/ul

Western Analysis

Whole Cell Extract (WCE) buffer:
25 mM HEPES (pH 7.4), 0.3 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.1%
Triton X-100, 0.5 mM dithiothreitol (DTT), 20 mMglycerophosphate,
100 pM NaVvOs, 1 pg/ml leupeptin, 2 ug/mil aprotinin and 0.5mg/ml pefabloc

Tris-Buffered Saline:
50 mM Tris-HCI, pH 8.0, 150 mM NaCl
with 0.05 % Tween 20 (TBS-T)

Phosphate Buffered Saline: 10X solution
80g NaCl, 2g KCl, 11.5g Na2HPO4.7H20, 2g KH2PO4,
water to 1L pH = 7.3.

SDS Running Buffer: 10X solution
0.25M Tris, 2.5M Glycine, 1% SDS pH 8.3.

Transfer Buffer:
48mM Tris, 39mM Glycine, 20% methanol, 0.037% SDS pH 9.2.

Electrocompetent E. Coli-DH5q

DH5a were grown in 3ml of LB medium overnight at 37°C

Inoculate 1L of LB medium with pre-cuiture

Grow at 37°C, with vigorous shaking, until an ODggonm Of 0.5-0.8

Remove from the incubator and chill on ice for 30 minutes

All further steps are performed in a cold room at 4°C, with the cells on ice

Precipitate cells by centrifugation (15min x 4000g x 4°), discard supernatant
and resuspend gently in 1L of chilled sterile water. Precipitate as before and
discard supernatant

Repeat wash-step once more with 0.5L of water

Resuspend cells in 20ml of sterile 10% glycerol

Precipitate and discard supernatant

Resuspend in 2ml of 10% glycerol and separate into 80ul aliquots
Freeze on dry ice and store at -70°C.

117



SOC Medium
2% Tryptone
0.5% Yeast Extract
10mM NadCl
2.5mM KClI
10mM MgCl,
10mM MgSO4
20mM Glucose

Luria-Bertani Medium
1% Tryptone
0.5% Yeast Extract
1% NaCl
pH 7.0
Store at room temperature

Luria-Bertani Agar
As per LB medium but add Agar 15g/L before autoclaving
Store at room temperature
X-Gal
To make 40mg/ml stock solution
Dissolve 400mg in 10ml dimethylforamide
Protect from light
Store at -20°C

Electromobility Shift Assay
Binding Buffer: 10x solution
100 mM HEPES pH 7.6
50 mM MgCi2
400 mM KCl
10 mM DTT
50% Glycerol
Loading Buffer: 5X solution
80% Glycerol
0.1% Bromophenol Blue
50mM Tris-HCl pH 7.5
Running Buffer:
0.5X TBE
TBE: 10x solution
0.88M Tris-HCI pH 8.3
0.88M Boric Acid
0.02M EDTA
Gel Recipe: 55 ml
2.75 ml 10X TBE
1.7 ml 80% Glycerol
5.5 ml 40% Polyacrylamide-Bisacrylamide (29:1)
44.6 ml H,0
27.5 pl TEMED
412.5 pl 10%APS
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RAW 264.7 cells rapidly induce cyclooxygenase-2
(COX-2) in response te lpopolysaccharide treatment.
Part of the increased COX-2 expression occurred
through post-transcriptional mechanisms mediated
through specific regions of the 3-uniranslated region
(UTR) of the message. The proximal region of the 3'-UTR
of COX-2 contains a highly conserved AU-rich element
that was able to confer lipopolysaccharide regulation of
a chimeric reporter-gene. Electrophoretic mobility shift
assays demonstrated that the RNA-binding proteins
TIAR, AUF1, HuR, and TIA-1 all form an RNA-protein
complex with the first 80 nucleotides of the 3-UTR of
COX-2. Biotinylated RNA probes were used to isolate
additional proteins that bind the 3'-UTR of COX-2. We
identified several RNA-binding proteins including
TIAR, AUF1, CBF-A, RBM3, heterogeneous nuclear ribo-
nucleoprotein (hnRNP) A3, and hnRNP A2/B1. We iden-
tified four alternatively spliced isoforms of AUF1 which
migrated at multiple isoelectric points. Likewise, we
identified alternatively spliced isoforms of CBF-A,
hnRNP A3, and hnRNP A2/B1. Western analysis of two-
dimensional gels identified multiple isoforms of TIA-1,
TIAR, and AUF1 at pl values that spanned nearly 3 pH
units. Thus, through a combination of alternative splic-
ing and post-translational modification cells are able to
increase greatly the repertoire of protein species ex-
pressed at a given time or in response to extracellular
stimuli.

Macrophages play a pivotal role in potentiating the proin-
flammatory response. Activation of macrophages with bacterial
lipopolysaccharides (LPS) leads to production and secretion of
various cytokines and prostaglandins. Prostaglandin produc-
tion requires induction of cyclooxygenase-2 (COX-2), which cat-
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alyzes the conversion of arachidonic acid to prostaglandin H,,
the common precursor to all prostaglandins, thromboxanes,
and prostacyclina (for review, sce Ref. 1). The LPS-dependent
induction of COX-2 oecurs tranzcriptionally and post-transerip-
tionally (2-4). Specifically, LPS has been shown to regulate
COX-2 message stability through mitogen-activated protein
kinase p38 (5. 6).

The stability of mRNA is determined in many cases by in-
teractions between specific RNA-binding proteins and cis-act-
ing sequences located in the 3'-untranslated region (3'-UTR) of
the message (7. 8). One of the best characterized cis-acting
sequences is the adenylate/uridylate-rich element (ARE). AREs
have been identified in numerous mRNAs (6, 9, 10), including
COX-2. AREs can range in size and generally contain one or
more copies of the pentameric requence AUUUA. The COX-2
message containg up to 22 copies of AUUUA in the 3'-UTR,
many of which are clustered in the proximal 10% of the 3'-UTR.
Murine COX-2 mKNA contains 7 AUUUA repeats within the
first 60 nucleotides of the 3'-UTR. We have shown previously
that this region plays an important role in regulating message
stability and translational efficacy in rat mesangial cells stim-
ulated with interleukin-13 (11).

Several RNA-binding proteins have been identified which
recognize ARE~containing sequences. Binding of some proteins
can lead to increazed message expression, az seen for ELAV
family proteins (HuR, HuB/Hel-N1, HuC, and HuD: (12, 13).
Binding of other proteins, such as TIA-1, TIAR, and tristetra-
prolin, promotes decreased message expression (14-18). Still
other proteins like AUF1 (also known as hnRNP D) may play a
role in both degradation and stabilization of target messages
(7, 19). Adding to the complexity of these interactions is the fact
that many of these proteins exist as multiple isoforms that
arise because of alternative splicing events, all of which may be
subject, to post-translational modifications.

As a first approach to understanding the mechanism
whereby LPS regulates COX-2 expression, we used the proxi-
mal region of the 3'-UTR of COX-2 as a target to identify
sequences required for LPS stimulation and proteins that bind
this region of the 3'-UTR. The proximal 60 nucleotides of the
3-UTR of COX-2 contained a LPS response element that bound
a large number of RNA-binding proteins. Many of these pro-
teins were present as alternatively spliced isoforms and appear
to be post-translationally modified.

EXPERIMENTAL PROCEDURES

Cell Culture—The RAW 264.7 macrophage cell line was maintained
in a 95% air, 6% CO, atmosphere in Dulbeceo’s modified Eagle's me-
dium plus 10% (v/v) heat-inactivated fetal ealf serum, 100 units/nl
penieillin, 100 pg/ml streptomycin, and 156 mi4 HEPES. Cell were stim-
wlated with LPS (Escherichia coli 0111:B4, Sigma) at 100 ng/ml for the
indicated times.

This paper is available on line at http://www.jbc.org
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Lucifera

5°-DTR Coding Region 3*UTR

Truncation #1: CUACUOACCAUAUUUAUUUAUUUAUOUOAAGAAUtJUAAUIJUAAUUAtJUUAAUAUUUAUAC

20 60

Truncation «2 AUUUAUOUOAAGAAUUUAAUUUAAUUAUUUAAUAUUUAUAC
24 60

Truncation *3: AUGUGAAGAAUUUAAUUUAAUUAUUUAAUAUUUAUAC

pGOc 12232 1-60 2060 24-60 60-2232

pGUc 1-2232 1-® 3360 24-60 60-2232

Pio. 1. Reporter-gene assay identifies a LPS response element in the 3'-UTR of COX-2. RAW 264.7 cells were transiently transfected
with plasmids encoding luciferase alone, pGL3c, or containing the indicated region of the 3'-TJTR of COX-2. Luciferase activity was measured in
cell lysates and normalized to cellular protein. A, sequence of the first 60 nucleotides of the 3'-UTR of COX-2 and indicated truncations. B,
luciferase activity in lysates from nonstimulated cells. C, -fold increase in luciferase activity in lysates from cell stimulated with LPS for 6 h.
Luciferase results represent the mean + S.E. for three to seven independent experiments.

Plasmids—Reporter-gene constructs were generated as described  quences. PCR products were ligated in the unique Xbal site of the pGL3
previously (11). Briefly, various regions of the 3'-UTR of COX-2 were  control vector (Promega Corp.), located in the 3'-UTR of the firefly
amplified by PCR using primers terminating in Xbal recognition se-  luciferase gene. Vectors used for synthesis of ENA probes for electro-
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Calficrtyn.

LPS:

Flo. 2. Formation of RNA-protein
complexes with the proximal region
of the 8-UTR of COX-2 and cellular cs
fractions of RAW 264.7 cells. Radio-
labeled RNA probes were incubated with
either cytosolic or nuclear fractions iso-
lated from RAW 264.7 cells treated with
or without LPS for 1 h. Complexes were
separated on nondenaturing gels and vi-
sualized by autoradiography. Complexes
were identified by changes in electro-
phoretic mobility compared with free cl
probe.

Cc4

Pm piob*

phoretic mobility shift assays (EMSAs) and binding assays were con-
structed by amplifying the same 3'-UTR sequences except that the
primers encoded a Hindin recognition site at the 6'-end and a BamHI
site at the 3'-end. The PCR products were ligated into the HindlIIl and
BamHI sites of pcDNA3 (Stratagene).

Transient Transfections—RAW 264.7 cells were transiently trans-
fected using SuperPect Transfection Reagent (Qiagen Corp.). Cells were
plated into 6-well cluster dishes, grown to 75% confluence, and trans-
fected with 1 pg ofreporter-gene plasmid DN Aata 4:1 SuperPect:DNA
ratio After transfection, cells were incubated overnight and subse-
quently analyzed for gene expression.

Luciferase Assay—Luciferase activity was determined using a lucif-
erase assay system, following the manufacturer's protocol (Promega
Corp.). Briefly, cell monolayers in 6-well cluster dishes were removed by
scraping into ICO pi of reporter lysis buffer. Cells were vortexed and
cellular debris removed by centrifugation (30s at 12,000 X g) Lucifer-
ase activity was measured using a Lumat LB 9507 luminometer (E G &
GWallac) as described previously (11).

Cell Fractionation—All fractionation buffers were kept on ice and
contained 0.26 nw Pefabloc, 2 pM leupeptin, 0.3 pM aprotinin, and 0.1
mM sodium orthovanadate. Cells were washed in ice-cold phosphate-
buffered saline, scraped offthe flasks into buffer A (10 mM HEPES, 10
mM KCl, 1 mM EDTA I mM EGTA | mM DTT, 1 mM MgCla 5%
glycerol), and incubated on ice for 10 min. After incubation, Nonidet
P-40 was added (final concentration 0.25%), and the cells were vortexed
for 10 s. Nuclei were isolated by centrifugation (1,600 x g for 10 min at
4 *C). The supernatant was further centrifuged for 5 min at 16,000 x g
and saved as the cytosolic fraction. Nuclei were washed twice in buffer
B (10 mM HEPES, 1 mM MgClj, 1 mM DTT, 10 mM KCLj), resuspended
in buffer C (20 mM HEPES, 400 mM NaCl» 1 nW EDTA 1 mM EGTA 1
M Mgd* 1 mM DTT, 26% glycerol), and allowed to swell on ice for 16
min with frequent vortexing. Iysed nuclei were centrifuged at 6,000 x g
for 5 min at 4 °C. The supernatant (nuclear protein) was removed and
used immediately or frozen at -20 *C. For each 226-cm2 flask, ~1 mg of
nuclear protein and 7 mg of cytosolic protein were obtained. Protein
concentrations were determined using the BCA protein assay,

In Vitro Transcription—Radiolabeled RNA probes were generated by
in vitro transcription using T 7 RNA polymerase plus (Ambion, Inc.) and
COX-2 3'-UTR plasmids (described above) as template. Transcription
reactions contained 100 units of T7 polymerase; 600 pM each ATP, CTP,
GTP; 12.5 pM UTP; 200 pCi of 32PJUTP (6,000 Ci/mmol, PerkinElmer
Life Sciences), 10 mM DTT; 10 pg of plasmid template linearized by
digestion with BamHI for the COX-2 gene or EcoRI for TA vector
control, in a total volume of 60 pi of Ix transcription buffer (Ambion,
Inc.). Transcription reactions were incubated for 1 h at 37 'C. Unincor-
porated nucleotides were removed using Sephadex G-25 mini Quick
Spin RNA Columns (Roche Applied Science).

