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Abbreviation

Akt serine / threonine-protein kinase Akt

ARE adenosine-uridine rich element

ATRA all-trans retinoic acid

BALF bronchoalveolar lavage fluid or bronchioalvelar lavage

CCL2 C-C motif chemokine 2

CF cystic fibrosis

CFTR cystic fibrosis transmembrane conductance regulator

Chk serine / threonine-protein kinase Chk

COPD chronic obstructive pulmonary disease

COX cyclooxygenase

CSNK casein kinase

CTGF connective tissue growth factor

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

EDTA ethylenediaminetetraacetic acid

ELAV embryonic lethal abnormal visual protein

ELAVL | ELAV-like protein

ELISA enzyme-linked immunosorbent assay

ERK extracellular signal-regulated kinase

Etsl Protein C-ets-1

FBLN fibulin

FKBP12 | FK506-binding protein 12

FOS proto-oncogene c-fos

FXR1 fragile X mental retardation syndrome-related protein 1

GAPDH | glyceraldehyde-3-phosphate dehydrogenase

GM-CSF | granulocyte-macrophage colony-stimulating factor

HCV hepatitis C virus

hnRNP heterogeneous nuclear ribonucleoprotein

Hu human antigen

IFN interferon

IL interleukin

IP immunoprecipitation

KSRP far upstream e_Iement-binding protein 2, also known as KH type-splicing
regulatory protein

LPS lipopolysaccharide

LT lymphotoxin

MAPK mitogen-activated protein kinase

MDM2 E3 ubiquitin-protein ligase Mdm2

miR microRNA

MK2 MAP kinase-activated protein kinase 2




MMP

matrix metalloprotease

mTOR mammalian target of rapamycin
MYB transcriptional activator Myb
MYC Myc proto-oncogene protein
NF-xB nuclear factor kB
nuclear receptor subfamily 2 group F member 2, also known as COUP
NR2F2 transcription factor 2
nt nucleotide(s)
ORF open reading frame
PBS phosphate-buffered saline
PCR polymerase chain reaction
PI3K posphoinositide-3-kinase
PKA protein kinase A
RAR retinoic acid receptor
Rheb Ras homolog enriched in brain
RICTOR | RPTOR-independent companion of mTOR
RISC RNA-induced silence complex
RNA ribonucleic acid
RPTOR | regulatory-associated protein of mTOR
RT-PCR | real time PCR
RXR retinoid X receptor
SHIP1 phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1
SiRNA small interfering RNA
SIRT1 NAD-dependent protein deacetylase sirtuin-1
SIS platelet-derived growth factor subunit B
SLC solute carrier family
SMAD mothers against decapentaplegic homolog
TGF transforming growth factor
TLR Toll-like receptor
TNF tumor necrosis factor
TOM1 target of Myb1
TTP tristetraprolin
uPA urokinase-type plasminogen activator
UTR untranslated region
VEGF vascular endothelial growth factor




Dissertation Abstract

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in a chloride
ion channel called cystic fibrosis transmembrane conductance regulator (CFTR). CF patients
frequently develop chronic lung inflammation and refractory respiratory infection, most
commonly by Pseudomonas aeruginosa (P. aeruginosa, PA). The CF lung disease is one of the
major causes of the morbidity and mortality in CF patients, and development of anti-
inflammatory therapeutics for CF is a major goal. Inflammatory molecules are regulated through
posttranscriptional mechanisms by microRNAs (miRNAs) and mRNA-binding proteins. miRNAs
are endogenous non-coding RNA molecules that have been found to regulate various cellular
processes by destabilizing target mRNAs. Recent studies indicate that microRNAs are key
molecules in disease development and therapy. Additionally, several RNA-binding proteins
(RBP) have been shown to coordinate with miRNAs and regulate expression of inflammatory
genes. A class of RBPs recognize and bind to adenosine-uridine rich regions (ARE regions) in the
3" UTRs of mMRNAs and are known as ARE-binding proteins (AUBPs). However, the role of
these factors in the regulation of the inflammation in CF has not been well studied. Therefore, my
overall research theme is to determine posttranscriptional regulation of inflammatory molecules
in CF. Based on previous findings from our laboratory, my thesis especially focuses on the
mechanisms of posttranscriptional regulation of IL-8 expression in CF by miR-155 and HuR. Our
findings indicated that inflammatory mediators and Pseudomonas infection modulate IL-8 and as
well as miR-155 expression in CF lung epithelial cell. To further investigate mechanisms of
posttranscriptional regulation of IL-8 mMRNA, we subsequently searched for proteins and miRNAs
which bind to the ARE region of IL-8 mRNA specifically in CF. Our data show that HuR and
miR-16 bind to the ARE region, and regulate IL-8 mRNA stability. Additionally we examined
how miRNA regulates CF disease development. We focused on miR-155, one of the significantly
upregulated miRNAs in CF, and searched for novel direct targets of miR-155 which contributes
to the lung inflammation in CF. We validated RPTOR as a miR-155 target, and demonstrated that
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lower RPTOR expression might lead to higher CTGF expression in CF, which is considered to be

associated with fibrosis in CF lungs.
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Chapter 1: Dissertation Introduction

Cystic Fibrosis

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in chloride
ion channel called cystic fibrosis transmembrane conductance regulator (CFTR) (114).
Intracellular domains of CFTR include a regulatory domain (R domain) and two ATP binding
sites (NBF1 and NBF2) (21). When serine residues of the R domain are phosphorylated by PKA,
CFTR channel is poised to bind ATP to NBF1 and NBF2 (21). CFTR channel opens by
hydrolysis and separation of ATP. Since water follows ion movement, CFTR eventually affects
water intake. For example, in case of CFTR inhibition, lumen is more viscous (CF lung), while
CFTR overstimulation leads to water loss. Among the Caucasian population, CF is the most
common autosomal recessive disease, affecting one patient in 3300 people and one carrier in 25
people (36). There are various types of mutations, but the most common pattern is a deletion of
the phenylalanine residue at 508 (Phe508del) from CFTR (22). In a specific population, other
traits are more common, such as W1282X in the Ashkenazi Jewish population (125). After birth,
the natural history of cystic fibrosis begins with steatorrhea and failure of gaining weight during
infancy, immediately followed by intermittent or chronic respiratory infection (25). Series of
autopsy of steatorrhic children who died of respiratory infections revealed dilated (cystic) acini
and ducts and fibrotic surrounding stroma in the pancreas. This was considered to lead to less
excretion of digestive enzymes and subsequent malabsorption, especially lipid-soluble vitamins A
and D (46). Although malabsorption can be treated with nutrient supplementation, respiratory
infection is still a life-threatening factor for CF patients. Patients with CF tend to develop chronic
infection and inflammation systemically, but especially in the respiratory tract. Chronic infection
is most commonly caused by bacteria such as Pseudomonas aeruginosa (P. aeruginosa),

Staphylococcus aureus, and Haemophilus influenzae (82; 118), because of viscous airway



mucosa caused by defective chloride ion export from airway epithelial cells, which leads to more
severe inflammation (41). In fact, the number of neutrophils is higher in bronchioalveolar lavage
fluid (BALF) from CF, and inflammatory products from neutrophils, such as elastase and IL-8,
were shown to increase in sputum (23) and BALF (54) from CF patients.

Definition of inflammation has not yet been established exclusively (122). Pathologically,
inflammation generally refers to a series of responses of vascularized tissues to infections and
damaged tissues that brings cells and molecules of host defense from the circulation to the sites
where they are needed, in order to eliminate the offending agents (67). These offending stimuli
include microbial pathogens, foreign bodies, toxins, hypoxia, burns, physical forces (trauma) and
so on. When tissue is injured, local blood vessels become permeable and humorous components
and leukocytes leak into the injured site. Depending on the stimulus, leukocytes kill or seal it, and
finally the impaired tissue is repaired by fibroblasts. During this process of inflammation, many
molecules are mediating each reaction among endothelial cells, leukocytes, damaged epithelial
cells, and pathogens. These molecules are called inflammatory mediators, including cytokines,
chemokines, arachidonic acid derivatives, growth factors, complements, extracellular matrices,
and reactive oxygen species.

Whether cystic fibrosis cells are inherently inflammatory or not has been controversial.
According to the explanation above, it follows that cystic fibrosis does not develop inflammation
if a patient is not infected, because there are no definitive external stimuli. Also, the association
between an ion channel mutation and inflammation is not promptly inferable. Although in most
cases, histopathological findings of cystic fibrosis lung specimen include acute and chronic
inflammation as well as dilation of bronchioles and hyperplasia of mucus glands (139), the
airways are usually histologically normal during the first few months of life (58), indicating that
the inflammation can be because of infection that occurs later but not necessarily because of the
nature of CF. To determine whether it is a possibility, several studies were done using cultured
CF cell lines under sterile environment. Both samples of BAL fluid and bronchial epithelial cells
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from uninfected CF patients showed higher 1L-8 mRNA expression compared with normal
uninfected control (90). CF cell line with Phe508del mutation showed increased sensitivity to
bradykinin which activated phospholipase A2, leading to more production of arachidonic acid (9).
Human bronchial goblet cells isolated from CF and non-CF patients were cultured and IL-8 was
found to be increased (131), and also the other lab showed that CF bronchial epithelial cell line,
IB3-1 (CFTRPPhes08deliWi282Xy " has increased IL-8 mRNA expression (5). However, another study
with respiratory epithelium from CF patients without infection did not show significant difference
in IL-8 mMRNA compared with non-CF controls (51). Whether CF is inflammatory in nature or not,
at least it is commonly accepted that CF epithelial cells may have abnormal regulation of

inflammatory cytokines independent of infection.