U
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1-60 20-60 24-60
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Biotinylated RNA oligonucleotides corresponding to either the 3'-
UTR of the COX-2 gene or a 63-nucleotide region of the TA cloning
vector (Invitrogen) were made by n vitro transcription using a modified
protocol of the T7-MEG Ashortscript high yield kit (Ambion). A final
reaction volume of 20 pi contained the following: 2 pi of 10x transcrip-
tion buffer; 2 pi each of 75 mM ATP, GTP, UTP; 1 pi of 75 mM CTP; 7.5
pi of 10 mM biotinylated CTP (Invitrogen); 10 pg of COX-2 DNA tem-
plate; and 2 pi of T7 MEGAshortscript enzyme mix. Transcription was
carried out overnight at 37 °C and the reaction stopped by adding 2 pi
of RNase-free DNase and incubating for 15 min at 37 “C Unincorpo-
rated nucleotides were removed with mini Quick Spin RNA columns
centrifuged at 1500 x g for 4 min. The final concentration of RNA was
determined spectrophotometrically by measuring absorbance at 260
nm.

EMSA and Antibody Supershtfts—Typically, 5-10 pgof cell fraction
protein was incubated for 30 min at 37 °C in EMSA binding buffer (10
mM HEPES pH 7.6,5 mMMgCLj, 40 mim KCI1, 1 mM DTT, 5% glycerol, 6
mg/ml heparin) with 1-6 pmol of “ P-labeled RNA probe in a final
volume of 20 pi. For supershift experiments, binding mixtures included
0.2 pg of affinity-purified IgG for anti-HuR, -TIA-1 and -TIAR (Santa
Cruz Biotechnology); or 1 pi of anti-AUF1 (20); or 1 pi of normal goat
serum (Sigma). RNase T1 (10 units) was added to EMSA or supershift
samples and incubated for 15 min at 37 °C. Loading buffer (5 pi)
containing 80% glycerol, 0.1% bromphenol blue in 50 mM Tris-HCI, pH
7.5 was added, and samples were electrophoresed (260 V for 3 h) on 4%
polyacrylamide gels (pre-run 1 h at 200 V) containing: 44 mM Tris-HCl,
pH 8.3, 44 mM boric acid, I mM EDTA 4% acrylamide:bisacrylamide
(29:1), and 2.6% glycerol. EMSAs were visualized by autoradiography.

Binding Reaction—Approximately 20 units of RNase inhibitor was
added to 5 mg of nuclear or cytosolic protein and incubated with 120-
160 pg of biotinylated RNA at room temperature for 2 h with constant
rotation. Streptavidin-agarcse beads (600 pi) were washed three times
with 1 ml of EMSA binding buffer, added to the protein/biotinylated
RNA mixture, and incubated for an additional 2 hat room temperature
with constant agitation. The beads were then washed four times with 1
ml of EMSA binding buffer at room temperature, and bound proteins
were eluted from the RNA with a high ionic strength salt solution (1 m
NaCl in EMSA binding buffer) or with rehydration buffer.

Sample Preparation—For protein identification experiments, sam-
ples were desalted using a Millipore Centricon centrifugal filter device
with a molecular mass cutoff of 10 kDa. Protein samples were brought
up toa volume of 2 mlin a 4% CHAPS solution, applied to the Centricon
membrane, and centrifuged at 1,500 x g for 4 h. The concentrated
sample was again diluted to 2 ml in 4% CHAPS, applied to the mem-
brane, and centrifuged at 1,500 x g for 8 h to a final volume of ~30 pi.
Protein concentrations were measured using the RC DC protein assay
(Bio-Rad).
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Fic. 3 Identification of RNA-binding proteins present in several RNA-protein complexes. Radiolabeled RNAprobas corresponding to
the first 60 nucleotides (probe 1) or nucleotides 24-60 (probe 3) of the 3'-UTR of COX-2 were incubated with cellular fraction from RAW 264.7 cells
in the presence of nonimmune serum (IVI) or antibodies raised against the indicated protein. RNA-protein complexes (C1-C 6) and supershifted
complexes (S1-S3) are indicated. Incubations were conducted with either cytosolic fractions (4) or nuclear fractions (B),

For Western analysis, samples were desalted and concentrated by
acetone precipitation. Acetone, stored at —80 “C, was added at a ratio of
6:1 (v/v), vortexed briefly, and incubated for 30 min at -80 "C. The
precipitate was collected by centrifugation for S min at 16,000 x g The
supernatant was removed, and the protein pellet was air dried for 5
min. Protein was resuspended in 250 p.l of rehydration buffer prior to
isoelectric focusing.

Isoelectric Focusing—Samples were added to the rehydration solu-
tion (8 Murea, 0.16 mg/ml DeStreak reagent CAmersharn Biosciences),
4% CHAPS, 0.2% carrier ampholytes, pH 7-10, 0.0002% bromphenol
blue) in a ratio of 9:1 of rehydration solution to sample. Samples were

applied to 11-cm immobilized pH gradient strips, pH 7-10 (Bio-Rad)
and incubated at room temperature for 1 h. Strips were passively
rehydrated overnight (16 h) while covered in mineral oil. After rehy-
dration, the strips were transferred to a focusing tray with prewetted
wicks and covered with fresh mineral oil. The strips were focused for a
total of 17,000 volt-hours with rapid ramping on the Bio-Rad Protean
IEF Cell.

Second Dtmensicn—After focusing the strips were equilibrated in
equilibration buffer I (6 Murea, 2% SDS, 0.06 M Tris-HCI, 20% glycerol,
and 2% DTD for 10 min and equilibration buffer II (6 m urea, 2% SDS,
0.05M Tris-HCI, 20%glycerol, and 2.5%iodoacetamide)for IOmin, both
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Fio. 4. Identification of proteins bound to the proximal region
of the 3-UTR of COX-2. Nuclear protein fraction isolated from non-
stimulated RAW 264.7 cells was incubated with biotinylated RNA cor-
responding to the first 60 nucleotides of the 3'-UTR of COX-2. Bound
proteins were isolated with streptavidin-coated agarose beads and
eluted in a 1 M NaCl-containing buffer. Proteins were resolved by
two-dimensional gel electrophoresis spanning a pH range of 7-10. Pro-
teins were visualized with Coomassie Blue and identified by mass
fingerprint analysis and electrospray mass spectrometry sequencing
(see Table D,

with gentle agitation. The strips were rinsed in SDS running buffer (26
mM Tris-HCI, 260 mM glycine, and 0.1% SDS) and applied to the well of
an 8-16% acrylamide Criterion precast gel (Bio-Rad) for protein iden-
tification and 10.6-14% acrylamide for Western analysis. The strips
were covered with an overlay of agarose and run for 1 h at 200 V.
Protein Identification—Gels were transferred to the frotein and
Nucleic Acid Chemistry Laboratory (PNACD at Washington Univer-
sity, where spots were picked by an automated gel cutter and trans-
ferred to an automated sample digestion robot. Samples were analyzed
by a PE-Biosystems Voyager DE-PRO MALDI-time of flight massspec-
trometer and a Finnigan liquid chromatography quadrupole ion trap
electrospray mass spectrometer. Data base searching utilized Mascot
software and MM-Fit from Protein Prospector version 4.06 (UCSF).
Western Blot Analysis—Nuclear and cytosolic fractions were isolated
from RAW 264.7 cells treated with and without LPS for 1 h. Proteins
that bound to biotinylated RNA were eluted with rehydration buffer
and subjected to two-dimensional electrophoresis as described above.
Proteins were transferred to Immobiion-P membranes (Millipore Corp.)
for 1 h at 20 V, blocked with 5% nonfat milk, and probed with mono-
clonal anti-HuR antibody, polyclonal anti-TIA-1 (Santa Cruz Biotech-
nology); polyclonal anti-TIAR (BD Biosciences); or polyclonal anti-
AUFI (Upstate Biotechnology) all at a 1:1,000 dilution. Horseradish
peroxidase-linked secondary antibodies (Amersham Biosciences) were
used at a 1:10,000 dilution. Signal detection was carried out using
enhanced chemilumineseence system (ECL, Amersham Biosciencas).

RESULTS

The First 60 Nucleotides of the 3'-UTR of COX-2 Contain a
Negative Control Element That Is Regulated by L FS—V arious
regions ofthe 3'-UTR of COX-2 were inserted into the 3-UTR
of the luciferase reporter-gene (Fig. LA) and transiently ex-
pressed in RAW 264.7 cells. When the full-length 3 -UTR (1-
2232) was placed in the reporter message, luciferase activity
decreased more than 90% compared with luciferase alone ('Fig.
IB). Luciferase activity decreased 60% with insertion of only
the first 60 nucleotide of the 3'-UTR of murine COX-2. This
region of the 3'-UTR contains multiple copies of the AUUUA
consensus sequence reported to confer decreased stability
and/or translational efficiency of COX-2 mRNA (11). Sequen-
tial deletion ofthe proximal portion ofthis region ofthe 3'-UTR
resulted in first an increase in reporter-gene expression and
then a further decrease in expression (Fig. IB), suggesting that
multiple control elements were operative. When RAW cells
were exposed to LPS, reporter-gene activity from a message-
containing luciferase control without any COX-2 sequence in-
creased less than 2-fold within a 6-h treatment time (Fig. 1C).

Proteins That Bind an LPS Response Element of COX-2

However, the activity of the reporter-gene containing the full-
length 3'-UTR increased more than 10-fold (Fig. 1C) under the
same treatment conditions. Again, a large portion of the in-
crease occurred in the presence of the proximal region of the
3'UTR alone, where the 60-nucleotide insert caused a 6-fold
increase in luciferase activity within 6 h of stimulation (Fig.
10 and more than 10-fold over a 10-h stimulation (results not
shown). The LPS responsiveness of the reporter-gene was lost
when the first 23 nucleotides of the 3' UTR were deleted. Thus,
the first 60 nucleotides ofthe 3 -UTR of COX-2 contain major
control elements that confer decreased expression under non-
stimulated conditions and increased expression in response to
LPS stimulation.

The First 60 Nucleotides ofthe 3'-UTR of COX-2 Form Mul-
tiple RNA-Protein Complexes That Contain Known RNA-bind-
ing Proteins—To understand more fully how the proximal re-
gion ofthe 3'-UTR of COX-2 regulates message expression, we
setout to identify protein factors that bind to this region of the
message. In the first set ofexperiments we used EMSASs to look
forknown RN A-binding proteins thatregulate message expres-
sion. When in vitro transcribed RNA representing the first 60
nucleotides of the 3'-UTR of COX-2 was incubated with either
nuclear fractions or cytosolic fractions from RAW 264.7 cells,
there were shifts in the mobility of the RNA probe indicating
the formation of multiple RNA-protein complexes. EMSA re-
sults identified at least five distinct complexes (Fig. 2). These
complexes formed using both nuclear (lanes labeled N) and
cytosolic (lanes labeled © fractions and were not grossly al-
tered by treatment with LPS. However, truncating the RNA
probe resulted in decreased intensity of some complexes (Fig. 2,
C4 and C5) and increased intensity of others (Fig. 2, C2 and
C3). These changes were more prominent with the nuclear
protein fractions. The fact that the mobility of the complexes
did not change as a result of the truncation suggests that the
composition of the complexes was not altered drastically, and
the change in intensity occurred because ofa change in complex
stability.

The identity of some ofthe proteins present in the complexes
was determined by adding antibodies raised against known
RNA-binding proteins and looking for a loss in complex inten-
sity and/or formation ofa higher molecular mass complex (su-
pershift). Using this approach we demonstrated that the RNA-
bincBng proteins TIAR, AUF1, HuR and TIA-1 were able to
bind to the proximal 60 nucleotides of the 3'-UTR of COX-2.
When antibodies against either TIAR or TIA-1 were included in
the binding reaction containing cytosolic protein fractions and
RNA probes (Fig. 3A), two higher molecular mass complexes
formed (supershifts S2 and S3). Both supershifts were present
with the 1-60 probe, whereas only the higher supershift (S3)
remained when the probe was truncated. In all cases, the
supershift was accompanied with a severely decreased inten-
sity in complex C3. Likewise, addition of anti-HuR antibody
resulted in formation ofa supershift (Si) and decreased inten-
sity ofcomplexes C1 and C2 formed with cytosolic proteins (Fig.
3A). The supershift was more apparent in the 60-nucleotide
probe and decreased as the probe was truncated, whereas the
loss of complexes C1 and C2 occurred with both probes. Addi-
tion ofantibody directed against AUF1 caused no major change
in the intensity of the RNA-protein complexes nor caused the
appearance of a supershift when used in conjunction with cy-
tosolic protein fractions (Fig. 3A).

When using nuclear fractions (Fig. 3B), supershift results
with TIA-1, TIAR, and HuR antibodies were similar to those
using proteins isolated from cytosolic fractions (Fig. 3A). The
exceptions were that the TIA-1 and TIAR antibodies formed a
single higher molecular mass complex (Fig. 3B, S2), and the
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TaBLE I
Identification of proteins bound to the consarved ARE of COX-2 messuage
Spot no Protein Organiem Acceszion no. Mass % Sequence covered Peyxniﬁé‘g‘?rlaghed Maﬁémre
kDa
1 CEF-A Mouse 754232 309 48 43 513
2 CBF-A Mouse 6754222 303 20 29
3 AUF1 pds Rat 95380 ag.1 30 40 218
4 CEF-A Mouse 6754229 30.9 46 53 393
5 AUUF1 p37 Rat 9588101 30.4 39 53 219
6 REM 3 Mouse 7343121 18.8 11 a8
7 REM 3 Mouse 7949121 8.8 11 32
8 REM 3 Mouse 7249121 156 18 106
9 hnRNF A%/B1 Mouse 79430583 3% &0 66 71
10 ATJF1 p42 Rat 9533033 36 28 32 282
11 AUF1 p4s Rat 9633096 331 21 32 135
12 ATUF1 p42 Rat 9638098 36 7 110
13 hnRNP A2/B1 Mouse 21071081 38 17 218
14 AUF1 p40 Rat 9688100 326 13 112
15 TIA 1 Mouse 14714709 41.8 18 209
15 CBF-A Mouse 6764222 30.9 22 333
17 CEBF-A Mouse 6754222 30.9 94 148
18 hnENF A3 Mouse 30316201 33.7 33 33
19 hnRNP A3 Mouss 26391929 37.1 27 55
< ES-MS, electrospray-mass spectromatry.
10 pH 7 19 pH 7
113 o 113
97— 92—
523 - [ - - ___/” __-] 503 - .
35— TOINS 35— / NS
259 — 29 — -~
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2l - i TIAR
P13 - 117 —
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Pic. 5. Two-dimensional Western analysis of AUF1. Nuclear
protein fractions isclated from RAW 264.7 cells that bound the proximal
80 nucleotides of the 3*-UTR of COX-2 were resolved on two-dimen-
sional gels ranging from pH 7 to 10. Blots using proteins from non-
stimulated cells NS) or cells treated with LPS for 1 h (LPS) were
probed with anti-AUF1 antibody.

HuR-dependent supershift was greatly diminished (Fig. 3B,
S1v. In contrast, addition of anti-AUF1 antibody to binding
reactions containing nuclear protein fractions resulted in
nearly a complete disappearance of all RN A gel shifts (Fig. 3B).
These results were reproducible and dependent on the concen-
tration of antibody added, suggesting that AUF1 was present
in all the nuclear RNA-protein complexes. In all cases, the
appearance of a supershift and disappearance of complextes)
was not affected by treating cells with LPS prior to cellular
fractionations.

Additional Proteins That Bind the 3'-UTR of COX-2—As a
second approach to identify proteins that bind to the 3'-UTR of
COX-2, biotinylated RNA probes were incubated with nuclear
protein fractions, and bound proteins were isolated with
streptavidin-coated agarose beads. Proteins were eluted from
the RNA with a high ionic strength buffer (1 M NaCl), separated
on two-dimensional gels, and stained with Coomassie Blue.

Fic. 8. Two-dimensional Western analysis of TIAR. Nuclear pro-
tein fractions isolated from RAW 264.7 cells that bound the proximal 60
nucleotides of the 3'-UTR of COX-2 were rasolved on two-dimensional
gels ranging from pH 7 to 10. Blots using proteins from nonstimulated
cells V) or cells treated with LPS for 1 h (LPS) were probed with
anti-TIAR antibody.

The indicated spots (Fig. 4) were excised, digested with trypsin,
and subjected to peptide mass fingerprinting by MALDI and
confirmed by liquid chromatography coupled to electrospray
mass spectrometry. The identification of the spots is summa-
rized in Table L The 19 spots we identified were represented by
six different proteins. Two of these proteins were identified
previously in the EMSA experiments described above; namely,
TIAR and AUF1. The additienal proteins were CPF-A (hnRNP
A/B), RBM3, hnRNP A2/B1, and hnRNP A3.

CPF-A was identified as an ARE-binding protein that exists
as two isoforms, p37 and p42, which arise because of alterna-
tive splicing (21). We identified five spots that matched the
sequence of CBF-A, three migrated at the lower molecular
mass (p37), and two at the higher molecular mass (p42). The
liquid chromatography electrospray mass spectrometry data
from spots 1 and 4 contained sequences that span the alterna-
tively spliced exon junction confirming that these proteins were
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TIA-1

F1a. 7. Two-dimensional Western analysis of TIA-1. Nuclear pro-
tein fractions isolated from RAW 264.7 cells that bound the proximal 60
nucleotides of the 3'-UTR of COX-2 were resolved on two-dimensional
gels ranging from pH 7 to 10. Blots using proteins from nonstimulated
cells VNS) or cells treated with LPS for 1 h (LPS) were probad with
anti-TIA-1 antibody.

the p37 isoform. Spot 16 lacked sequence data at the splice
Jjunction; however, this protein migrated at the same apparent
molecular mass as spots 1 and 4 and was also designated as the
p37 isoform. Peptide sequence data for spots 2 and 17 did net
confirm the presence of the alternatively spliced exon; however,
the migration of these proteins in the second dimension sug-
gests that they were the p42 isoform.

Similarly, AUF1 exists as multiple alternatively spliced iso-
forms (22). In this case there two exons, 2 and 7, which are
alternatively spliced giving rise to four different isoforms, p37,
p40, p42, and p45. Both exons 2 and 7 are present in p45,
iseform p42 lacks exon 2, p40 lacks exon 7, and p37 is missing
both exons 2 and 7. We have identified six different spots
migrating at four different molecular masses as AUF1. Unfor-
tunately, no peptide sequence data confirmed whether exon 7
was present or absent in any of the AUF1 spots. Peptide se-
quence data for spots 3 and 11 coofirm the presence of exon 2,
and because these proteins migrated at the highest molecular
mass they were assigned to isoform p45. Spot 10 migrated at a
slightly lower molecular mass, and sequence data confirmed
that exon 2 was absent in this protein suggesting that this was
isoform p42. Spot 12 migrated at the same apparent molecular
mass and was also designated as isoform p42. AUF1 spot 5
migrated at the lowest molecular mass, and sequence data
confirmed that exon 2 was absent. Accordingly, this spot was
assigned to isoform p37. Finally, spot 14 migrated at a molec-
ular mass between isoforms p37 (spot 5) and p42 (spots 10 and
12), suggesting that it was isoform p40. Thus, all four isoforms
of AUF1 were able to bind to the proximal region of the 3'-UTR
of COX-2.

Protein spots 9 and 13 were identified as hnRNP A2/B1. Like
CBF-A and AUF1, the spots migrated at different molecular
masses. Spot 13 migrates at the reported molecular mass, 36
kDa, whereas spot 9 migrated at a higher molecular mass,
raising the possibility that hnRNP A2/B1 may have alterna-
tively spliced isoforms. Likewise, hnRNP A3 was identified at
two molecular masses (spots 18 and 19) but with similar iso-
electric points.

RNA-binding Proteins Exist in a Wide Range of Iscelectric

Protetns That Bind an LPS Response Element of COX-2
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Fi6. 8. Two-dimensional Western analysis of HuR. Nuclear pro-
tain fractions isclated from RAW 284.7 cells that bound the proximal 60
nusleotides of the 3'-UTR of COX-2 were resolved on two-dimensional
gels ranging from pH 7 to 10. Blots using proteins from nonstimulated
cells (NS) or cells treated with LFS for 1 h (LPS) were probed with
anti-HuR antibody.

Points—In addition to different molecular masses, proteins
present in multiple spots migrated at ditferent isoelectric
points. Some of these differences may occur because of changes
in primary sequences as a consequence of alternative splicing.
In other cases, isoforms of a protein of the same apparent
molecular mass and most likely the same primary sequence
were present at multiple isoelectric points. The range of iso-
electric points for an individual protein varied from approxi-
mately half a pH unit for AUF1 isoforms p45 (spots 3 and 11)
and p42 (spots 10 and 12), to 1-2 pH units for CBF-A isoforms
p37 (spots 16, 1, and 4) and p42 (spots 2 and 17) and RBM3
(spots 6, 7, and 8). These changes in isoelectric points are
believed to be the result of post-translational modifications.

To determine whether additional isoforms of RNA-binding
proteins were bound to the 3'-UTR of COX-2, we performed
Western analysis using a series of two-dimensional gels with
proteins eluted from RNA affinity probes. Western blots were
probed with antibodies raised against RNA-binding proteins
AUF1, TIAR, TIA-1, and HuR. AUF1 antibody recognized mul-
tiple isoforms that span the entire pH range of 7-10 (Fig. 5).
Several different molecular mass species appeared which mi-
grated between the 35- and 50-kDa standards. AUF1 and
CBF-A have a high degree of homology, and it has been re-
ported that AUF1 antibodies cross-react with CBF-A (21), thus
it is likely that the reactive proteins were a combination of
AUF1 and CBF-A isoforms.

In contrast to the AUF1 result, antibodies directed against
TIAR and TIA reacted with a limited number of protein species
(Figs. 6 and 7). TIAR antibodies reacted with isoforms migrat-
ing at three ditferent pl values and two different molecular
masses. TIA-1-specific antibodies recognized two molecular
mass species migrating at two different pl values. The two
different molecular mass proteins for TIAR and TIA-1 were
consistent with the two known alternatively spliced isoforms
(23). The change in isoelectric points may represent post-trans-
lational modifications of the proteins. Finally, HuR was de-
tected as a single spot that migrated at an iscelectric point
nearly equal to 10 (Fig. 8).

RNA affinity probes were also made using an unrelated DNA
template derived from the TA cloning vector that contained no
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AREs. Protein eluted from this RNA migrated as multiple spots
on two-dimensional gels stained with Coomassie Blue (results
not shown). However, Western analysis of these gels failed to
detect any of the proteins that were identified when using
COX-2 RNA (Fig. 9). These results indicate that binding of
proteins to COX-2 RNA was sequence-specific.

Western analysis of protein fractions from cells treated with
LPS indicated subtle changes in the molecular species of the
RNA-binding proteins that recognize the 3'-UTR of COX-2.
Probing blots with anti-TIAR antibodies demonstrated that
three isoforms of the protein, differing in their isoelectric point,
were bound to the RNA probe (Fig. 6). The two isoforms of
lower pl reacted with the antibody at a similar intensity when
using protein from nonstimulated and LPS-treated cells. How-
ever, the reactive species present at the highest pI was present
at a much higher level in the LPS treatment group. Also, the
higher molecular mass isoform was identified only with the
LPS-treated protein fraction. AUF1 also showed a difference in
reactive protein species bound to RNA probes when using nu-
clear fractions from nonstimulated and LPS treatment groups
(Fig. 5). Reactive proteins in the acidic half of the gel produced
a pattern that was relatively the same across treatment
groups, whereas the basic half of the gel had a pattern that was
clearly altered by LPS treatment. In general the proteins pres-
ent in this portion of the gel reacted more intensely with the
antibody. Also, some of the protein species were present only in
the nonstimulated group (Fig. 5, filled arrow), and others were
present only in the LPS-treated sample (Fig. 5, open arrow).
These results suggest that LPS treatment caused a change in
the specific isoforms of various RNA-binding proteins that rec-
ognize the 3'-UTR of COX-2.

DISCUSSION

The proximal region of the 3'-UTR of the COX-2 message
plays a pivotal role in regulating protein expression. The first
60 nucleotides of the message contain a highly conserved ARE
composed of multiple iterations of the sequence AUUUA. This
region of the COX-2 message was sufficient to cause decreased
expression of a heterologous reporter-gene. When expressed in
a murine macrophage cell line (RAW 264.7), reporter-gene
activity increased after treatment with LPS. This response was
dependent on the 3'-UTR sequences from COX-2 message
which were present in the reporter-gene message. Inclusion of
the full-length 3'-UTR or the proximal 60 nucleotides alone
caused the reporter-gene to be regulated by LPS. Furthermore,
removal of the first 60 nucleotides from the full-length 3'-UTR
attenuated the LPS response and truncation of the 60 nucleo-
tide region such that the first group of AUUUA repeats was
removed caused a complete loss of LPS induction. The results

suggest that the proximal region of the 3'-UTR of COX-2 plays
two roles in regulating gene expression. First, this region was
required for decreased gene expression under basal conditions,
and second, it was required for full induction of gene expression
after exposure to LPS.

The mechanism whereby LPS stimulation leads to changes
in target gene expression is not fully understood. LPS induces
gene expression through a combination of transcriptional acti-
vation and message stabilization (2, 3, 24). Changes in message
stabilization oceur through specific interactions of RNA-bind-
ing proteins. Because the proximal region of the 3'-UTR of
COX-2 contained a LPS response element, identification of the
proteins that bind to this region of the COX-2 message may
help identify key proteins required for LPS regulation of
COX-2.

Several RNA-binding proteins have been reported to bind the
3'-UTR of COX-2: AUF1 (25), HuR (26, 27), CPF-A (21),
CUGBP2 (28), TTP (17), and hnRNP A0 (29). Most of these
were reported to bind to the proximal region of the 3'-UTR
equivalent to the region used in our study, except for TTP
which bound a more distal site (the report on hoRNP A0 did not
identify the specific binding site). Using a combination of EM-
SAs, proteomics, and Western analysis we identified many of
these proteins as well as others that bind to the proximal 60
nucleotides of the 3'-UTR of COX-2. The function of many of
the proteins we identified is known. Some have been reported
to regulate message stability, HuR (26, 27), AUF1 (25), and
CPF-A (21) and others such as TIAR and TIA-1 are believed to
regulate message translation (14, 15). Many of the heterogene-
ous nuclear ribonucleoproteins, including hnRNP A3 and A2/
B1, are implicated in cytoplasmic trafficking of RNAs (30, 31).
Additionally, we identified RBM3 as a COX-2 ARE-binding
protein. The exact function of this protein is not yet known, but
RBMS3 contains a RNA binding motif and has been reported to
be up-regulated during cold-shock (32, 33) and identified as a
cytokine-induced gene in human premyeloid cells (34).