Function of microRNAs

MicroRNAs (miRNAs, miRs) are approximately 22 nucleotide-long non-coding RNAs
which regulate translation or stability of target mMRNAs by binding to specific MRNA sequences
through complementarity. Phenomenon of RNA-mediated gene silencing had been known since
before the discovery of microRNA. In 1984, mouse L-cells were transfected with a plasmid
containing the antisense sequence of thymidine kinase (TK) gene of herpes simplex virus (HSV)
(45). When TK-negative L-cells were co-transfected with one plasmid with wild type TK gene
and another plasmid with flipped TK sequence, TK expression level significantly decreased (45).
Later, miRNA was first described in Caenorhabditis elegans (70). Previously it had been known
that LIN-14 protein expression was reduced by lin-4 gene product, and that the 3’UTR of lin-14
mMRNA was necessary for this inhibition. In 1993, Lee et al discovered that there were two small
transcripts from the lin-4 gene (61 nt-long lin-4L and 22 nt-long lin-4S) which are not protein-
coding (70). While lin-4L was predicted to have characteristic hairpin loop structure, these

transcripts include a same sequence which is complementary to the 3’UTR of the lin-14 mRNA,



and thus lin-4L were thought to be a precursor of lin-4S which was thought to bind to the 3’'UTR
of lin-14 mRNA and inhibit the translation of lin-14 (70). Together with other microRNAs, such
as let-7, these were initially called small temporal RNA (stRNA).

Although several mature miRNAs had been reported since then, the processing
mechanism was not clear until another similar RNA, siRNA, was discovered. In 1998, Fire et al
synthesized double-stranded RNA molecules of several genes and transfected them into C.
elegans, which led to deficient phenotypes of corresponding genes (31). In later study, an in vitro
silencing experiment showed that this is caused by mRNA degradation which requires nuclease
activity and guiding RNA, and this complex was termed RNA-induced silencing complex (RISC)
(39). Almost at the same time, it was also shown that dsRNAs were cleaved into approximately
22 nt-long small sequences and separated into single-stranded RNAs, which were thought to
function as a guide to the target mMRNA (160). However, the RISC did not have the ability to cut
dsRNA into 22 nt-ssRNA. In 2001, Drosophila S2 cells were transfected with one of plasmids
containing several different RNase Il genes with T7 tag (10). Subsequent immunoprecipitation
with T7 antibody revealed 22 nt-long RNA molecules in a sample with CG4792 plasmid
(renamed as Dicer-1), and this RNA molecule migrated in gel down to the same position as RNA
isolated from RISC (10).

Because of similar length of siRNA to stRNA, it was predicted that Dicer-1 was also
involved in stRNA processing. Four months later, while examining the phenotype of dcr-1
mutant homozygote of C. elegans, it was shown that this developmentally defected phenotype
was similar to that of let-7 mutant (37; 53). Indeed, lin-4 and let-7 expressions decreased and
precursors accumulated, and therefore it was concluded that Dicer-1 was necessary for pre-
StRNA processing to mature stRNA (37; 53). Although precursor stRNAs had been first thought
to be a primary sequence, there seemed to be another longer and more primary product than pre-
StRNA, based on the existence of a group of several miRNAs which are located in one cluster
sharing a common upstream regulatory region. By using primers binding to a sequence outside of
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pre-miR-30, a primary precursor was detected (371 nt-long pri-miR-30a), exclusively in the
nucleus, and when this sequence was inserted in plasmid and expressed, this was processed to 65
nt-long pre-miR-30a, and finally to the mature miR-30a (72). Finally, an RNase 11l which cleaves
pri-miRNAs was sought. Because of the nuclear localization and unestablished roles, Drosha was
examined. Drosha was tagged with flag, collected by immunoprecipitation, and treated with pri-
miRNA in vitro (71). pri-miRNA was successfully processed to pre-miRNA, and Drosha
knockdown resulted in accumulation of pri-miRNA (71).

There are some proteins which bind to miRNAs and mRNAs and regulate their
processing (63). For example, KH-type splicing regulatory protein (KSRP) and heterogeneous
nuclear ribonucleoprotein A1 (hnRNPA1) were shown to bind to the terminal loop sequence of
pri-miRNAs, and KSRP also binds to pre-miRNAs to facilitate maturation of its target miRNAs
(89; 137). However, in case of let-7a processing, hnRNPAL inhibits its processing at Drosha level
by physically competing with KSRP (88).

So far, 30424 microRNAs have been reported in plants, insects and animals as of June
2013 (60), and it is estimated that up to 30% of protein expression is influenced by miRNA (30).
MicroRNA genes have been identified in introns of protein-coding and non-coding genes, or in
exons of protein non-coding transcription units (such as miR-155 in BIC transcript which does
not code a protein) (56). As described above, miRNAs are transcribed by RNA polymerase Il
(63). Primary transcript (pri-miRNA) has stem loop structure(s) where a ribonuclease Drosha
binds and processes pri-miRNA to shorter precursor (pre-miRNA). Canonically, pre-miRNA is
exported into the cytoplasm through exportin 5. In the cytoplasm another ribonuclease Dicer
binds and cleaves the loop, producing a duplex composed of miRNA/complementary miRNA-star
sequence. One of the two strands of this duplex is determined to be incorporated into RNA-
induced silencing complex (RISC) and guided to target mMRNAS to degrade or reduce the stability
of target MRNAs. A figure from a review article summarizing this mechanism is shown at the end
(103). Some miRNAs stimulate translation or stability of its target mMRNAs (141). Classically,
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miRNA binds to 3’-untranslated region (3* UTR) of its target mMRNAS, while some miRNAs were

shown to bind to 5’UTR or coding region, or several sites together (69; 99).

Prediction of miRNA targets

Since the discovery of miRNA, it has been thought that a miRNA interacts with its target
MRNA by complementary binding. When lin-4S was discovered as the first miRNA against lin-
14 mRNA, it was also found that there were two short blocks of lin-4 sequence which are
complementary to an element repeated seven times in the 3'-UTR of lin-14 mRNA (70). The first
block of complementary sequence was 9 nt-long at the very 5' end of lin-4S, and the second block,
and the second block was at least 4 nt-long at the 3' end of lin-4S. The reasons why this potential
antisense complementarity seemed critical was because the seven repeated elements in lin-14 are
conserved between C. elegans and C. briggsae; because screening for loss-of-function mutant
revealed a mutation located within a block of lin-14-complementary sequence of lin-4; and
because the seven lin-4-complementary elements occur in the lin-14 region deleted in lin-14 gain-
of-function mutant (70). In a later study, a **P-labeled chemically synthesized 24-nucleotide lin-
4S RNA was incubated with in vitro transcribed lin-14 3'-UTR RNA bearing the seven putative
lin-4 binding sites, and complex formation was confirmed by gel electrophoresis (38). When lin-
14 RNA had helix-disrupting mutations in each of the seven binding sites, the final product
migrated down to the position where unbound RNA was detected (38). In this report, there was
also a predicted binding site where miRNA-mRNA duplex forms a bulge (38). Although this
bulged binding was not proven by electrophoresis, in vivo observation suggested some biological
effects on larva development (38). Thus it was proven that microRNAs bind to their targets by
base pairing.

Based on known miRNA sequences at that time, an algorithm was developed (MiR scan)

to predict and find miRNAs in C. elegans and C. briggsae genes (76). Its prediction method was



largely based on the presence of hairpin structures, and conservation between these two species
(76). They identified 88 C. elegans miRNA genes, and succeeded in grouping them into 48
families including one to eight genes per each, so that, within families, sequence identity either
spanned the length of the miRNAs or was predominantly at their 5' terminus (76). Thus it was
suggested that the 5' end sequence was particularly conserved and involved in base pairing with
their target mRNAs (76). Later on, another algorithm was developed to predict the targets of
vertebrate miRNAs, called TargetScan (74). This program combines thermodynamics-based
modeling of RNA:RNA duplex interactions with comparative sequence analysis to predict
miRNA targets conserved across multiple genomes (74). Given an miRNA that is conserved in
multiple organisms and a set of orthologous 3'-UTR sequences from these organisms, TargetScan
searches the UTRs for segments of perfect Watson-Crick complementarity to 2nd to 8th bases (or
longer if they still match) from 5' end of the miRNA (74). This 7 nt segment of the miRNA was
referred to as the "miRNA seed”, and UTR heptamers with perfect Watson-Crick
complementarity to seed as "seed matches" (74). TargetScan further extends to search miRNA to
optimize base pairing of the remaining 3' portion of the miRNA to the 35 bases of the UTR (74).
By using this program, it was shown that the ratio of the average number of predicted mRNAS per
miRNAs to that of randomized miRNAs became significantly higher when conservative miRNAs
were chosen from broader range of species (74). It was also shown that this ratio was particularly

high when the seed sequence was within first to ninth bases from 5' end of miRNA (74).