The complexity of proteins that bind to the 3'-UTR of COX-2
was further exemplified by the proteomic results. Our pro-
teomic analysis demonstrated that multiple isoforms of AUF1,
CPF-A, RBM3, hnRNP A2/B1, and hnRNP A3 bind to this
region of the 3'-UTR of COX-2. The different isoforms of a given
protein were identified by shifts in isoelectric point and/or
apparent molecular mass. Changes in molecular mass can arise
because of alternative splicing events. In fact, electrospray
mass spectrometric data confirmed the presence of alternative
splice forms for AUF1 and CBF-A. HnRNP A2/B1 and hnRNP
A3 were identified at two spots that migrated at different
molecular masses, suggesting that alternatively spliced iso-
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forme of these proteins also exist. Alternative splice variants of
TIAR and TIA-1 have been reported previously (23). Thus, the
synthesis of alternatively spliced isoforms appears to be a com-
mon theme for RNA-binding protcins.

Changes in a proteins pI may be caused by post-translational
modifications, such as phosphorylation, sulfation, and acetyla-
tion. We have shown that the majority of the proteins identified
in this study migrate to multiple isoelectric points. AUF-1,
CPF-A, and RMB3 all were identified by MALDI and electro-
apray 1nass spectrometry at different isoelectric points and the
same apparent molecular mass. The range of pl values repre-
sented by each protein varied but extended frum 0.5 to 2 pH
units. Western analysis of two-dimensional gels demonstrated
that TIA-1 and TIAR migrated at a wide range of lwoelectric
points. Western results with AUF-1 antibodics showed reactive
proteins across the entire gel (pH 7-10). In this casc it is likely
that the reactive proteins were a composite of AUF-1 and CRF-A
becanse it was reported that AUF-1 antibodies can cross-react
with CBF-A because of their high degree of homology (21).

EMSA experiments demonstrated that RNA-binding pro-
teins IuR, TIA-1, TIAR, and AUF1 could bind to the first 60
nucleotides of the 3'-UTR of COX-2. The results of these exper-
iments differed using proteins isolated from nuclear tractiona
compared with cytosolic fractions. When using nuclear protein
fractions, the addition of antibodies directed toward HuR.
TIA-1, or TIAR resulted in a single supershift in mobility of the
RNA probe which was accumpanied by decreased intensity of
apecific RNA-protein complexes. In contrast. when using cyto-
solic protein fractions, the supershift formed with antibodies
raised against TIA-1 and TIAR was present as a doublet. When
the RNA probe was truncated, the faster migrating complex
was lost. The single supershift using nuclear proteins appeared
to migrate at. the position of the lower band of the doublet seen
with the cytosolic protein fractions. One explanation for these
results is that TIA-1 and TIAR were modified prior to exiting
the nucleus. This modification could affect the affinity of these
proteins with other protein partners and thereby change the
molecular mass of the supershifted complex. Truncation of the
probe promoted the formation of the slower moving complex.

The most striking difference hetween nuclear and cytosolic
proteins was scen with AUF1 EMSA experiments. There was
no discernible change in the gel shift pattern when AUF1
antibody was added to cytosolic protein-binding reactions.
However, there was nearly complete disruption of all RNA-
protein complexes when AUF1 antibody was included in the
nuclear protein reactiona. The reason for the difference is not
clear. Either AUF1 in cytosolic fractions did not bind to the
RNA probe, or cytosolic protein complexes had a different com-
position or conformation such that the anti-AUF1 antibody no
longer recognized the reactive epitope. Two-dimensional West-
ern experiments showed that AUF-1 antibodies detected pro-
teina from cytosolic fractions that were bound to the proximal
region of the 3'-UTR of COX-2 (results not shown), suggesting
that the inability to detect supershifts vi disrupt RNA-protein
complexes with cytosolic protein fraction was caused by seques-
tration of the antigenic determinant of AUFI.

In addition to altered binding propertics dependent on the
cellular location of proteins, we measured subtle changes in
protein migration in two-dimensional gele as a result of stim-
ulation with LPS. Western analysis indicated a change in re-
activity of some izoforms of RNA-binding proteins and the
appearance and disappearance of others. LPS is known to
activate multiple protein kinase cascades and may lead to the
phosphorylation of many of the RNA-binding proteins and alter
their functional properties. Indeed, it has been shown that
phosphorylation of various hnRNP proteins resulted in altered

Proteins That Bind an LPS Response Element of COX-2

affinity of the proteins for either RNA targets and/or other
proteins (29, 35, 36). Recently, it has been reported that
dephosphorylation of the p40 izoform of AUF1 coincided with
rapid induction and increased stability of ARE-containing
messages (17). Furthermore, the phosphorylation status of
p40AUF | altered its affinity for ARE-containing messages
and altered the RNA conformation (28). The changes in pro-
tein migration we have found for AUF1, as well as the other
proteins, may be the result of altered phosphorylation states.
Changes in pl are not limited to phosphorylation events and
may arise because of other post-translational eventa such as
sulfation and acetylation, which would lead to a change in
protein charge. The cause of the differences in protein migra-
tion after stimulation with LPS is not yet known. Further-
more. it is difficult to determine the exact nature of post-
translational modifications using immunological methods and
reyuires the use of more sensitive and yuantitative techniques.

The results presented in this report demonstrate a wide
range of isoforms of RNA-binding proteins that were present in
RAW cells which were able to bind to a epecific sequence of the
3UTR of COX-2. EMSA results suggest. that many of these
proteins form stable multimeric complexes that are able to bind
to RNA. Results using control RNA affinity probes suggest that
binding of these proteins was sequence-specific and increases
the number of members that belong to the family of ARE-
binding proteins. Further work remains to be donc to deter-
mine whether the same RNA-protein interactions shown in this
report also occur in vivo and to characterize the biological
significance of such interactions.

Activation of cells with LPS results in modification of the
RNA-protein complexes. The precise nature of the modifica-
tions is nout yet known but represents potential pust-transla-
tional alterations that may regulate RNA-protein and/or pro-
tein-protein interactions. It i3 these interactions that
ultimately determine whether the message ia transported out
of the nucleus and directed toward the translational machinery
or targeted for degradation.
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Cyclooxygenase-2 (COX-2) is an early response gene
induced in renal mesangial cells by interleukin-18 (IL-
1B). The 3'-untranslated region (3'-UTR) of COX-2 mRNA
plays an important role in IL-18 induction by regulating
message stability and translational efficiency. The first
60 nucleotides of the 3'-UTR of COX-2 are highly con-
served and contain muitiple copies of the regulatory
sequence AUUUA. Introduction of the 80-nucleotide se-
quence into the 3'-UTR of a heterologous reporter gene
resulted in a 70% decrease in reporter gene expression.
Electrophoretic mobility shift assays (EMSAs) demon-
strated that mesangial cell nuclear fractions contain a
multimeric protein complex that bound this region of
COX-2 mRNA in a soquence-specific manner. We identi-
fled four members of the protein-RNA complex as HuR,
TIA-1, TIAR, and the heterogeneous nuclear ribonucle-
oprotein U (hnRNP U). Treatment of mesangial cells
with IL-18 caused an increase in cytosolic HuR, which
was accompanied by an increase in COX-2 mRNA that
co-immunoprecipitated with cytosolic HuR. Therefore,
we propose that HuR binds to the proximal region of the
3'-UTR of COX-2 following stimulation by IL-18 and in-
creases the expression of COX-2 mRNA by facilitating its
transport out of the nucleus.

Many early reasponse genes encoding cytokines, lympho-
kines, and proto-oncogenes are transiently expressed in re-
sponse to exira cellular stimuli. Although the gene can be
transcriptionally regulated, the level of expression is deter-
mined in large part by changes in the half-life and/or transla-
tional efficiency of the mRNA. These changes are regulated
through interactions between specific RNA sequences and
trans-acting RNA-binding proteins that influence nuclear ex-
port, targeting to the ribosome, and translation of the mRNA
into protein.

Among the best studied regulatory sequences are the aden-
osine- and uridine-rich elements {AREs},' found in the 3'-
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untranslated region (3'-UTR) of many short lived mRNAs (1-
5). Most AREs contain multiple copies of the sequence AUUUA,
which are sufficient to confer message instability when placed
in the 3'-UTR of a normally stable reporter message. Addition-
ally, AREs can play a rale in regulating translational efficiency
of target mRNAs (6-8). Once cells are activated by specific
extracellular signals, these same ARE sequences are required
for message stahilization and/or increased translational
efficiency.

Several RNA-binding proteins have been isolated based aon
their ability to regulate mRNA expression through ARE se-
quences. Same of these proteins promote message expression,
e.g. MBNP Al (9) and HuR (10, 11), whereas others primarily
decrease message expression, e.g. AUF1 (hnRNP D) (12-14),
tristetraprolin (TTP) {15-17), TIAR and TIA-1, (6, 8) and
CUGEP2 (18). All of these proteins are believed to function in
the cytoplasm but appear to be regulated by shuttling in and
out. of the nucleus. The mechanism whereby AREs regulate
message expression in the presence of multiple and sometimes
diametrically opposed signals is not fully understood.

Cyclooxygenase (COX) catalyzes the rate-limiting step in the
biosynthesis of prostaglandins (19). Three iscforms of COX
have been identified as follows: 1) COX-1, a constitutively
expressed isoform; 2) COX-2, an early response gene that can
be induced by a variety of mitogenic and pro-inflammatory
stimuli; and 3) COX-3, an alternatively spliced variant of
COX-1 (20). In rat mesangial cells, interleukin-13 (IL-18)
caused a significant increase in COX-2 expression due, in part,
to altered mRINA stability and translational efficiency (21-23).

The 3'-UTR of COX-2 is greater than 2 kilobases in length
and, depending on the species, containe 11-22 copies of the
ARE core sequence AUUUA. It has been shown previously that
the 3'-UTR of COX-2 contains multiple regulatory elements,
some of which co-localized with several of the AREs (18, 21,
24 -26). One such element identified in the first 60 nucleotides
of the 3'-UTR of murine COX-2 contained seven AUUUA re-
peats and was able to decrease message stability and transla-
tional efficiency of a heterologous reporter gene (21). This re-
gion of the murine 3’-UTR is highly conzerved across species
and aligns within the region of human COX-2 mRNA that was
shown to bind HuR (27), AUT'1 (25}, and CUGBP2 (18). Fur-
thermore, dysregulated expression of HuR promoted increased
COX-2 expression in colon cancer cells (27). Thug, the binding
of HuR and other yet to be determined proteins to the 3'-UTR

hyde-3-phosphate dehydrogenase; hnRNP, heterogeneous nuclear ribo-
nucleoprotein; [L-18, interleukin-13; RT, reverse transcription; snRNP,
small muclear ribonucleoprotein; TAMRA, 6-carboxytetramethyliho-
damine; TTP, tristetraprolin; 3-UTR, 3’-untranslated region.
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of COX-2 is likely to play an important role in regulating
COX-2 expression.

In this report we show that HuR, TIA-1, TIAR, and hnRNP
U bind the first 60 nucleotides of the 3’-UTR of murine COX-2.
Stimulation of mesangial cellz with [1.-13 resulted in a tran-
sient increase in cytosolic HuR and associated COX-2 mRNA,
suggesting that HuR plays a regulatory role by facilitating the
transport of COX-2 mRNA out of the nucleus.

EXPERIMENTAL PROCEDURES

Mesangial Cell Culture—Primary rat mesangial cell cultures were
prepared from male Sprague-Dawley rats as described previously 128).
Ceils were grown in RPMI 1640 medium suppletnented with 109% «v/v)
heat-inactivated fetal bovine serum, 0.6% (vv) insulin, 100 units’ml
penicillin. 100 pg/ml atreptomycin, 250 ugfml amphotericin B, and 15
mM HEPES. Where indicated, mesangial cells were stimulated with
1L-13 (100 unite/ml) for 60 min.

Plasmids—Reporter gene constructs were generated as described
previously (21). Briefly, various regions of the 3"-UTR of COX-2 were
amplfied by PCR using pritmers terminating in Xbal recognition se-
quences. PCR products were ligated in the unique Xbal site of the p(iL3
control vector (Promega) located in the 3'-UTR of the firefly luciferase
gene. Vectors used for synthesis of RNA probes for electrophoretic
mobility shift assays tEMSAs) were constructed by amplifying the same
3'-UTR sequences, except that the primers encoded a Hindlll recogni-
tion eite at the 5’ end and a BamHI site at the 3" end. The PCR products
were ligated into the HindIll and BamH]I sites of pcDNA3 (Stratagenc).

Transtent Transfections—Mesangial cells were transiently trans-
fected using SuperFect Transfection Reagent (Qiagen). Cells were
plated into 60-mm dishes, grown to 50-75% confluency, and transfected
with 5 ug of reporter gene plasmid DNA at a 2:1 SuperFect-to-DNA
ratio, Following transfection, cells were incubated overnight for gene
expressian.

Luciferase Assay—Luciferase activity was determined using a lucif-
erase assay system following the manufacturer’s protocol (Promegal.
Briefly, cell maonolayers iix 60-mun dishes were removed by scraping into
200 pl of reporter lysis buffer. Cells were vortexed, and cellular debris
was removed by centrifugation (30 s at 12,000 X g). Luciferase activity
was measured using a Lumat LB 9507 lumincmeter (£G & G Wallac) az
described previously (21).

Quantitative RT-PCR—Total RNA was isolated from cells using RNA
STAT-60 reagent (Tel-Test, Inc.). Luciferase RNA was quantified by
RT-PCR using TagMan real-time PCR. Luciferase amplification prim-
ers were 5-GCGCGGAGGAGTTCGTGTT-3' for the forward primer,
5"-TCTGATTTTTCTTGCGTCGAGTT-3' for the reverse primer, and
6-FAM-TGGACGAAGTACCGAAAGGTCTTACCGG-TAMRA as the
TagMan probe. Luciferase expression was namalized to ribosomal
RNA as measured using TagMan ribosomal RNA control reagents (Ap-
plied Biosystems). Relative amounts of tuciferase cDNA were calculated
by the comparative C; method (Applied Biosystems user bulletin num-
ber 2) and expressed as a percentage of luciferase cDNA measured in
cells transfected with pGL3-cantrol. COX-2 RNA was quantified by
RT-PCR using primers and probes purchased from Applied Biosyatems
(Assays-on-Demand number MM-00478374).

RNA Probe Synthesis—Labeled RNA probes were generated by in
vitro transeription using T7 RNA polymerase phus (Ambion) and RNA
probe plasmids (described above) as template. A sequence-nonspecific
probe was generated using EcoR1 linearized TOPO TA cloning vectar
pCR 2.1-TOPO (Invitrogen) as template. Transcription reactions con-
tained 100 units of T7 polymerase, 500 uM each ATP, CTP, and GTP,
125 uM UTP, 200 uCi of [**P]JUTP (8000 Ci/mmol, PerkinElmer Life
Sciences), 10 mM DTT, and 10 pg of plasmid template linearized by
BamHI digestion in a total volume of 50 ul of 1% transcription buffer
(Ambion). Transeription reactions were incubated for 1 h at 37 °C. For
cold probes, [**PJUTP was substituted with 500 uM UTP. Unincorpo-
rated nucleotides were removed using Sephadex G-25 mini Quick Spin
RNA calumns (Roche Applied Science).

Cell Fractionation—Rat mesangial cells were harvested hy scraping
into hypotonic buffer containing 10 mM HEPES, pH 7.5, 10 mi KCI, 1
wmM EDTA, 1 mM EGTA, 1 md DTT, 1 wrs MgCl,, 5% glycerdl, and 0.1
mM NaVO, with protease inhibitors (1 zg/m! leupepiin, 2 pg/ml apro-
tinin, and 1 ;:g/ral Pefabloc) and allowed to swell for 15 min. Cells were
lyeed by adding 10% Nonidet P-40 (final concentration, 0.25%), and
nuclei were pelleted by centrifugation (30 s at 15,000 x g). Supernatant
wae centrifuged for 5 min at 15,000 < g and stored as the cytoplasmic
fraction at —70 °C. The nuclei were washed two limes by centrifugation

Control of COX-2 Expression by HuR, TIA-1, and TIAR

(1500 « g for 10 min) in 10 mM HEPES, pH 7.5. 10 mM KC1, 1 mi DTT,
and 1 mM MgCl,. The final pellet was resuspended in nuclear lysis
buffer (20 mM HEPES, pH7.5, 0.4 M NaCl, 1 mx EDTA, 1 mm EGTA, 1
mn DTT, 1 mv MgCl,, and 25% glycerol with protease inhibitors).
Nuclei were incubated on ice for 15 min with vertexing every 2-3 min
and centrifuged for 5 min at 15,000 x g. Supernatant was saved as the
nuclear fraction and stored at —70 °C.

EMSAs and Antibody Supershifts—Typically, 5-10 ug of cell fraction
protein was incubated for 30 min ar 37 °C in binding buffer (10 mM
HEPES, pH 7.6, 5 mM MgCly, 40 mM KC1, 1M DTT, 5% glycerol, and
5 mg/ml heparin) with 1-6 pmol of labeled RNA probe in a final volume
of 20 pl. For supershift experiments, binding mixtures included 0.2 pg
of affinity-purified IgG raised against HuR, TIA-1, TIAR, or TTP (Santa
Cruz Biotechnology), 1 ;:g of affinity-purified anti-AUF1 (Upstate Bio-
technology), 1 ul of anti-huRNP Al and anti-hnRNP U (generous gift of
Gideon Dreyfuss), or 1 4l of normal goat serum (Sigma). RNage T1 (10
nits) was added to EMSA or supershift samples and incubated for 15
min at 37 °C. Loading huffer (5 ul containing 80% glycerol and 0.1%
hromphenol blue in 50 my Tris-Cl, pH 7.5, was added, and samples
were electrophoresed (250 V for 2.5 h) on 4% polyacrylamide gels
(pre-run for 1h at 250 V) containing 44 mi4 Tris-Cl, pH 8.3, 44 mM boric
acid, 1 mM EDTA, 4% acrylamide-hisacrylamide (29:1), and 2.5% glyc-
erol. EMSAs were visualized hy autoradiography.

Immunoprecipitation—Antibodies were immobilized onto an agarose
gel using a Seize Primary immunoprecipitation kit (Pierce Biotechnol-
ogy). An equivalent of 3 »g of immobilized antibody was added to 5 mg
of nuclear protein and incubated at room temperature for 2 h, Immu-
noprecipitates were isolated by rentrifugation (1 min at 12,000 ~ g) and
washed two times with immunoprecipitation buffer (25 mM Tris, 150
mM NaCl, pH 7.2). Total RNA was extracted from immunoprecipitates
using an RNeasy RNA isolation kit tQiagen).

Western Analysis - Cytosolic and nuclear proteins were separated by
PAGE-SDS and transferred to Immobilen-P transfer membranes (Mil-
lipore). Western blats were probed with monoclonal anti-HuR antibody
(Santa Cruz Biotechnology) at a 1:1000 dilution. Signal detection was
carried out using an enhanced chemiluminescence system (ECL, Am-
ersham Biosciences). Western analysis of cell fractionations was carried
out using a polyclonal anti-U1 snRNP 70 antibody (Santa Cruz Biotech-
nology) at a 1:1000 dilution and a monoclonal anti-GAPDH antibody
(Ambion) at a 1:4000 dilution. Cytorolic HuR was quantitated an the
Discovery Series densitometer, and the band intensities were measured
using Quantity One saftware (Bio-Rad).

RESULTS

AREs from the 3'-UTR of COX 2 Regulate Message Stabili-
ty—The first 60 nucleotides of the 3'-UTR of COX-2 message
contains multiple copies of the sequence AUUUA (Fig. 1, Trun-
cation #1). We have reported previously that this region of the
3'-UTR of COX-2 had a significant effect on post-transcrip-
tional regulation of COX-2 expression (21). These 60 nucleo-
tides contain a major translational control element and caused
a decrease in message stability when placed in a chimeric
reporter gene expressed in an immortalized mouse mesangial
cell system. In this study, we used primary rat mesangial cells
to further define key regulatory sequences and trans-acting
praotein factors that may play important roles in regulating the
expression of COX-2 in response to stimulation with 1L-13.

Insertion of the first 60 nucleotides of the 3'-UTR of COX-2
into the 3'-UTR of a luciferase reporter message resulted in a
70% decrease in luciferase activity and a similar decrease in
steady-state mRNA levels when expressed in primary rat me-
sangial cells (Fig. 2). This region contains seven copies of the
sequence AUUUA, ie. three that are overlapping and located
within the proximal 25 nucleotides and four copies clustered
within the distal 28 nucleotide region (Fig. 1. Truncation #1).
Removal of the first 19 nucleotides (Fig. 1, Truncation #2)
disrupted the proximal overlapping AUUUA repeats but had
no effect on luciferase reporter gene activity or mRNA levels
(Fig. 2). Truncation from the proximal 5'-end to nucleotide 24
(Fig. 1, Truncation #3) resulted in an additional 75% decrease
(93% overall) in luciferase activity and mRNA levels (Fig. 2).
This deletion coincides with the remaoval of all of the first three
AUUUA consensus sequences (Fig. 1, Truncation #3), suggest-
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deleleleleleke

Locifaraa*

5>-CTR Coding Region

Truncation #1:

Truncation #2:

24

Truncation #3:

Ccox-a

2232
3>-UTR

CUACUGACCAUAUUUAUUUAUUUAUGUGAAGAAUUUAMJUUAAUUAUUUAAUAUUUAUAC

AUUUAUGUGAAGAAUUUAAUUUAAUUAUUUAAUAUUUAUAC

60
AUGUGAAGAAUUUAAUUUAAUUAUUUAAUAUUUAUAC

Fta. 1.Features of the 8'-UTR of COX-2 mRNA and the sequence of truncations used forRNA probes and reporter gene assays. The
3'-UTB of murine COX-2 contains several copies of the consensus sequence, AUUUA, as indicated by the asterisks (*). Primary sequences of the
truncated RNA affinity probas with AUUUA elements are underlined and in boldface. Numbering begins with the first nucleotide of the S'-UTR

of COX-2.

Luc Activity

mRNA Level

pGL3e 1-60 20-60 24-60

Fra. 2 Relative expression of chimeric reporter-gene con-
structs in rat mesangial cells. Primary rat mesangial cells were
transiently transfected with plasmids encoding luciferase alone, pGL3c,
or containing the indicated portion of the first 60 nucleotides of the
3'-UTR of COX-2. Luciferase enzyme activities were measured in cell
lysates and normalized to cell protein Luciferase mRNA levels were
measured in total RNA extracts and normalized to ribosomal RNA
Results were expressed as a percentage of measurements using ceils
transfected with pGL3c. Values are the means = S.E. for n = 10
(activity) or n = 3 (mRNA) independent experiments.

ing that the first 24 nucleotides contain a positive control
elementand that the distal 17 nucleotides contained a negative
control element

Nuclear Protein Complexes Bind to COX-2 AREs—To deter-
mine whether changes in luciferase activity following trunca-
tion ofthe 3 -UTR of COX-2 were reflected by altered binding of
protein(s) to this region of the message, we performed EMSAs
using radiolabeled RNA probes corresponding to the regions of
the three truncations shown in Fig. 1 and protein fractions
isolated from rat mesangial cells. Incubation of the RNA probe
encoded by the first 60 nucleotides ofthe 3'-UTR of COX-2 with
mesangial cell nuclear protein fractions resulted in the forma-
tion of three prominent RNA-protein complexes (Fig. 3). The
RNA-protein interaction was sequence-specific, because the ad-
dition of increasing concentrations of non labeled RNA of the
same nucleotide sequence effectively competed for all three
complexes, whereas there was no effect when including equal
amounts of a non-related RNA of the same size derived from
the TOPO TA cloning vector. All of the three complexes were

present at similar levels using- each of the various truncated
RNA probes (Fig. 4; non-immune controls), suggesting that
removal ofthe proximal portion of the RNA had no significant
effect on the formation of the RNA-protein complexes. Incubat-
ing probes with cytosolic fractions also resulted in formation of
three RNA-protein complexes that had a similar electro-
phoretic mobility but at a consistently lower intensity com-
pared with complexes formed using an equal mass of nuclear
proteins (results not shown). Stimulation ofrat mesangial cells
with IL-1/3 for 30-120 min had no effect on the pattern of shift
and little or no change in the intensity ofthe shifted RNA probe
(results not shown).

TIA-1, TIAR, HuR, and hnRNP U Bind the ARE Region of

the 3'-UTR of COX-2—As a first step toward identifying which
proteins were present in the protein-RNA complexes, we in-
cluded in the binding incubation antibodies to known RNA-
binding proteins, as well as non-immune serum as a control,
and assessed either the formation ofa higher molecular weight
RNA-protein complex (supershift) or disruption ofone or more
ofthe RN A-protein complexes. Both results would suggest that
the epitope recognized by the antibody was present in the
complex. The three major RNA-protein complexes were still
present when non-immune serum was included in the binding
reaction (Fig. 4, lanes labeled NT). In contrast, inclusion ofboth
anti-TIA-1 and anti-TIAR antibodies produced a supershift
(Fig. 4A, ST) that was accompanied by a significant reduction
in RNA-protein complex C2. The intensity of the supershift
increased as the RNA probe was truncated, suggesting that a
more stable complex forms between TIA-1 and TIAR and the
shortened RNA probes.

Addition ofHuR antibody also resulted in a supershift (Fig.
4A, S2) and a loss of the C3 complex. The supershift was most
prominent with the 60-nucleotide probe and decreased as the
probes were truncated. However, the disappearance of the C3
complex occurred to the same extent for all three RNA probes.
A less prominent complex migrating below complex C3 also
disappeared from the 1-60 probe when HuR antibodies were
added, suggesting that HuR may form more than one complex
with COX-2RNA Thus, it appears that HuR binds all the RNA
probes, but only in the presence of the 1-60 probe was a
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PiG.3 Detection of RNA protein
complexes that form with the first 60
nucleotides of the 3'-UTR of COX-2.
Radiolabeled RNA probes corresponding
to nucleotides 1-60 were incubated with
nuclear protein fractions for 80 min at
37 *C, digested with RNase T1 (10 units),
and subjected to electrophoresis on non-
denaturing polyacrylamide gels. Com-
plexes were detected by a change in elec-
trophoretic mobility compared with free
probes (FT3). Increasing amounts of non-
labeled RNA probes were added to radio-
labeled RNA prior to the addition of cel-
lular fractions. Radiolabeled RNA-protein
complexes (Cl, C2, and C3) were inhib-
ited by increasing concentrations of non-
labeled RNA of the same sequence butnot
by non-related RNA species of the same
nucleotide length.