MiRNAs in Cystic Fibrosis

In relation to cystic fibrosis, miRNAs play roles in two aspects. One is for
posttranscriptional regulation of CFTR mRNA and protein, and the other is for upregulation of
inflammation. First of all, overall miRNA expression profiling studies in CF are mentioned. One

study has shown that 24 miRNAs were significantly upregulated in the ilea of CF mice (6).



Another study has been carried out with bronchial brushing samples from five CF patients and
five non-CF patients (96). In this study, among 667 miRNAs examined, 56 were significantly
downregulated, and 36 were upregulated. Third study performed miRNA expression profiling in
CF bronchial epithelial cell line (IB3-1) as well as in lung epithelial cells isolated from bronchial
brushings of CF patients (12). Of 356 miRNAs examined, 4 were significantly downregulated
and 18 were upregulated. Each of these studies focused on different aspects of regulation of the
disease phenotype in CF.

There are several reports which showed regulation of CFTR mRNA and protein by
miRNAs. miR-145 and miR-494 were shown to directly target 3’-UTR of CFTR mRNA in
human bronchial cell lines by luciferase assay (35). Similarly, another study showed miR-101 and
miR-494 targeting CFTR mRNA in HEK-293 cell line (85). Another study also demonstrated that
miR-101 (and miR-144 which has the identical binding site) targets CFTR mRNA in HEK-293
cell line treated with cigarette smoke (40). Samples from bronchial brushings of CF patients
showed increased miR-145, miR-223 and miR-494 expression, and these miRNAs were further
shown to directly target CFTR mRNA in HEK-293 cell line (97). CFTR can also be regulated
indirectly by miRNA. For example, miR-138 directly targets a histone deacetylase SINSA mRNA,
which binds and represses the promoter of CFTR gene (110).

miRNAs can also modulate the effects of inflammation and infection in CF. miR-145 was
increased in nasal epithelial cells from CF patients, and luciferase assay showed that miR-145
targets SMAD3 mRNA in HEK-293 cells (84). Although SMAD3 is involved in TGF-B1
pathway to inhibit NF-kB signaling, a relationship between miR-145 and NF-xB signaling
pathway was not demonstrated in this article (84). Another study was performed to compare
miRNA expression in bronchial brushing samples between CF and non-CF patients (96). In this
study, miR-126 was found to decrease in CF, and miR-126 was validated to target an mRNA of
TOM1 which is involved in intracellular trafficking and an inhibitor of inflammatory signaling
(96). In a CF cell line, decreased miR-126 caused increased TOM1 expression which finally led
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to decreased cytokine production after LPS and IL-1 stimulation (96). Another study showed that,
when a CF cell line was treated with Pseudomonas aeruginosa, miR-93 expression decreased
(28). miR-93 was further shown to bind to the 3' UTR of IL-8 mRNA, and IL-8 increased after
Pseudomonas infection because of decreased miR-93 (28). Our lab also previously showed that
miR-155 was upregulated in CF cell line, which led to activation of PI3K/Akt pathway by
directly targeting SHIP1, an inhibitor of the pathway (12). In CF, activated PI3K/Akt pathway

resulted in increased transcription and stability of IL-8 mRNA (12).

RNA-binding proteins and inflammation

Eukaryotic mRNA has some distinct features. Nascent precursor mRNA (pre-mRNA) is
transcribed by RNA polymerase Il, and at almost the same time, mRNA goes through several
events such as 5' capping, splicing and polyadenylation at the 3' end (8; 147; 161). These events
are necessary for efficient translation and stability for mRNAs. For example, mMRNA was shown
to be circular so that poly(A) tail interacts with the 5' end through poly(A) binding protein and
eukaryotic initiation factor 4, which is required for starting translation. It means, in turn, that
poly(A) length is an important determinant for its protein expression and stability of mRNA. This
has been known for long time, but a recent study examined poly(A) length of mMRNAs at
transcriptome-wide scale, and showed a positive correlation of poly(A) tail length with an ability
to interact with poly(A) binding protein Pablp and mRNA translation efficiency (ribosomal
density) in Saccharomyces cerevisiae (7). However, this study did not show the correlation
between poly(A) length and mRNA half-life (7).

On the other hand, another specific feature of 3' UTR was found to be an important
determinant for mRNA stability regulation. Compared with proto-oncogene v-fos, its eukaryotic
cognate c-fos had been known to be unstable to transform fibroblasts in vivo (87). Meijlink et al

examined their major sequence difference in 3' UTR, and by deleting various segments of c-fos 3'



UTR, they found that deletion of a 67-nucleotide stretch containing adenosine and uridine bases
was sufficient to activate its transforming potential (87). AT-rich sequence was also identified in
genes of some inflammatory molecules such as TNF, LT, IL-1a and —f, IFN-o and -, and GM-
CSF, and it was recognized that there was a common 33-nt sequence in the 3° UTR that was
conserved between mouse and human (16). This sequence was composed entirely of A and T
residues and contains the repeating octamer TTATTTAT (16). More detailed features were
revealed in granulocyte-monocyte colony stimulating factor (GM-CSF) mRNA, which had been
known to express only transiently in T lymphocytes. GM-CSF mRNA also has ARE regions in its
3' UTR, and this sequence was found to be conserved in mouse and human (124). When this
conserved ARE sequence was inserted into 3' UTR of stable B-globin mRNA, it was rapidly
decayed after actinomycin D treatment (124). Thus ARE sequence was shown to regulate mRNA
stability (124). In this study, it was further shown that ARE sequences were recognized and
conserved in other mMRNAs of several lymphokines and proto-oncogenes, such as a-IFN, B-IFN, y
-IFN, IL-1, IL-2, IL-3, TNF, cFOS, cSIS, cMYC, and cMYB (124). Analysis of these sequences
also revealed that the largest sequence motif common to all of these genes is AUUUA (124). To
determine if there is a cytoplasmic protein which interacts with the 3 UTR of unstable mRNA
through the AUUUA element, in vitro transcribed, labeled synthetic RNA that contained four
adjacent reiterations of the AUUUA motif was incubated with lymphocyte cytoplasmic extract
(81). After treatment with RNase A, band-shift assay revealed a stable, RNase A-resistant
complex, which was abolished by prior treatment with proteinase K (81). Thus there was shown
to be a protein which binds to ARE sequence, and this protein was termed AU-binding factor
(AUBF) (81). Since then several ARE-binding proteins had been reported, and among them was a
group of RNA-binding proteins called Elav-like proteins, consisted of HuC, HuD, and Hel-N1.
These proteins were ARE-binding proteins and expressed only in the brain. In addition to these
three proteins, another protein of this family which especially expresses in non-neuronal cells was
sought (78). RT-PCR analysis of mMRNA from HeLa cell revealed a new sequence composed of
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RNA recognition motif (RRM) Il with adjacent 140 nt-long conserved region (78). This product
was found to be highly related to, but distinct from, HuD, HuC and Hel-N1, and newly termed as
HuR (78). The predicted protein had an identical domain arrangement as the other Elav-like
family members, including RRMI and Il for ARE-binding and RRMIII for poly(A) tail binding
(78). Furthermore, it was also shown that HuR binds to ARE region, particularly AUUUA
sequence of IL-3 mRNA (78).

These two structures (poly(A) and ARE region) described above were shown to be
associated to each other. When mouse NIH3T3 cells were transfected with a plasmid of human c-
fos gene with deleted ARE region, the poly(A) length from that mMRNA was shown to be longer,
and more stable than that with ARE region (151). HUR was also shown to stabilize ARE-
containing mRNAs, such as fos and GM-CSF (29). But when RRMIII of HUR was deleted, these
mRNAs were not stable (29). Since RRMIII has been assigned a role in associating with the
poly(A) tail (78), and since deadenylation was shown to be the first step of degradation, it was
suggested that interactions with both ARE and poly(A) were essential for effective mRNA
stabilization by HUR and this serves initially to protect the mRNA from deadenylation (29).

Since then, HUR has been shown to bind to the ARE regions in 3° UTR of several
mMRNAs of cytokines and proliferative molecules, and also stabilize the target mRNAs. Early
examples of HUR targets include mRNAs of VEGF (73), cyclin A and B1 (145), and TNF-a (32).
In malignant glioma cell line, HUR was shown to bind to 3 UTR of IL-8 mRNA (92). It was
further confirmed that HuR bound to ARE region of IL-8 mRNA by UV cross-linking of salivary
protein lysate with IL-8 ARE, which led to stabilization of IL-8 mMRNA (102). The expression and
function of HUR were shown to be regulated by several stimuli and signaling pathways.
Stimulation of MAPK pathway in mammary epithelial cells by docetaxel led to activation of
MK2, which was shown to be required for stabilizing an HuR target, COX2 mRNA (129). In
another study of HuR binding to the ARE region of uPA mRNA, HelLa cells were treated with
constitutively active form of MK2, and HuR was shown to translocate to the cytoplasm and more
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HuR bound to uPA ARE which led to stabilization of uPA mRNA (138). Another mechanism of
HuR regulation is phosphorylation by Chk2 (1). When WI-38 cells were treated under oxidative
stress, Chk2 was activated and the S100 residue of HUR was phosphorylated, and dissociated
from its target, SIRT1 mRNA (1). In this study, more HuR translocated to the cytoplasm under
oxidative stress, but HUR was dissociated and SIRT1 mRNA was degraded (1). These signaling
pathways are provoked by inflammatory stimuli, and therefore, HuR is an important molecule in
inflammatory signaling pathways which is controlled by upstream stimuli, and then regulates

stability of its target cytokine mRNAs.

Conclusion and specific aims

Based on the literature review above, knowledge about posttranscriptional regulation
mechanisms by miRNAs and ARE-binding proteins have grown recently. Especially, the
discovery of the presence of ARE sequences in 3' UTR of many inflammatory genes progressed
further research and revealed substantial contribution of ARE-binding proteins to mRNA stability
of these inflammatory molecules in several diseases. However, little has been studied about the
posttranscriptional regulation mechanisms of inflammatory genes in CF. Indeed, a recent review
describes several studies of miRNA-mediated regulation of CFTR mRNA, but not as many of
miRNA-mediated regulation of inflammation (126). Furthermore, the roles of ARE-binding
proteins have not been well studied in CF. Therefore, my overall research theme is to describe
posttranscriptional regulation of inflammatory molecules in CF. Based on previous findings from
our laboratory, here we especially focussed on the mechanisms regulating I1L-8 expression in CF
by miR-155 and HuR for these aims. First, we analyzed how inflammation and infection affected
the expression and of IL-8 MRNA and miR-155. Subsequently we analyzed how ARE-binding
proteins and miRNAs which bind to the ARE sequences of IL-8 mRNA regulate its expression in

CF lung epithelial cells. Finally we examined how miRNA contributes to CF disease
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development, focusing on miR-155, one of significantly upregulated miRNAs in CF. We

identified novel direct targets of miR-155 which contribute to the lung inflammation in CF.
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Figure Legend

Figure: microRNA biogenesis. In animals, microRNA (miRNA) genes are typically transcribed
as primary miRNA (pri-miRNA) transcripts that undergo processing by Drosha-containing
complexes. The resulting hairpin precursor miRNAs (pre-miRNAS) are transported to the
cytoplasm by exportin 5 (XPO5). The Dicer complex removes the loop region from pre-miRNAs,
and one strand of the resulting duplex is bound by Argonaute to form a miRNA-induced silencing
complex (miRISC), which targets mRNAs for degradation and / or translational suppression. The
other strand, which is often called the star strand (miRNA¥*), is degraded. The figure and legend

is cited from Pasquinelli AE. (103)
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Abstract
Cystic Fibrosis (CF) is due to mutations in the CFTR gene, which cause a massively
proinflammatory phenotype in the CF airway. The chemical basis of the inflammation is hyper-
production of interleukin-8 (IL-8) by CF airway epithelial cells, based on both an intrinsic
mutation-dependent mechanism, and by infection. In infection-free, cultured CF lung epithelial
cells, high levels of the microRNA (miR), miR-155 is responsible for hyper-expression of IL-8.
However, whether infection-induced 1L-8 expression in CF cells is also mediated by miR-155 is
not known. We have hypothesized that miR-155 might be a general mediator of enhanced IL-8
expression in CF cells, either in response to other cytokine/chemokine mediators of inflammation,
or following exposure to infectious agents. Here we find that a reduction in miR-155
accompanies suppression of 1L-8 by either the anti-inflammatory cytokine I1L-10, or by inhibition
of ambient IL-1B with a neutralizing antibody. However, attempts to elevate IL-8 levels with
either intact bacteria (viz. a mucoid strain of Pseudomonas aeruginosa (PA)), or
lipopolysacchride (LPS), were unable to elevate miR-155 above its intrinsically high level in the
absence of these agents. Instead, in response to PA-infection, the CF cells modestly suppress the
expression of miR-155, and express a novel set of miRs, including miR-215. We find that ex-vivo
CF lung epithelial cells also express high levels of both miR-155 and miR-215. The predicted
module of infection-induced mRNA targets focuses on activation of the NF«B signaling pathway,
and on the pro-apoptotic p53 signaling pathway. We interpret these data to suggest that that CF
lung epithelial cells respond to P. aeruginosa, or bacterial cell products with a novel microRNA

program that may carry with it serious challenges to survival.

Key words: cytokines, chemokines, inflammation, microRNAs, mRNA, gene regulation
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Introduction

Cystic fibrosis (CF) is the most common fatal autosomal recessive disease in the U.S. and
Europe, and is due to mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene (19; 33; 59; 107). CF is characterized by a massive pro-inflammatory phenotype in
the lung, due to the secretion of high levels of I1L-8 and other pro-inflammatory cytokines and
chemokines (3; 13; 23; 113; 115). IL-8 is the most potent known chemotactic agent for
neutrophils (115), and is secreted from CF lung epithelial cells (13).The enhanced secretion of IL-
8 seems to be an intrinsic property of the CF epithelium, since fetal CF lung epithelium
spontaneously secretes high IL-8 levels into the airway as early as the 15th week of gestation and
in the absence of any detectable infection (54; 135). Furthermore, most infection-free, cultured
CF lung epithelial cells also hyper-secrete IL-8 (26).

However, the airway of the CF patient is chronically infected, most often with mucoid
strains of Pseudomonas aeruginosa (PA). This chronic infectious state therefore adds to the
already high IL-8 expression level by added signaling through the toll-like receptor (TLR) and
NF«B signaling pathways. Therefore a combination of defective intrinsic regulation of IL-8
expression, coupled with infection-mediated increase in IL-8 expression, may result in a
catastrophic proinflammatory quagmire of chemokine activities, bacteria and bacterial products,
neutrophils, and mucins in the CF airway. However, it remains unknown whether a common
intrinsic defective mechanism is responsible for both the intrinsic defect in IL-8 expression, as
well as the defective response to the extracellular presence of bacteria in the CF airway.

The expression of inflammatory genes, including the pro-inflammatory chemokine IL-8, is
known to be regulated by diverse processes. We have previously demonstrated that CF lung
epithelial cells in culture not only secrete large amounts of IL-8 protein, but also have high levels
of very stable IL-8 mRNA (5). Recent studies have also shown that IL-8 expression in CF cells is

regulated by the microRNA, miR-126 (95). More recently, we have specifically shown that miR-

18



155 is directly responsible for stabilizing IL-8 mRNA and up-regulating of IL-8 protein
expression in CF lungs (12). Elevated levels of miR-155 are also found in primary cultures of
airway epithelial cells from CF patients, as well as in neutrophils from peripheral blood of CF
patients (12). However, whether this mechanism is also responsible for massively elevated levels
of IL-8 in response to bacteria has not yet been determined.

We have therefore hypothesized that miR-155 might be a general mediator of enhanced
IL-8 expression in CF cells, including in response to other cytokine/chemokine mediators of
inflammation, or following exposure to infectious agents. To test this hypothesis, we have
challenged CF lung epithelial cells with conditions which either raise or lower IL-8, and have
measured changes in miR-155. Here we report as anticipated, that agents such as the anti-
inflammatory cytokinelL-10, or neutralizing antibodies against IL-1p, lower both IL-8 and miR-
155. However, while PA raises IL-8 levels, we find it fails to further elevate miR-155. Instead,
PA modestly suppresses miR-155, and recruits an entirely unique set of miRNAs. This unique set
of miRs includes elevated miR-215, whose focus with other PA-dependent miR changes, is to
drive the CF cell into a p53-centric survival challenge. These data suggest that CF is associated
with both an intrinsic proinflammatory defect, and an infection-elicited defect, and is therefore of

importance in resolving this ongoing controversy.
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Materials and Methods
Reagents
LHC-8 media, Trypsin-EDTA (0.05%) and Lipofectamine transfection reagent were
purchased from Invitrogen (New York). Actinomycin D (ActD) was purchased from Sigma
Chemical Co (St. Louis, MO). RNA aqueous and miRVana kit for isolation of RNA from CF
cells was obtained from Life Technology (Grand Island, NY). Anti-IL-1 antibody was
purchased from R&D systems (Minneapolis, MN). The human IL-10 was purchased from Cell

Signaling Technology, Inc. (Danvers, MA).

Cell culture and transfection

IB3-1 CF lung epithelial cells were maintained in LHC-8 serum free medium in
humidified 5% CO, as previously described (26). Transfections were performed using the
Lipofectamine Transfection Reagent (Invitrogen). The Pseudomonas aeruginosa infection was
performed according to published protocol (18). Briefly, 1.5 x 10° cells were treated with high
(HA) or low (LA) algenate form of mucoid P. aeruginosa (MPA) for 24 h. RNA was isolated and
analyzed by quantitative real time PCR. The dosage of bacterial treatment is non-toxic to the CF

cells and was selected based on the published protocol of Chattaraj, et al. (18).

Measurement of mMRNA and microRNA by gRT-PCR

RNA was isolated from the CF cells and mRNA expression levels were analyzed with
gRT-PCR as described earlier (5).The primary bronchial epithelial cells were obtained from lung
brush biopsies of CF patients under a USUHS Institutional Review Board approved protocol as
described earlier (5). The cells were stored in RNA later or Trizol and total RNA was isolated
using the miRVana kit. The microRNA expression profile was analyzed by Tagman Low Density

Arrays (ABI) as described in Bhattacharyya et al. (12). Briefly, 350 ng of RNA was used for the
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profiling. Each of the multiplex Reverse Transcription performed with TagMan miRNA Reverse
Transcription Kit (ABI) was diluted and mixed with TagMan Gene expression Master Mix (2X).
100 ul of the RT reaction-specific PCR reaction mix was loaded into the corresponding fill ports
of the TagMan Low Density Human MicroRNA Panel v2.0 (Early Access). The individual miR-
specific Tagman assays were performed with 20 ng of RNA with Tagman probes specific for

mature miRs (ABI).