C1 -»

C2-»

C3-»
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B 1in

Cold Probe:

complex formed that was stable enough to result in a super-
shift. A supershift was also observed when using the anti-
hnENP U antibody (Fig. 4B, SI). In this case, the supershift
was only seen in the presence ofthe truncated probes and failed
to occur with the full-length probe. Inclusion of antibodies
directed against TTP or hnRNP Al failed to show any observ-
able supershift but did resultin a decreased intensity of some
of the complexes, raising the possibility that these proteins
may also be directly or indirectly associated with the RNA
probes. In our hands, EMSA experiments using mesangial
cellular fractions failed to detect formation ofa protein-RNA
complex between AUF1 and this region ofthe 3'-UTR of murine
COX-2.

Stimulation of Rat Mesangial Cells with IL-Ifi Caused a
Transient Increase in Cytosolic BuR—Ithas been reported that
HuR is shuttled from the nucleus to the cytoplasm in response
to various cellular stresses (29-34). To determine whether
cytoplasmic HuR increased in response to IL-1/3 stimulation,
we isolated cytoplasmic protein fractions from mesangial cells
at various times after treatment with IL-1/3 and determined
the HuR protein content The purity of the cell fractions was
assessed by Western analysis using an antibody directed
against the splicing factor Ul snRNP 70 as a marker ofnuclear
fractions and an antibody against GAPDH as a cytosolic pro-
tein marker. The Western results indicate that we have iso-
lated nuclear and cytoplasmic cell fractions that are free ofany
detectable cross-contamination and that the vast majority of
HuR resides in the nuclear fraction (Fig. SA). When we probed
for cytosolic HuR using increasing amounts of protein, we
found that HuR was detectable in the cytosol and that cells
treated with IL-1/3 for 60 min had appreciably more cytosolic
HuR than non-stimulated control cells (Fig. $SB). Time course
experiments indicate that cytosolic HuR increased as early as
16 min following administration ofIL-1/3 and peaked at30 min
(Fig. 6A). Cytosolic levels of HuR remained elevated foratleast
4 h and returned to control levels within 24 h. There was no
appreciable decrease in nuclear HuR levels, presumably due to

1-60 Non-specific

the feet that only a small portion of total HuR exited the
nucleus. Cytosolic GAPDH remained constant over this time
period (Fig. 6A).

Because HuR binds the 3'-UTR of COX-2 in the EMSA ex-
periments and IL-1/3 stimulation increased cytosolic HuR, we
next tested whether there were corresponding changes in cy-
tosolic HuR-COX-2 mRNA complexes. Cytosolic fractions were
immunoprecipitated with anti-HuR antibodies, and the
amountofco-immunoprecipitated COX-2 mRNA was measured
by quantitative RT-PCR The DNA transcribed by reverse tran-
scriptase was quantitated using a ¢cDNA clone of COX-2 as
standard. The amount of COX-2 mRNA presentin immunopre-
cipitates of cytosolic fraction from non-stimulated cells was
below the detectable limit ofthe assay. Cells treated with IL-1/3
contained detectable amounts of cytosolic HuR-COX-2 mRNA
complexes thatincreased from 30 to 60 min (Fig. 6B), suggest-
ing that increased transport ofHuR into the cytosol facilitated
the export of COX-2 mRNA.

DISCUSSION

Post-transcriptional regulation ofgene expression is tightly
orchestrated through complex interactions of various RNA-
binding proteins with target mRNAs. The best characterized
target sequence is the ARE. Identification of different ARE-
binding proteins and the elucidation oftheir functions has been
the subject of many recent investigations. The AREs located in
the proximal region ofthe 3'-UTR of COX-2 play an important
role in regulating gene expression (21, 24-26). This region also
has been shown to be recognized by the RNA-binding proteins
HuR (27), AUF1 (25), and CUBP2G8). Here we report that the
first 60 nucleotides of the 3'-UTR of murine COX-2 were rec-
ognized by TIA-1, TIAR, and hnRNP U, in addition to HuR.

Based on EMSAs using truncated RNA probes we have
shown that TIA-1 and TIAR both bind to a 37-nucleotide region
ofthe 3'-UTR of COX-2 mRNA. This corresponds to the region
reported to affect message translation (21). Both TIAR and
TIA-1 have been shown to bind an ARE-containing region of
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Antibody: NI, AUF1 , TIA1 , HuR , TIAR
Probe. rt 23 1 2 3 1 23 123 1 2 3~
-4- 81
o*- 82
m
B
Antibody: hnRNP
Probe: 231 231 23 1231 23
*o S

.4. Identification of several RNA-binding proteins that
recognize the first 60 nucleotides of the 3'-UTR of COX-2. Radio-
labeled RNA. probes corresponding to nucleotides 1-60 (probe 11 30-60
(probe 2), or 24-60 (probe 3) of the 3'-UTR of COX-2 were incubated
with proteins from nuclear cellular fractions in the presence of non-
immune serum (Ni) or antibodies raised against the AUFI, TIA-1, HuR,
and TIAR (A) or TTP, hnRNP Al, hnRNP U, and probe alone (B).
Protein-RNA complexes (Cl, C2, and C3), free probe (TP), and super-
shifted complexes S/ and S2) are indicated.

the 3'-UTR of tumor necrosis factor a: (TNF-a), resulting in
translational silencing of the TNF-a message (6, 8). Further
more, overexpression of TIA-1 in COS cells resulted in de-
creased expression ofa reporter gene harboring the ARE region
of TNF-a (351. Thus, it seems probable that binding of TIA-1
and/or TIAR to the 3'-UTR of COX-2 promotes translational
silencing ofthe message. We also found that hnRNP U binds to
this region of the 3'-UTR of COX-2. It is not clear at this
moment what the functional significance of this binding is;
however, hnRNP U has been shown to bind RNA (36, 37) as
well as other proteins such as the glucocorticoid receptor (38).
The ability to bind both RNA and proteins raises the possibility
that hnRNP U may act as a scaffolding protein and mediate
interactions between target mRNAs and proteins regulating
mRNA expression. Based on the report by Lasa et al. (25), we
predicted that AUF1 and the 3 -UTR of COX-2 could form a
protein-RNA complex stable to EMSA and supershift assays.
The inabflity to detect a stable complex may represent differ-
ences in cell-type and/or species-specific interactions or be due
to differences in experimental conditions.

Another well characterized ARE-binding protein is HuR.
Binding of mRNA by HuR is associated with increased message
stability (10, 11, 39). A number of HuR target mRNAs have
been reported, including the message encoding COX-2 protein

A
N C
Ul snRNP
GAPDH
HuR
Non-Stimulated +IL-1p

Cytosolic Protein: 10 20 40 so 160 10 20 40 so 160

HuR

Fig. 6. HuR localized primarily to the nucleus. 4, nuclear (N)
and cytosolic (C) proteins (10 mg each) were separated by PAGE-SDS
3nd analyzed for Ul snRNP 70, GAPDH, and HuR by Western blotting.
Nuclear and cytosolic fractions were free of any detectable cross-con-
tamination. HuR was detected only in the nuclear fraction at this
protein concentration. B, increasing protein concentration was required
for detection of cytosolic HuR. Cytosol from cells treated with IL-1/3 for
6 min contained elevated levels of HuR protein.

(27). We have determined that one of the HuR binding sites is
within the first 60 nucleotides ofthe 3'-UTR of murine C-OX-2,
as evidenced by the HuR antibody-dependent supershift (Fig.
4A, 82). The supershift was accompanied by a significant de-
crease of a major RNA-protein complex, C3, and a minor lower
molecular weight complex. When truncated RNA probes were
incubated with the anti-HuR antibody, the decrease in C3 was
still evident, but there was no supershift (Fig. 4A), suggesting
that more than one HuR-RNA complex was present and that
the more stable supershifted complex required the full 60-
nucleotide probe.

Translocation of HuR from the nucleus to the cytoplasmhas
been shown in response to a variety of stimuli, including heat
shock (29-31), serum stimulation (32), UV light (33), and nu-
trient limitation (34). In response to heat shock, HuR binds the
proteins pp32 and APRIL, which modulates the ability to
transport HuR out of the nucleus through interactions with
nuclear export factor CRM1 (31). The CRM1-dependent trans-
port can be inhibited by leptomycin B. Recently, it has been
reported that leptomycin B inhibited COX-2 mRNA stabiliza-
tion by blocking nuclear export of the COX-2 message (40).
Although it was not determined whether HuR played a direct
role in the transport of COX-2 mRNA, it does represent a
reasonable conclusioa Here, we show that IL-1/3 stimulation
caused an increase in cytosolic HuR protein levels and HuR
COX-2 mRNA complexes. Thus, we propose that in response to
EL-1/3 stimulation there was increased binding of HuR to
COX-2 mRNA, which facilitates export of the message out of
the nucleus.

Taken together, our results suggest that multiple proteins
can bind to a relatively short portion ofthe 3'-UTR of COX-2.
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Time: 0 15 30 60 120 240 24h
GAPDH »
B
000
o 30 80 120

Time with 11-1U, minutes

FIO. 6. IL-1J3 caused a time-dependent increase in cytosolic
HuR and HuR-COX-2 mRNA complexes A, representative Western
blot of cytosolic proteins (60 mg) separated by PAGE-SDS and analyzed
for GAPDH and HuR. Cytosol was isolated from mesangial cells treated
with IL-10 for the indicated number of minutes or treated for 24 h. S,
cytosolic fractions were immunoprecipitated with anti-HuR antibodies.
Total RNA was extracted from precipitates, and COX-2 mRNA was
quantified by RT-PCR usingTaqgMan real-time PCR and a COX-2 cDNA
clone as standard. Results represent the average of two independent
experiments each measured in triplicate.

The types ofproteins we have identified have profound effects
on message expression by regulating mRNA export from the
nucleus and influencing the ability of the message to be
either transported to polysomes for translation or targeted
for degradation. Some of these proteins, such as HuR and
TIA-1, apparently have contradictory effects on the fate ofthe
target message. Therefore, the challenge still remains to
determine the mechanism whereby cells decide whether to
increase or decrease gene expression when presented with
RNA-protein complexes containing potentially opposing reg
ulatory proteins.
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Lui, Paul, Chenbo Zeng, Stephen Acton, Steven Cok, Alison
Sexton, and Aubrey R. Morrison. Effects of p38mllpk isoforms on
renal mesangial cell inducible nitric oxide synthase expression. Am J
Physiol Cell Physiol 286; C145-C152, 2004. First published Septem-
ber24,2003; 10.1152/ajpcel1100233.2003.— Several related isoforms
of p38MAPK have been identified and cloned in many species. Al-
though they all contain the dual phosphorylation motif TGY, the
expression of these isoforms is not ubiquitous. p38at and -(32 are
ubiquitously expressed, whereas p38-y and -8 appear to have more
restricted expression. Because there is evidence for selective activa-
tion by upstream kinases and selective preference for downstream
substrates, the functions of these conserved proteins is still incom-
pletely understood. We have demonstrated that the renal mesangial
cell expresses the mRNA for all the isofomis of p38MAPK, with p38u
mRNA expressed at the highest level, followed by p38y and the
lowest levels of expression by p38(32 and -8. To determine the
functional effects of these proteins on interleukin (IL)-1 (3-induced
inducible nitric oxide synthase (iNOS) expression, we transduced
TAT-p38 chimeric proteins into renal mesangial cells and assessed the
effects of wild-type and mutant p38 isoforms on ligand induced iNOS
expression. We show that whereas p38y and -8 had minimal effects on
iNOS expression, p38a and -{32 significantly altered its expression.
p38a mutant and p38{32 wild-type dose dependency inhibited IL-1(3-
induced iNOS expression. These data suggest that p38a and (32 have
reciprocal effects on iNOS expression in the mesangial cell, and these
observations may have important consequences for the development
of selective inhibitors targeting the p38MAPK family of proteins.