Statistical analysis

Statistical analysis was performed using Excel. Significance values (p < 0.05) were

determined by student’s t-test for the 3 hour time points. Error bars on graphs represent SEM.
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Results
IL-10 treatment of CF cells suppresses IL-8 and miR-155 expression

CF epithelial cells are also functionally deficient in IL-10, an important anti-
inflammatory, immune-modulatory cytokine (142). To test if IL-10 treatment could suppress IL-8
in CF lung epithelial cells, we treated IB3-1 CF cells with IL-10 (10ng/ml) for various intervals
of time. We subsequently measured 1L-8 mRNA levels. As depicted in Fig. 1A, we find that a 2
hour incubation of the CF cells with 10 ng/ml 1L-10 promotes the most significant and efficient
reduction in IL-8 mRNA. Fig. 1B shows that IL-10 treatment also suppresses miR-155 by ca.
20% (p< 0.05). There is precedence for this kind of observation, since 1L-10 has been shown to
suppress miR-155 expression in mouse macrophages (83).

We have previously shown that the miR-155 mechanism for IL-8 activation depends on
suppression of the inositol 5-phosphatase SHIP1, resulting in activation of the PI3K/AKt/MAPK
signaling pathway (12). Activation of MAPK by this mechanism results in stabilization of the IL-
8 mMRNA. Consistently, Fig. 1C shows that reduction of miR-155 through treatment with IL-10
also results in enhanced degradation of IL-8 mRNA. Thus the miR-155 mechanism contributes to

IL-8 suppression by IL-10.

Anti- IL-1p suppresses IL-8 gene expression and miR-155 in CF lung epithelial cells

IL-1B has been shown to induce IL-8 expression in CF cells (91) and also to promote
stabilization of IL-8 mRNA in various cell types (130). We therefore examined the role of IL-1p
in the hyper-expression of 1L-8, as well as in the up-regulation of miR-155 by treating CF cells
with different doses of neutralizing anti-IL-1 3 antibody for 24 hours. As shown in Fig. 2A, a
dose of 50 ng/ml of the antibody (1:10,000 fold dilution), is effective in suppressing IL-8
expression. Treatment with this dose of anti-IL-1 B reduces IL-8 mMRNA levels by ca. 60% and

protein levels by ca. 75%. Subsequently, we examined the stability of IL-8 mRNA at this dose of
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antibody treatment. As shown in Fig. 2B, neutralization of IL-1 B promotes enhanced degradation
of IL-8 mMRNA (p<0.05). There is rapid reduction of 1L-8 mRNA within 1 hour, followed by
decay of IL-8 message to ca. 65% of its original level. This rate and extent of IL-8 mRNA decay
is comparable to that observed in CFTR-repaired IB3-1/S9 lung epithelial cells (5). These data
have historical precedents in earlier studies of other cell types showing effects of anti- IL-1  on
both IL-8 mRNA transcription and mRNA stability (91; 130).

Based on our earlier findings that IL-8 expression is regulated by miR-155 in CF cells, we further
analyzed miR-155 expression levels in the anti-IL-1 -treated 1B3-1/CF cells. Fig. 2C shows that
miR-155 expression is indeed suppressed by neutralizing IL-1 B. However, the level of miR-155
suppression is reduced by only ca. 20%. Nonetheless, the reduction is significant (p < 0.05), and
there are precedents in the literature for small changes in miR expression to have significant
impact on target genes (123). Conclusively, these data strongly support the concept that elevated
IL-1p is one of the factors in CF cells that promotes hyper-expression of 1L-8. These data are also
consistent with the possibility that miR-155 expression helps to mediate this effect on IL-8

MRNA expression and mRNA stability in CF lung epithelial cells.

Pseudomonas aeruginosa infection elevates IL-8 expression, and enhances IL-8 mRNA
stability, but decreases miR-155

High alginate (HA) strains of mucoid Pseudomonas aeruginosa (MPA) are often closely
associated with CF lung disease. We therefore examined the effects of both low alginate (LA) as
well as the high alginate (HA) forms of MPA on IL-8 expression in CF lung epithelial cells. As
shown in Fig. 3A, the HA form of MPA induced the most significant increase in 1L-8 mMRNA
levels in IB3-1 CF cells. Inasmuch as increased 1L-8 expression in the infection-free state is, in
part, due to enhanced stabilization of the IL-8 message (5), we proceeded to examine whether

MPA infection had any effect on IL-8 mRNA stability.
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As shown in Fig. 3B, IL-8 mRNA stability is further enhanced (by ca. ~3 fold increase in ty5,) in
MPA treated cells, compared to media-treated CF cells. The log/linear plot shows that even
though IL-8 mRNA stability is the CF cells is quite high to begin with, IL-8 stability can be even
further enhanced by the added presence of bacteria. However, as shown in Fig. 3C, we find that
increased expression of IL-8 mRNA in the MPA-infected CF cells does not promote further
increase in miR-155 expression. Rather it modestly, but significantly suppresses miR-155
expression. These data suggest that the miR-155-dependent mechanism for regulation of 1L-8

expression in infection-free CF cells might be modified by the concomitant presence of infection.

Lipopolysaccharide (LPS) further stimulates IL-8 mMRNA expression and IL-8 mRNA
stability in CF cells without inducing miR-155

Dead bacterial cell walls, represented by purified lipopolysaccharide (LPS), can interact
with specific Toll-like Receptors (TLRs) on the epithelial cell surface, and promote
proinflammatory intracellular process that are similar to those evoked by living bacterial cells.
We therefore treated CF lung epithelial cells to LPS, and analyzed the IL-8 mMRNA response. Fig.
4A shows that IL-8 mRNA levels are significantly increased in IB3-1 cells over many hours.
However, Fig. 4B shows that no significant increase is observed in the corresponding miR-155
expression levels over the same time period. Finally, Fig. 4C shows that LPS significantly
stabilizes 1L-8 mMRNA compared to the already stabilized levels observed in media-treated CF
cells. Thus the miR-155-independent effects of living mucoid PA on IL-8 mRNA levels, IL-8
expression, and IL-8 stabilization can be similarly observed in the presence of a purely chemical

stimulus by LPS.

Differential expression of miRNAs in mucoid PA-infected CF lung epithelial cells
Based on the preceding data with intact bacteria and purified LPS, we considered the
possibility that the added presence of infection modifies the miR-155 dependent, intrinsic
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proinflammatory program in CF lung epithelial cells. To test this hypothesis further, we analyzed
the miRNA expression profile in IB3-1 CF treated with mucoid Pseudomonas aeruginosa (MPA),
and compared that to media-treated 1B3-1 CF cells. As shown in Table 1, the difference is
substantial and mechanistically informative. The data indicate that 75 miRNAs are significantly
(p< 0.05) and differentially-expressed in CF IB3-1 cell treated with mucoid Pseudomonas
aeruginosa bacteria for 24 hours. Of these significantly changed miRs, miR-215 is the only
miRNA whose expression is elevated (ca.10-fold), while the other miRs are down-regulated
compared to uninfected 1B3-1 CF cells. According to the prevailing paradigm for understanding
miR function, an elevated miR would suppress target mMRNAs, while reduced miRs would release
target mMRNAs from tonic inhibition.

To determine the possible relevance of these miR data to clinical CF, we performed the
same screen on ex-vivo CF lung epithelial cells. As shown in Fig. 5A, we found that miR-215 was
also elevated by ca. 1000-fold in CF cells, compared to control cells. Inasmuch as most CF
patients have a history of chronic Pseudomonas aeruginosa infection, the in vivo miR phenotype,
at least with regard to miR-215, appears to parallel, in some fashion, infection-treated IB3-1 cells.
MicroRNA-215 has been shown to be induced by the tumor suppressor gene p53 (106).
Consistently, we find ~2-fold increase in p53 expression in the Pseudomonas aeruginosa-infected
IB3-1 CF cells compared to uninfected control cells and ~3-fold increase in p53 in CFBB cells
compared to control NHBE cells (Fig. 5B).

To further investigate the mechanistic significance of the entire 88 member miR pattern,
including miR-215, we performed a set of network analyses using the Ingenuity Pathway
Analyses (IPA) algorithm. As shown in Fig. 5C, IPA analysis identifies a network of miRNAs
that target messenger RNAs for pro-inflammatory signaling, including MAPKs, NFkB and IL-8.
Since, aside from miR-215, all the infection-induced miRs are color-coded in green (meaning
reduced), the objective trajectory of the predicted, composite signaling ensemble is to drive
inflammation. The IPA algorithm also identifies other signaling networks, albeit at lower levels
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of significance. In the present case, Fig. 5D shows that the ensemble of infection-mediated
miRNAs form a significant network that also focuses the tumor suppressor gene p53 (TP53). The
p53 network includes 4 miRNAs (in addition to the 75) that were largely suppressed by PA
infection and were therefore detected only in the uninfected IB3-1 CF cells (high-lighted in grey,
Table 1). Consistently, deletions and mutations in the TP53 gene have also been shown to
promote dysregulated inflammatory signaling (104; 127). In addition, p53 expression has been
shown to be affected by certain pathogens including human papilloma virus (104). Moreover, p53
has been shown to induce microRNAs, including miR-215 (106). Additionally, p53 responsive
miRs including miR-215 have been shown to regulate the cell cycle (15; 34). Thus the miR-155-
dependent proinflammatory signaling pathway characterizes infection-free CF lung epithelial
cells. However, when CF lung epithelial cells encounter infection, the response appears to be

supplemented by a different, but still proinflammatory, miR-215-based signaling pathway.
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Discussion

In this paper we have tested the hypothesis that miR-155 might be a general mediator of
enhanced IL-8 expression in CF lung epithelial cells, either following exposure to
cytokine/chemokine mediators of inflammation, or in response to infectious agents. We have
previously reported that miR-155 stabilizes IL-8 mRNA, thereby enhancing IL-8 protein
expression. Consistently, abnormally high levels of miR-155 have been shown in cultured CF
lung epithelial 1B3-1 cells, primary epithelial explants from CF lung, and acutely isolated,
peripheral blood neutrophils from CF plasma (12). The data clearly show here that in the
infection-free state, IL-10 mediates reduction in IL-8 mMRNA expression, as well as miR-155
levels. The data further show that reduction in IL-1p with a neutralizing antibody against IL-1f
has the same concurrent effects on suppression of both IL-8 and miR-155. However, exposure to
either intact Pseudomonas aeruginosa (PA) or lipopolysaccharide (LPS), does raise IL-8 mMRNA
expression, but does not raise levels of miR-155 above the already high levels. In fact, miR-155 is
somewhat suppressed in PA-infected CF cells. Instead, the miR-155 response appears to be
supplemented, or replaced, by a different, but still proinflammatory, miR-215-based signaling
pathway, which targets both NFkB and p53 signaling pathways. The increased targeting of NFxB
IS not so surprising, since the Toll-Like Receptors, which respond to intact bacteria and to LPS,
feed downstream into the NFkB pathway through IKK (11). However, the additional focus on
p53 is unexpected, and suggests that the new miR-based signaling pathways drive the CF cell into
a p53-centric survival disadvantage when encountering infection. Importantly, the clinical
relevance of these new observations is evident from the fact that a significant elevation in miR-

215 (ca. 1000-fold) is also observed in ex-vivo primary lung epithelial cells.

Elevated miR-155 signaling in infection-free CF lung epithelial cells
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The possibility of an intrinsic proinflammatory defect in CF lung epithelial cells has been
the cause of ongoing controversy in the CF field for many years (26; 79; 112; 135). However,
these data provide added support for the concept that the absence of infection, elevated miR-155,
as previously reported (12), plays a direct role in the intrinsically elevated state of IL-8 expression
in CF lung epithelial cells. The miR-155 encoding gene, BIC, was originally discovered as an
oncogene for B cell lymphomas in chicken (20), and is also found to be elevated in human B cell
lymphomas (27). By contrast, in non-cancer states, substantial elevation in miR-155 expression
can be induced in cells of the innate immune system by many types of proinflammatory stimuli
(93). Among others, sensitive proinflammatory systems include TLR3, a receptor for poly(l:C);
TLR4, a receptor for LPS; TLR9, a receptor for hypo-methylated CpG; TLR2, a receptor for
lipoprotein; IFN-B; TNFa-autocrine/paracrine signaling after stimulation by IFN-y; and by
activation of the JNK and NFkB signaling pathways. However, in the case of infection-free
cultures of CF lung epithelial cells, the intrinsic elevation of miR-155 would appear to suggest
that the system is responding as if bona fide, yet unknown, proinflammatory stress signals were
active. But what that intrinsic signal might be, dependent as it is on the expression of mutant
CFTR, is evidently not a response to inadvertent inclusion in the culture of bacteria such as
Pseudomonas aeruginosa, or bacterial products such as LPS. These agents activate yet another, or

an additional, set of microRNAs, including miR-215.

Elevated microRNA-215 signaling in infected CF lung epithelial cells

miR-215 was originally discovered as a p53-inducible miRNA, which mediates the p53
effect of cell cycle arrest at both G; and G,M (34). From this perspective, miR-215 has been
viewed as a tumor suppressor gene in its own right, and responsible for the extensively
characterized transcriptional repression functions of p53. However, CF lung epithelial cells are
not cancer cells. Consistently, levels of miR-215 in these cells are low. Yet, unexpectedly, in the
presence of either high alginate PA, for 24 hours, the levels of miR-215 in the cultured cells
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become elevated by ca. 10-fold. Just as unexpectedly, we find that miR-215 levels in ex-vivo CF
lung epithelial cells are elevated by ca.1000-fold over control cells. Prospectively, we had chosen
the 24 hour exposure of the cultured CF lung epithelial cells to model the chronic infectious state
of the CF airway. It is therefore possible that the common elevation of miR-215 in the in vivo and
in vitro conditions of CF lung epithelial cells is consistent with expectations. Thus, on the basis of
pure discovery science, miR-155 would appear to be a biomarker for the absence of infection in
CF cells, while miR-215 appears to be a biomarker for the presence of chronic infection.
However, at the level of mechanism, we may inquire how chronic/long-term infection of
CF lung epithelial cells with PA, and/or exposure to LPS, leads to elevation of miR-215, strongly
enhanced IL-8 expression, and a highly significant association with p53 signaling among many of
the novel miRNAs co-induced with miR-215. One possibility rests in the fact that oxidative stress
is among the principal drivers, including radiation and genotoxic drugs, for p53 expression (50;
98; 143). Uninfected cultures of CF lung epithelial cells express a chronic phenotype of low level
oxidative stress termed "ER stress". This condition is thought to be based on the unfolded protein
response (UPR) associated with the retention of the folding mutant [AFS08]CFTR in the ER, and
elevated levels of calcium (viz, [Ca;""]) in the ER. Under these conditions, we have demonstrated
here that miR-155 is elevated and miR-215 is low. However, as has been previously reported by
Ribeiro and colleagues (112), high levels of calcium are found in the ER of infected primary
cultures of CF lung epithelial cells. This is a classic marker for ER stress, as emphasized by the
authors (112); and, in the case of these cultures, is associated, in part, with TLR-driven NFxB
signaling and high levels of IL-8. We consider this condition to parallel the condition of our
acutely isolated ex-vivo CF lung epithelial cells, where we find high levels of miR-215. However,
as the infection of the primary culture is gradually "cured" with antibiotics, Ribeiro and
colleagues (112) find that ER stress and [Ca;""] decline. Furthermore, secreted IL-8 drops to a
much lower, but still significantly elevated level. It is possible that this "reduced-infection" state
approaches that of an "infection-free" culture of IB3-1, or other of the common cultured CF lung

29



epithelial cell lines, where miR-215 is low, and the intrinsically elevated level of miR-155 is now
evident. We conclude that the advantage of having a collection of microRNAs to study is that
each miR may be targeting stability or translation of hundreds of mMRNAs, allowing one to reduce
the complexity of the system. However, because we need to fully understand the system, we
anticipate that the next steps will include deep gene expression profiling of mMRNAs as a function

of exposure time and bacterial load.

MicroRNAs, inflammation and cystic fibrosis

The importance of the present paper rests in our delineation of miR-155 as a biomarker
for uninfected, and of miR-215 as a biomarker for infected human CF lung epithelial cells.
Importantly, this is a property shared by both the model CF lung epithelial 1B3-1 cells and ex-
vivo CF lung epithelial cells. These molecular biomarkers, representing hundreds of affected
MRNAs, also indicate that these human CF cells carry with them an intrinsic proinflammatory
defect in the uninfected state. The high level of miR-155 suppresses SHIP1, allowing the PI3K
derived inositol tris- phosphate product to drive Akt, stimulate MAPKSs, and stabilize the IL-8
mMRNA. To this state, we find that infection induces an entirely different process, driven by miR-
215, which is p53 centric, and may compromise CF lung epithelial cells when confronted with P.
aeruginosa, or bacterial cell products. These data may also contribute to resolving the ongoing
controversy over whether CF is associated with an intrinsic proinflammatory defect, or with an
infection- elicited defect. In the case of human CF cells, the answer, which may satisfy both sides

of this controversy, is "both", if infection is also present.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Relative p53 mRNA