TAT proteins; p38 MARK; inducible nitric oxide synthase; mesangial
cell; interleukin-1

the inducible nos (INOS), found in several cell types including
macrophages, vascular smooth muscle cells, and renal mesan-
gial cells, is highly regulated by cytokines, which can facilitate
or inhibit the induction of this enzyme. Stimulatory cytokines
such as interleukin (IL)-1 and tumor necrosis factor (TNF)
increase iNOS mRNA by transcriptional activation. Once
iNOS protein is induced, it can produce tremendous amounts
of NO that can contribute to cell and tissue regulation and
damage. However, iNOS gene expression, mRNA stability,
protein synthesis, and degradation are all amenable to modifi-
cation by cytokines and other agents such as growth factors.
Transforming growth factor-3- for example, reduces cytokine-
induced iNOS activity by inhibiting mRNA translation and
increases iNOS protein degradation, whereas interleukin-4 in-
terferes with iNOS transcription. Previous data demonstrated
that IL-ip increases p38NIAPK phosphorylation and activation,
suggesting that the p38MAPK signaling cascade is involved in
IL-1 signaling. However, by using a pharmacological strategy,
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inhibition o fp38MAPK shows disparate results on iNOS expres-
sion and NO release in various cell types. For example, we
previously found that SC68376, a p38MAPK inhibitor, increases
iNOS expression induced by IL-1 (3 in mesangial cells(10). In
contrast, SB-203580, another p38MAPICinhibitor, was found to
either inhibit iNOS expression and NO production stimulated
by LPS in glial cells or have no influence on iNOS expression
in human DLD-1 cells (4). In addition, p38MAPK inhibited
iNOS expression in RAW 264.7 cells stimulated with interfer-
on-y plus lipoarabinomannan (2). A possible explanation for
this inconsistency is the specificity of the p38MAPK inhibitors
used in the studies. Because at least four different isoforms of
p38MAFK have been identified(35), as well as splice variants (8,
27), one would expect that different isoforms of p.38MAPKmay
have different biological functions. The p38MAPK inhibitors
used in previous studies may not be selective enough to inhibit
one particular isoform of p38MAPK Indeed, SC-68376 was
only tested as a p38MAPK inhibitor on p38aMAPK Second, there
clearly is cell-specific expression of the various isoforms and
this needs to be added to the equation. In an earlier study,
overexpression of the kinase inactive mutant of p38aMAPK was
found to inhibit IL-13-induced iNOS expression and NO
production, thus confirming that activation of p38aNAPc is
required for iNOS expression and NO production in renal
mesangial cells (11). Similarly, IL-13-induced rat pancreatic
islet NOS requires p38MAPK (19). Indeed, p38aMAPK has been
implicated to play a role in apoptosis in several cell types (15,
30); however, p383 has been shown to be antiapoptotic in
Jurkat cells (22). To gain further insight into the possible roles
of the different isoforms of p38MAPK in rat renal mesangial
cells, we transduced chimeric TAT-proteins of wild type and
kinase-dead mutants ofthe a, 3, 7, and 8 isoforms into renal
mesangial cells and assessed the concentration-dependent ef-
fects on IL-13-induced iNOS protein expression.

Materials. Human recombinant II-13 was purchased from Roche
Pharmaceuticals. Fetal bovine serum was purchased from Invitrogen
(Carlsbad, CA). Polyclonal IgG against iNOS wa3 purchased from
Cayman Chemical (Ann Arbor, Ml). Phospho-p38MAPK antibody was
from Cell Signaling (Beverly, MA). SB-203580, [4-(4-fluorophenyl)-
2-(4-methylsulfinylphenyl)-5-(4-pyridinyl>1/f-imidazole] was pur-
chased from Calbiochem (La Jolla, CA). SC-68376 was a generous
gift from the late Dr. J. Portnova (G. D. Searle, St Louis, MO).

Cell culture. Rat primary mesangial cell cultures were prepared
from male Harlan Sprague-Dawley rats as previously described (12).
Cells were grown in RPM1 1640 medium supplemented with 10%
(vol/vol) heat-inactivated fetal bovine serum, 0.6% (vol/vol) insulin,
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100 U/ml penicillin, 100 pg/ml streptomycin, 250 n-g'ml amphoteri-
cin B, and 15 mM HEPES. Where indicated, mesangial cells were
stimulated with IL-1p (100 U/ml). RAW 264.7 cells were obtained
from ATCC (American Type Culture Collection) and cultured in 15
mM HEPES, pH 7.4, in DMEM and 10% FCS with added penicillin
and streptomycin.

Mutagenesis of p38MAPK isoforms. The cDNA for each of the

p"gWAPK isOfonns wa3 obtained from Roche Pharmaceuticals (gen-
erous gift from Dr. Phyllis Whitely). The coding region of each p38
isofomi was amplified by PCR and subcloned into the mammalian
expression vector pcDNA3 (Invitrogen). Dominant negative mutants
for these isofomis were made by mutating the Thr-Gly-T>T dual
phosphorylation motif to Ala-Gly-Phe by site-directed mutagenesis.
Mutagenesis was performed with the Transformer Site-Directed Mu-
tagenesis Kit (second version) from Clontech according to the instruc-
tions provided by the manufacturer. The oligonucleotides used for
mutagenesis are as follows: 5-GATGATGAAATGGCAGGCT-
[ICGTGGCCACTAG-3' for p38ct, 5'-GACGAGGA-GATGQCCG-
GCTTTGTGGCCACG-3" for p38p2. and 5-GACAGTGAG-ATG-
GCTGGGTTCGTGGTGACC-3' for p38-y, where the mutated bases
are underlined. p38(32 wild type and p388 wild type, as well as a p388
kinase-dead mutant, in which Lys54 is mutated to Met54, were ob-
tained from Dr. J. Han from the Scripps Research Institute (La Jolla,
CA). The cDNA was mutated in the ATP-binding site, thus making it
catalytically inactive. The DNA sequence of the mutated genes was
verified by DNA sequencing.

Transient transfections. Mesangial cells were transiently trans-
fected using SuperFect transfection reagent (Qiagen Corp, Valencia,
CA). Cells were plated into six-well cluster plates at a density of2 X
10s cells per well and incubated overnight. Mixtures of 2.5 pg of
plasmid DNA in 75 pi of serum-free medium and 15 pi of SuperFect
reagent were incubated 5-10 min at room temperature, followed by
dilution to 0.5 ml with complete medium. The DNA-SuperFect
complex was layered onto mesangial cells (2.5 pg DNA per well), and
after a 2- to 3-h incubation, the medium was changed and cells were
incubated overnight for gene expression.

Preparation of TAT-p38 isoforms. The vector pTAT-HA was a
generous gifl from Dr. Steven Dowdy (Howard Hughes Medical
Institute, Washington University, St. Louis, MO). The vector shown
in Fig. 34 carries an NH2-tenninal 6-histidine leader followed by the
11-amino acid TAT protein transduction domain flanked by glycine
residues, a hemaglutinin tag (HA) followed by a polylinker (21, 29).
We ligated the cDNA for human a, (3,8, and y isoforms of p38MAPK,
both wild type (wt) and mutants (mt), into the polylinker for the
expression of full-length TAT chimeric proteins. Recombinant pro-
teins were then expressed in Escherichia coli, strain DH5a, denatured,
and solubilized in 8 M urea and isolated on a Ni2+ affinity column.
Rapid dialysis was then carried out using a Slide-A-Lyser dialysis
cassette with a 10,000 MW cutoff (Pierce, Rockford, IL) against 20
mM HEPES, pH 7.4. The protein concentration was determined and
recombinant proteins stored in 10% glycerol at -80°C until required
for experiments. The TAT chimeric proteins were added to the media
atthe appropriate concentrations and incubated for 60 min to allow for
equilibration with cytosolic concentration. Once inside the cells,
transduced denatured proteins may be correctly refolded by chaper-
ones such as IISP90 (21,28). Transduction across the cell membrane
occurred through an unidentified mechanism that is independent of
receptors, transporters, and endocytosis(34) and transduced proteins
are found in the cytoplasm and nucleus. The internalization occurred
at 4°C, and it is therefore unlikely that uptake requires any cell-
mediated process or physical arrangement (14).

Western blot analysis At the time of harvest, cells were washed
with ice-cold phosphate buffer and lysed in whole cell extract (WCE)
buffer [25 mM HEPES-NaOH (pH 7.7), 0.3 M NaCl, 1.5 mM MgClz,

p38MYKISOFORMS AND iNOS EXPRESSION

0.2 mM EDTA, 0.1% Triton X-100, 0.5 mM dithiothreitol, 20 mM
(3-glycerophosphate, 100 pM NaVO* 2 pg/ml leupeptin, and 100
pg/ml phenylmetbylsulfonyl fluoride] to which X6 sample buffer was
added before heating. After boiling for 5 min, equal amounts of
protein were run on 10% SDS-PAGE. Proteins were then transferred
to polyvinylidene difluoride membranes (Immobilon BP; Millipore,
Bedford, MA). The membranes were saturated with 5% fat-free dry
milk in Tris-buffered saline (50 mM Tns-HCI, pH 8.0,150 mM NaCf)
with 0.05% Tween 20 (TBS-T) for 1 h at room temperature. Blots
were then incubated overnight with primary antibodies at 1:1,000
dilution in 5% BSA TBS-T. After being washed with 5% milk TBS-T
solution, blots were further incubated for 1h at room temperature with
goat anti-rabbit or mouse IgG antibody coupled to horseradish per-
oxidase (Amersham, Arlington Heights, IL) at 1:3,000 dilution in
TBS-T. Blots were then washed five times in TBS-T before visual-
ization. Enhanced chemihiminescence kit (ECL; Amersham) was used
for detection Blots were quantitated on a densitometer using Quantity
One software from PDI. The densitometer was calibrated to an
external standard.

RT-PCR and TagMan real-time PCR. To determine the expression
ofthe message for the p38 isofonns in rat renal mesangial cells, total
RNA was isolated from cells using RNA STAT-60 reagent, DNase
treated twice, and reverse-transcribed by Omniscript reverse transcrip-
tase (Qiagen) using oligo (dT)i5 primers. The PCR amplifications
were carried out using rat p38MAPK amplification primers unique for
cach isoform For p38a, the primers were 5'-AACCTGTCCCCGGT-
GGGCTCG-3 and 5-CGATGTCCCGT-CTTTGTATGA-3" for
p3X(3, primers were 5-CGCCCAGTCCTGAGGTTCT-3' and 5'-
AGACACTGCTGAGGTCCTTCT-3'"; for p38y, the primers were
5'-CGCCCCCTCCT-GAGTTT-3" and 5'-GCTTGCGTTGGTCAG-
GACAGA-3"; and for p388, the primers were 5'-TGCTCGGCCATC-
GACAA-3' and 5 -TGGCAAAGATCTCCGACTGG-3". To quantify
p38 isoform mRNA levels, TagMan real-time PCR was performed
using the gene-specific primers above and the double-stranded DNA-
binding dye SYBR green I. Fluorescence was detected with an AB1
Prism 5700 sequence detection system (PE Biosystems). Amplifica-
tion primers for GAPDH were 5 -GAAGGTGAAGGTCGGAGTC-3'
and 5 -GAAGATGGTGATGGGATTTC-3". Primer pairs were tested
to ensure a robust amplification signal of the expected size with no
additional bands. The amount of p38MAPK message in each RNA
sample was quantified and normalized to GAPDH content. Relative
amounts of p38MAPK ¢cDNA were calculated by the comparative Cr
method.

Effects ofinhibition ofp3SfIAPK on IL-1 and LPS-induced
INOS expression in renal mesangial and RAW 264.7 cells.
Previous studied by us have shown that inhibition of p38MAPit
with the pyridinyl oxazole SC-68376 inhibited IL-1 *-induced
cyclooxygenase-2 expression while enhancing iNOS expres-
sion inrenal mesangial cells (10). Figure 14 shows that IL-1 (3
induces the phosphorylation of p38 in renal mesangial cells at
15 min (Zane 2), which returns to control (lane 1) levels by 2 h
as shown inZane 3. Phosphorylation was detected by Western
blotting using a phosphospecific anti-p38 antibody. Figure 15
shows the enhanced iNOS protein expression after 24 h of
IL-1[3at two concentrations, 10 pM (lane 2) and 100 pM (lane
3) of SC-68378. To determine whether a similar phenomenon
was present in another cell type, we stimulated RAW 264.7
cells with LPS (100 ngdnl) in the presence and absence of a
p3gMAPK inhibitor, SB-203580 (pyridinyl imidazole), at a
concentration of 10 pM and followed the time course of INOS
protein expression by Western blotting. At this concentration,
SB-203580 inhibits p38a and -3 but not p38S and -y (3, 5, 6).
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Fig. 1. A4: phosphorylation ofp38 in mesangial
cells stimulated by IL-1 (3. Lane 1, control; lane
2, 15 min; lane 5, 2 h after IL-1 (5. B: effect of
SC-683376 on IL-17-induced inducible nitric
oxide synthase (iNOS) expression. Lane 1, JL-
1p, rime 2, IL-1g plus SC68376, 10 i*M, lane 3,
IL-1p plus 100 (.M. C; phosphorylation of p38
by LPS in RAW 254 7 cells. Lane 1, control;
lane 2,15 min, lane 3, 2 h after lipopolysaccha-
ride (LPS). D: effect of 10 nM SB-203580 on
LPS-induced iNOS expression.
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We could not use IL-1  for similar experiments because IL-1
did not stimulate iNOS protein expression in RAW 264.7 cells
in our hands. Figure 1C shows that LPS activates and phos-
phorylates p38 by 15 min (lane 2), which returns toward
control (lane 1) at 2 h {lane J). Figure 1D shows the mean of
two experiments in duplicate and illustrates that at virtually all
time points, SB-203580 enhances iNOS protein expression in
response to LPS in RAW 264.7 cells. A potential explanation
for this observation is that inhibition of the inhibitory p38(32
allowed for enhanced expression of iNOS.

Effect of transfection ofp3Sa and -(32 Into mesangial cells.
For these experiments, p38a (wt and mt) and p38(32 (wt and
mt) were transiently transfected into rat mesangial cells and the
effects on the expression of II-ip-induced iNOS expression
were assessed. The mammalian expression vector pcDNA3
was used and carried a FLAG epitope tag, which enabled
determination of expressed protein in mesangial cells by West-
ern blotting. Figure 2 shows an exanple of one of our more
striking experiments that illustrates what we expected for p38a
based on previous published data (11). It shows that transfec-
tion ofp38a wt had virtually no effect on IL-1(3-induced iNOS
expression, whereas the mutant p38a inhibited IL-1"-induced
iNOS expression. However, the results seen for p38(32 were
unexpected. In this instance, the p38 £2 mt was without effect,
whereas the wt p38{32 inhibited IL-ip-induoed iNOS expres-
sion. Because the transfection efficiency for mesangial cells
was variable, the results obtained with this approach were not
statistically significant, although qualitatively and consistently
similar to the results as seen in Fig. 2. We therefore chose the
alternative strategy oftransduction of TAT chimeric proteins to
assess the function ofthe p38 isoforms on IL-1 (3-induced iNOS
expression in renal mesangial cells.