Figure 5, continued
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Table 1: Alteration in microRNA expression in Pseudomonas aeruginosa-infected IB3-1 CF cells

compared to uninfected 1B3-1 CF cells

Upregulated Fold changet
hsa-miR-215 10.410
Dawnregulated Fold changel Downregulated Fold changel
hsa-miR-9 0.002393 hsa-miR-26a 0.037467
hsa-miR-27b 0.004225 hsa-miR-27a 0.040070
hsa-miR-494 0.004828 hsa-miR-30b 0.040088
hsa-miR-20b 0.005029 hsa-miR-365 0.045057
hsa-miR-671-3p 0.006352 hsa-miR-185 0.045307
hsa-miR-301b 0.007181 hsa-miR-30¢ 0.046848
hsa-miR-146a 0.008524 hsa-let-7e 0.048264
hsa-miR-28-5p 0.009504 hsa-miR-103 0.048460
hsa-let-7¢ 0.009630 hsa-miR-532-5p 0.048660
hsa-miR-92a 0.015382 hsa-miR-26b 0.049278
hsa-miR-500 0.015464 hsa-miR-100 0.053323
hsa-miR-98 0.016679 hsa-miR-340 0.056371
hsa-miR-194 0.016940 hsa-miR-19a 0.059764
hsa-miR-25 0.017312 hsa-miR-501-5p 0.059843
hsa-miR-32 0.017387 hsa-miR-324-3p 0.061743
hsa-miR-455-3p 0.017879 hsa-miR-598 0.062686
hsa-miR-15b 0.017940 hsa-miR-224 0.066118
hsa-miR-130a 0.018441 hsa-miR-140-5p 0.067280
hsa-let-7a 0.018751 hsa-miR-210 0.086570
hsa-miR-221 0.019009 hsa-miR-522 0.089965
hsa-miR-708 0.019436 hsa-miR-125b 0.091117
hsa-miR-652 0.019854 hsa-miR-93 0.091858
hsa-miR-19b 0.022858 hsa-miR-%a 0.093478
hsa-miR-301a 0.025830 hsa-miR-197 0.095958
hsa-miR-128 0.026975 hsa-miR-195 0.096128
hsa-miR-21 0027510 hsa-miR-218 0.096480
hsa-miR-130b 0.029286 hsa-let-7g 0.108657
hsa-miR-20a 0.030067 hsa-miR-532-3p 0.112507
hsa-miR-423-5p 0.030313 hsa-miR-590-5p 0.125262
hsa-miR-744 0.030942 hsa-miR-212 0.133658
hsa-miR-181a 0.032339 hsa-miR-625 0.137320
hsa-miR-99b 0.032903 hsa-let-7b 0.138031
hsa-miR-18a 0.034687 hsa-miR-18b 0.151125
hsa-miR-328 0.036530 hsa-miR-17 0.155468
hsa-miR-886-3p 0.036622 hsa-miR-10a 0.158268
hsa-let-7f 0.036939 0.183137
hsa-miR-29¢ 0.037180 0.189517
hsa-let-7d 0.037411 0.000495
0.006689
0.016952
0.034436
0.008948
0.002627
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Figure Legends
FIG. 1. Effect of IL-10 on IL-8 expression in CF cells.
(A) 1B3-1 cells (1.5 x 106 cells) were treated with IL-10 (10 ng/ml) for the indicated period of
time. RNA was subsequently isolated and analyzed by quantitative real time PCR. The data
reflects averages of at least three independent experiments (* indicates p<0.05). (B)The
expression of miR-155 was analyzed by Tagman qPCR assay(* indicates p<0.05). (C) RNA was
isolated from 1B3-1 cells pre-incubated with 1L-10 (10 ng/ml) for 2h and then treated with
actinomycin D (5ug/ml) for the indicated time intervals. The remaining mMRNA was analyzed by

guantitative real time PCR (* indicates p<0.05).

FIG. 2. Effect of inhibiting IL-1p on IL-8 mMRNA stability and IL-8 protein in CF lung
epithelial cells.

(A) 1B3-1 (0.9 x 106 cells) cells were treated for 16h with a dose of 50 ng/ml of the neutralizing
antibody against IL-1p. Both IL-8 protein (ELISA) and RNA (gPCR) were analyzed. The data
reflects averages of at least three independent experiments (* indicates p<0.05). (B) RNA was
isolated from 1B3-1 cells pre-incubated with anti- IL-1f (50 ng/ml) for 16 h and then treated with
actinomycin D (5ug/ml) for the indicated time intervals. The remaining mMRNA was analyzed by
quantitative real time PCR. The data reflect averages of at least three independent experiments (*
indicates p<0.05).(C) The miR-155 expression in 1B3-1 cells incubated anti-IL-1f (50 ng/ml) for

16 h was analyzed by Tagman assay (* indicates p<0.05).

FIG. 3. Mucoid Pseudomonas aeruginosa induces increased stability of IL-8 mRNA in CF
cells.

(A) I1B3-1 cells (1.5 x 106 cells) were treated with high (HA) or low (LA) algenate form of
mucoid P. aeruginosa (MPA) for 24 h. RNA was isolated and analyzed by quantitative real time
PCR. The data reflect averages of at least three independent experiments (* indicates p<0.05). (B)
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RNA was isolated from IB3-1 pre-treated with MPA for 24h and then incubated with actinomycin
D treatment for the indicated time intervals and the remaining mRNA was analyzed by
guantitative real time PCR. The data reflect averages of at least three independent experiments (*
indicates p<0.05). (C) The miR-155 expression in IB3-1 cells incubated with MPA for 24 h was

analyzed by Tagman assay (* indicates p<0.05).

FIG. 4. LPS induces increased IL-8 expression in CF cells without affecting miR-155.

(A) 1B3-1 cells were treated with Pseudomonas LPS (100 ng/ml/1.5 x 106 cells) for the indicated
time intervals. RNA was isolated and was analyzed by quantitative real time PCR. The data
reflect averages of at least three independent experiments (* indicates p<0.05). (B) The
corresponding miR-155 expression was analyzed by Tagman assay (////// indicates p>0.05, N.S.
not significant). (C) RNA was isolated from IB3-1 cells pre-incubated with LPS (100 ng/ml) for 2
h and then treated with actinomycin D (5ug/ml) for the indicated time intervals. The remaining
MRNA was analyzed by quantitative real time PCR. The data reflect averages of at least three

independent experiments (* indicates p<0.05).

FIG. 5. miRNA expression profile in PA-infected CF cells.

(A) Expression of miR-215 was analyzed in PA-infected IB3-1 compared to IB3-1 (~10 fold
elevated) as well as in CF brush biopsies (CFBB) compared to normal human bronchial epithelial
cells (NHBE) (~1000 fold elevated). (B) The expression of p53 was analyzed by sybr Green-
based gRT-PCR in PA-infected CF cell lines and in CF brush biopsies compared to respective
controls, uninfected CF cells and NHBE cells (* indicates p<0.001). IPA analyses indicate two

major network foci (C) IL-8 (D) TP53.

TABLE 1. Alteration in miRNA expression in Pseudomonas aeruginosa-infected 1B3-1 CF
cells compared to uninfected 1B3-1 CF cells.
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miR-215 is up-regulated ( T ) while all other miRNAs are suppressed ( | ) in MPA-infected CF

cells compared to uninfected IB3-1CF cells. Those miRNAs which were not detected in the

infected CF cells (IB3-1_MPA), but only in uninfected 1B3-1 CF cells, are shaded in grey.
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Chapter 3: Specific aim 2

Introduction

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations of a chloride
ion channel called cystic fibrosis transmembrane conductance regulator (CFTR) (114). Among
several organs affected, CF lung disease is the major life-threatening factor for CF patients.
Because of deficient export of chloride ion into lumen, the airway mucosa is viscous, which
enables bacteria to cause intermittent respiratory infections, most frequently by Pseudomonas
aeruginosa (82; 118). Furthermore, even without infections, CF lung has been shown to be
inherently inflammatory, and CF patients eventually develop pulmonary fibrosis and airway
remodeling and bronchiectasis (139). It is well known that CF lung epithelial cells produce pro-
inflammatory cytokines and chemokines, such as IL-8, and that inflammatory signaling pathways
are activated (24).

MRNAs of cytokines have adenosine-uridine rich region (AU-rich region, ARE) in their
3’ UTR. ARE has been shown to be a regulatory sequence for stability and translation of its own
mRNA (124). So far several proteins have been identified as ARE-binding proteins which
regulate stability of mRNAs. For example, HUR has been shown to bind to the ARE regions in 3’
UTR of several mRNAs of cytokines and proliferative molecules, and also stabilize the target
mRNAs. Early examples of HuUR targets include mRNAs of VEGF (73), cyclin A and B1 (145),
and TNF-a (32). In malignant glioma cell line, HUR was shown to bind to 3° UTR of IL-8 mMRNA
(92). It was further confirmed that HUR bound to ARE region of IL-8 mRNA by UV cross-
linking of salivary protein lysate with IL-8 ARE, which led to stabilization of IL-8 mMRNA (102).
Additionally, microRNAs have been identified and found to regulate various cellular processes
by destabilizing target mMRNAs. Recently comprehensive expression profiling data are obtained
from microRNA and mRNA microarray analysis in several diseases, and indicate microRNAs to

be important regulators of disease development and have therefore emerged as therapeutic targets.
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In cystic fibrosis, one study showed that, when CF cells were treated with Pseudomonas
aeruginosa, miR-93 expression decreased (28). miR-93 was further shown to bind to the 3' UTR
of IL-8 mRNA and suppress IL-8 expression. Thus, Pseudomonas infection induced increased
expression of IL-8 because of suppression of miR-93 (28). Previously our lab also showed that
miR-155 was upregulated in CF patients and CF cells. miR-155 directly binds to SHIP1 mRNA,
which is a phosphatase to inhibit PI3K/Akt signaling pathway (12). In CF, increased miR-155
therefore stimulated activated PI3K/Akt pathway, which eventually led to increased IL-8
production (12).