Concentration-dependent transduction into cells. The cDNA
for wild-type and mutant p38 isoforms were ligated in the
correct orientation into the prokaryotic expression vector
pTAT-HA (Fig. 3-4). Bacterial expressed TAT-proteins were

purified and isolated as described in metuons. A Cooraassie
blue-stained gel (Fig. 3B) shows the p38 wt and mt isoforms
eluted from the Ni2+ affinity column with 0.1 M imidazole.
This fraction was rapidly dialyzed. and protein concentrations
were determined and stored at -70°C in 10% glycerol. TAT-
p38 proteins (wt or mt) were added to 25-crrr flasks with 5 ml
of medium to achieve increasing concentrations up to a max-
imum of 100 pg/ml. The mesangial cells were then allowed to
incubate at 37°C for 60 min. The medium was then harvested

vector p38uwt p38amt p3&jiwt p38|imt
n n I 1 .
IL-ip
'INOS
B
2.00
1.50
H -1
1.00
11+ I
0.50
0.00 n. a

Fig. 2. Representative experiment of mesangial cells transfected with p38a
and -(32 and stimulated with JL-I(5. 4 Western blot for iNOS. B: the
densitometric quantitation of the blots, wt, wild type; rrt, mutant.
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I Fig. 3. A:the prokaryotic expression vector pTAT/pTAT-HA (without or with
mthe HA epitope tag). B. Coomassie blue-stained SDS-gel illustrating the
Tisolation of TAT-p3S isoforms.

for Western blotting; the cells were washed twice with ice-cold
medium (without TAT proteins), and cell lysates were pre-
pared with WCE buffer. Equal volumes of medium and equiv-
alent amounts of cell lysate were then analyzed by Western
blotting using anti-HA antibodies. Densitometric quantitation
of the blots was carried out. Figure 44 shows that increasing
concentrations of TAT p38 proteins in the medium was asso-
ciated with a linear increase in protein transduction, which
appeared to reach a plateau intraoellulariy at concentrations of
protein that exceeded 25 pg/ml in the medium. Figure 44,
Inset, shows the linear relationship of increasing the concen-
tration of TAT protein in the medium over a range of 0.1-100
pg/ml ofprotein. Because ofthis, we did not exceed 25 pg/ml
of TAT protein in our transduction experiments. Figure 4B
shows a Western blot of cell lysates from control mesangial
oells (lane 1) and cells transduced with 10 (lane 2) and 25 (lane
3) pg/ml of TAT-p38a. It can be seen that increasing trans-
duction of TAT proteins had no effect on endogenous p38a
protein expression. In data not shown, it was also demonstrated
that the efficiency oftransduction of aTAT-(3-Gal protein was
95-100%. Henoe, we believe transduction of TAT-p38 was
also 95-100%.

Effects ofp3S wild-type and mutant isoforms on IL-1(3
induced iNOS expression. Each of the isoforms of p38MAPK
(Wt and mt) was transduced into renal mesangial cells in a
concentration-dependent manner. Two hours after the addition
ofp38MAPKto the medium, cells were stimulated with IL-1 3at
100 units/ml for 24 h. Mesangial cell lysates weie harvested
and analyzed by Western blotting for iNOS protein expression.
Control lysates from cell cultures transduced with similar

P38m* pk-ISOFORMS AND INOS EXPRESSION

concentrations of TAT p38 proteins but not stimulated with
IL-1 (3 were harvested over the same time course as IL-1(3-
stimulated cells. Figure 5 shows a representative Western blot
of'the effects of increasing concentrations ofp38 isoforms on
Il-ip-induced iNOS expression. The cumulative results of
these experiments are shown in Fig. 6. TAT-p38 a wt produced
a 35-40% increase in EL-1(3-induced iNOS expression at the
highest concentration of 20 pg/ml of TAT protein but at lower
concentrations had no effect. TAT-p388 wt and mt was virtu-
ally ineffective over the full concentration range used (not
statistically significant). In contrast, p38(32 wt produced a
concentration-dependent inhibition oflL-Ifl-induced iNOS ex-
pression in rat renal mesangial cells with an ICso of20 pg/ml
(—400 nmol). Figure 6 also shows the effect of increasing
concentrations of mutant p38 isoforms on IL-1 (3-induced iNOS
expression. TAT-p38y and -8 mutant isoforms produced no
statistically significant change in iNOS expression over the
entire concentration range used. p38(32 mutant was ineffective
over the range of concentrations used. As expected, p38a
mutant produced a concentration-dependent inhibition of IL-
1(3-induced iNOS expression with an ICS) of 10 pg/ml (—200
nmol). The data obtained for the p38a and (32isoforms (wt and

[TAT-p38] in media (pg/ml)

0 20 40 60 80 100
[TAT-p38] in media (pg/ml)

TAT-p38u
p38u

29.9----

Fig. 4. A: concentration-dependent transduction of TAT-p38 proteins into rat
mesangial cells. This appears to plateau at 25 p.g/ml of protein in the medium.
The amount of protein transduced intracellularly was determined by Western
blotting for epitope-tagged TAT-p38 in cell lysates. The inset shows the
relationship between the amount of TAT-p38 proteins added to the medium
and the amount of HA epitope detected by Western blotting and demonstrates
a linear relationship. B! Western blot of p38a illustrating that transduction of
TAT-p38a does not influence the expression of endogenous p38a. Lane ],
control cells; lanes 2 and 3, 10 and 25 pg/ml of transduced proteins,
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Cl149

wt mt
02000 22 101020 20 02000 22 1010 2020
p38a
p38p2
Fig. 5. Representative Western blots of mesangial cell lysates
from cells transduced with TAT proteins, probed for iNOS.
Cells were stimulated with EL-1p where indicated.
p386

p38y

m-13 -- ++++++++ - -

mt), shown in Fig. 6, represent means + SE from five exper-
iments. For the p38y and -8, the data presented are means +SE
of three experiments in duplicate.

Expression ofendogenous p3S isoforms by rat renal mes-
angial cell. To determine the expression patterns of the various
isoforms of p38MAPK in the rat renal mesangial cell, we
assessed the mRNA expression by real-time PCR. Amplimers
were designed as indicated in mernons, and GAPDH was used

150
150
125
125
= 100 -

O VB W

Cro-

0 20 20 20 O 2 2.0

[p38TAT protein] pg/m

150
I a
125
* p38delta wt m 100
& p38delta mt
0 2 20 2 0 2 20

[p38TAT protein] pg/ml

[TAT protein] pg/ml

+4+ + ++++ +

to standardize mRNA expression. Figure 7.4 shows a repre-
sentative tracing of the amplification plot obtained. The plot
suggests that all four isoforms are expressed, albeit at
differing levels. Figure /B shows the relative abundance of
mRNA of the different isoforms expressed using p38a as
100%. The scale used on the ordinate is a log scale, and the
figure represents the mean of two PCR runs carried out in
triplicate.

* p38 beta wt

p38 beta mt
20 Fig. 6. Results of transduction of increasing
amounts of TAT-p38 isoforms into mesangial cells
on IL-0-induced iNOS expression. Wild-typep38a,
-(32, -y, and -S isoforms and corresponding matants
are shown. Values are means + SE. ° Significant

P < 0,05.
p38gamma wt

, p38gammamt

20

[p38TAT protein] pg/ml
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Rn vs Cycles

0.1

0.01

8 No template
0.001

Cycle Number

Alpha Beta Gamma Delta

p38isoform
Fig. 7. Real-time quantitative PCR to assess the levels of expressed endoge-
nous levels of mRNA for four isoforms of p38MAPK in rat renal mesangial
cells. A: representative amplification plot obtained for the 4 isoforms and
GAPDH. S: relative levels of expression of the mRNA levels ofthe 4 isoforms.
The ordinate is a log scale and the data represent the means of 2 experiments
done in triplicate.

DISCUSSION

There are five known isoforms of p38MAPK (a, (3, {32y, and
S) in mammals, which differ in expression patterns, upstream
activators, inhibitors, and substrate specificity (13). The major
finding of this study is that p38a wt transduced into and
expressed in rat mesangial cells produced a minimal augmen-
tation of IL-1{3-induced iNOS expression in rat mesangial
cells. In addition, the dominant negative mutant p38a produced
a dose-dependent inhibition of LPS-induced iNOS expression.
Although this result was consistent with previously observed
function of p38a (12), it was a surprise to observe that p38{32
wt transduced and expressed in mesangial cells produced a
dose-dependent inhibition of IL-1”-induced iNOS expression,
whereas the mutant was without effect. This result further
suggests that in certain cell types, the presence of these two
isoforms, thought to be ubiquitously expressed, may have
differing functional consequences for the cellular response to
extracellular ligands. In earlierexperiments, we observed that
pyridinyl oxazole, SC-68376 inhibitor of p38MAPK, enhanced
IL-ip-induced iNOS expression in renal mesangial cells (10);
however, overexpression of the kinase-dead form of p38a in
renal mesangial cells inhibited IL-1(3-induced iNOS expression

in primary cultures of renal mesangial cells (11). This conun-
drum has puzzled us because experiments with the inhibitor
suggested p38 was inhibiting iNOS expression, whereas the
expression of the phosphorylation-defective mutant suggested
p38a was facilitating iNOS expression. Similar observations
have been made, albeit in different cell types, suggesting, on
the basis of inhibitor studies, that in chondrocytes the p38
inhibitor SB-203580 inhibited LPS-mediated iNOS expression,
whereas in RAW 264.7 cells it potentated LPS-induced iNOS
expression (23). More recently, it was demonstrated that SB-
203580 augmented iNOS and nitrite production in RAW 264.7
cells stimulated with IFN-y and lipoarabinomannan (2). One
potential explanation forthese apparent confusing observations
is that different cell types are under dominant control of
differing p38 isoforms, and certain isoforms may have opposite
functions in the cell. Support for such a notion is suggested by
several observations. First, there is the suggestion that p38(32 is
180 times more active on certain substrates, such as ATF-2,
than p38a in vitro assays (33). Second, the upstream activator
kinases MKK3 and MKKG6 differ in their abilities to phosphor-
ylate and activate p38MAPK suggesting different functions
within the cell (25). Indeed, MKK6 can phosphorylate p38a,
p38{32, and p38y, whereas MKK3 can only phosphorylate
p38a and p38y (7). Finally, in Jurkat cells, expression of
p38(32 attenuated the apoptotic effect of SB-202190 and the
cell death induced by Fas ligation and ultraviolet irradiation
(22). In contrast, expression ofp38ainduced cell death (22). In
our current study, we tested the function of all the isoforms of
p38MAPK on IL-1"-induced iNOS expression by transducing
both wt and mt isoforms of TAT-protein chimeras into renal
mesangial cells. The results suggest opposing effects of p38a
and <3 on iNOS expression.

The quantitative PCR also suggest that all the isoforms are
expressed at the mRNA level, however, at markedly different
levels. Of some surprise was the observation that p38y was the
second most abundant isoform expressed and suggests that this
isoform is not restricted in expression to skeletal muscle as was
originally suggested (16). WTiat is not known is whether the
four isoforms are expressed in unique subcellular compart-
ments that allow unique functions within the cells. Thus, even
though p38 and {3 may be inhibited equally well by SB-
203580, the functional consequences to inhibition could be
different depending on where the proteins are expressed and
what their respective downstream targets are. Indeed, p38(3 and
-y appear to have opposing effects on AP-1-dependent tran-
scription in two breast cancer oell lines (24). Thus there is a
precedent for opposing biology exhibited by certain p38 iso-
forms, and there is some evidence to support this possibility
(31). Another possibility is that the two p38 isoforms (a and j})
exert their functions at different sites in the transcriptional and
posttrancriptional machinery ofthe cell. The iNOS gene canbe
regulated both at a transcriptional (18, 20) and posttranscrip-
tional level, exhibiting both 3' instability determinants in the
mRNA (26) and regulation of RNA-binding proteins, which
could influence mRNA stability and translation (32). p38MAPK
has also been implicated in kinase-dependent and -independent
signaling of mRNA stability of AU-rich element-containing
transcripts (9). Furthermore, tristetraprolin has been recognized
as an mRNA-interacting protein that can be phosphorylated
and functionally regulated by p38MAPK (1). Which of the
relevant isoforms is capable of carrying out this cellular func-

AJP-Cett Physiol +v o128«+ January 20m+www.ajpoellorg

166

/00z ‘|¢ Awenuef w 310°A3o101sAud-vodfe ung papeojumo(


http://www.ajpoell.org

Journal of Physiology - Cell Physiology

American

p38maps. ISOFORMS AND iNOS EXPRESSION

tion remains to be determined. Recently, it has been suggested
that p388 can phosphorylate eEF2 kinase and inhibit its activ-
ity, thus having an effect on protein translation (17). The
evidence would support, therefore, unique functions for differ-
ing isoforms of p38MAPR

We have demonstrated that p38a and -p appear to have
opposing function in the rat renal mesangial cell. The subcel-
lular localization where these functions occur and the sites
(transcriptional and/or posttranscriptional) within the protein
synthetic machinery where these interactions occur remain to
be determined. We believe these observations have important

implications for cfcug design, targeting the inhibition of
P38MAPK
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