This study is targeted towards the identification of proteins and microRNAs which bind
to the ARE region of IL-8 MRNA. We isolated IL8-mRNP complex including ARE region of IL-
8 mRNA, and analyzed bound protein components by mass spectrometric analysis and miRNA
by Tagman gene expression assays. We also demonstrated how these molecules affected IL-8
MRNA stability and translation, and proposed a potential mechanism of regulation of IL-8 mMRNA

in CF.
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Materials and Methods
Reagents
LHC-8 media, Trypsin-EDTA (0.05%) and Lipofectamine transfection Reagent were
purchased from Life Technologies. miRVana kit and RiboPure kit for RNA isolation, of total
RNA from CF cells was obtained from Ambion Inc. (Austin, TX). Tagman gPCR reagents were

purchased from Applied Biosystems.

Cell culture, RNA isolations and RNA transfection

IB3-1 CF lung epithelial cells and the control CFTR-repaired 1B3-1/S9 cells were
maintained in LHC-8 serum free medium (Life Technologies) in humidified 5% CO,. The IB3-1-
TTP cells were similarly maintained in LHC-8 medium containing puromycin (0.5ug/ml).

Transfections with sSiRNA were done using siPORT NeoFX Transfection Reagent (Ambion).

RT-PCR and Western Blot

Total RNA was isolated from the IB3-1 and 1B3-1/S9 cells using miRVana isolation kit
(Ambion). Multiplex Reverse Transcription was performed with TagMan MicroRNA Reverse
Transcription Kit (Applied Biosystems). RNA was isolated from the cells and mRNA expression
level were analyzed with qRT-PCR as described earlier (5). Following reverse transcription, each

RT reaction was diluted and mixed with TagMan Gene expression Master Mix (2X).

Statistical Analysis for qRT-PCR and Western blot

Ct values obtained from gRT-PCR for mRNA and miRNA (test genes) expression were
analyzed by AACt method. The following calculation is based on the instruction described in
Guide to Performing Relative Quantitation of Gene Expression Using Real-Time Quantitative
PCR, which is supplied by Applied Biosystems. Each mRNA and miRNA from one sample was
measured triplicated, and experiments were repeated at least three times under the same
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conditions. ACt values were obtained by subtracting Ct values of control genes (B-actin for
MRNA, RNU48 for miRNA) from those of test genes. AACt values were obtained by subtracting
ACt of control condition from that of test condition, and finally, average and standard deviation of
AACt were calculated (AvgAACt and StdevAACt). Relative expression is expressed by 27Y944¢t
The upper limit of error bars is the value of 27AV9AACHSIVAACt “ang the lower limit of error bars is
the values of 27Av8AACtSUVAACt Tharefore, positive and negative differences of error bars are not
exactly equal value. Statistical difference of AvgAACt between control and test conditions was
evaluated by two-tailed t-test using StdevAACt values, and considered as significant when p-
value is less than 0.05.

Intensity of bands from Western blot films was quantified by ImageJ software. Intensity
of bands of test proteins was divided by that of control protein (GAPDH for total cell lysate and
cytoplasmic lysate, Lamin A/C for nuclear lysate). This divided value from control condition was
normalized as 1, and relative intensity of test conditions were shown. Standard error of mean
(SEM) was calculated from standard deviation of the normalized divided value. Since the divided
value from control condition is always 1, SEM was not calculated for control condition.
Significance of statistical difference was not evaluated because bands intensity is visibly different.
Experiments were repeated at least three times, and representative blots are shown.

All experiments were repeated at least three times, unless otherwise indicated.

Plasmids and plasmid transfection

The pcDNA3.1 with Firefly luciferase ORF and S1 aptamer tag was given by Shobha
Vasudevan (141). The plasmid was cut with Xhol and Notl, at the MCS located between the
Firefly luciferase ORF and S1 aptamer tag, where a 60-nt of IL-8 3° UTR which includes four
ATTTA sequences was amplified and inserted.

4 x 10° cells were plated on a 100 mm dish. Next day, 1.5 pg plasmid was incubated in
200 ul OPTIMEM (Life Technologies) with 12 pl Lipofectamine transfection Reagent (Life
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Technologies), and incubated for 20 minutes, during which the cells were washed and incubated
with 5 ml OPTIMEM. After 20 minutes, OPTIMEM was removed from the dish and transfection
reagent mixture was added with 6 ml OPTIMEM, and incubated for 4 hours. After 4 hours, 9 ml

of LHC-8 media was added and further incubated for 20 hours.

RNP cross linking and purification of mMRNP

Cells transfected with the S1-tagged constructs and grown were washed with ice-cold
PBS twice and incubated with 0.3% formaldehyde in PBS for 10 min at room temperature. Cells
were lysed (150 mM KCI, 10 mM Hepes 7.4, 3 mM MgCI2, 2 mM DTT, 10% glycerol, and 0.5%
Nonidet P-40), incubated for 10 min on ice, sonicated and centrifuged at 2000 g for 5 min.

The supernatant was filtered, and RNA-binding proteins were purified by FPLC with the
Q column (GE Healthcare) (NaCl 150 — 1000 mM). The fraction with enriched RNA content was
further incubated with streptavidin beads (Invitrogen) for 3 hours at 4 °C, and washed five times

with wash buffer. The beads were kept in sample buffer for Western blot.
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Results

Isolation of ARE-binding proteins

In order to identify proteins which bind to ARE regions of IL-8 mRNA, we first
constructed a plasmid following the description by Vasudevan et al (141). The vector plasmid
(control plasmid) is pcDNA3.1 with firefly luciferase and following S1 aptamer sequences which
was given by Shobha Vasudevan. We made a 60 nt-long sequence from 3' UTR of IL-8 mMRNA
containing four ARE regions, and inserted it between luciferase and S1 aptamer (WT plasmid).
We also made another sequence with mutations in ARE region, and inserted into control plasmid
(mutant plasmid) (Figure 1A).

These plasmids were transfected into CF and control cell lines, and proteins which bound
to the insert were identified after in-vivo crosslinking and subsequent affinity purification. In the
purified complex with the insert, FXR1 binds to IL-8 ARE region more in control cells, while

HuR binds more in CF cells (Figure 1B, C)).

HuR causes increased expression of I1L-8 in CF lung epithelial cells

We next investigate the effects of these ARE-binding proteins. HUR has been studied
well so far and was shown to regulate stability of ARE-containing mRNASs under various
conditions such as infection, inflammation, and stress. Cystic fibrosis causes chronic
inflammation and infection and shown to secrete high IL-8, therefore, we hypothesized that HUR
might play roles in IL-8 mRNA regulation in CF cells. After silencing HUR expression by siRNA
transfection (Figure 2A), total expression of 1L-8 mMRNA decreased (Figure 2B) and stability of
IL-8 mRNA also decreased (Figure 2C). We further examined whether HUR also has any effects
on translation of IL-8 mRNA, but polysomal fractionation analysis did not show significant
differences in IL-8 mRNA content in ribosomes with or without HUR silencing. Altogether, these
results suggest that HUR stabilizes IL-8 mRNA, but does not have any effects on IL-8 translation,
in cystic fibrosis lung epithelial cells.
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HuR expression is higher in the cytoplasmic fractions in CF epithelial cells

We next examined the difference in HUR expression between CF and control cells. HUR
was shown to be a shuttling protein along the nucleus and the cytoplasm, and dominantly
expresses in the nucleus. To make effects on target mMRNAs, HUR has to be in the cytoplasm. In
cystic fibrosis, more HUR was detected in the cytoplasm compared with control cells, although

overall HuR expression in whole cell lysate was equal to each other (Figure 2D).

mMiR-16 binds to ARE region of 1L-8 mMRNA and regulates its translation

In addition to mMRNA-binding proteins, microRNAs also bind to 3'UTR of their target
MRNAs, and regulate the stability and translation. Therefore, we also measured one microRNA,
miR-16, which was shown to bind to ARE region of TNF-oo mRNA. As shown in Figure 3A,
miR-16 was detected in IP samples from both CF and control cells. miR-16 binds more in CF
cells to IL-8 mRNA compared to control cells. However, total miR-16 expression is almost equal
between CF and control cells (Figure 3B), so, in order to emphasize the effect of miR-16 in CF
cells, we overexpressed miR-16, and it was shown that miR-16 destabilizes IL-8 mRNA and also

suppresses translation of IL-8 mMRNA (Figure 3C, D).
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Discussion

In the specific aim 2, we showed the effects of an RNA-binding protein and miRNA on
IL-8 mRNA stability. More HUR was shown to bind to the ARE region of IL-8 mRNA in CF, and
stabilized it. It was also shown that, although overall HUR expression was almost equal between
CF and control cell line, more HUR was expressed in the cytoplasm in CF cell line. On the other
hand, miR-16 also bound to the same region of IL-8 mRNA as HuR, and destabilized it.
Additionally, miR-16 decreased translation of IL-8 mMRNA.

As described in the introduction, HUR is an RNA-binding protein which binds to ARE
region of some cytokine mRNAs, including IL-8 mRNA, and in most cases stabilizes them. Our
results about HuR binding and subsequent effect of IL-8 increase are compatible with preceding
reports. More abundant HuR expression in the cytoplasm of CF cell line also supports our
speculation that HuR functions to stabilize IL-8 mRNA in CF.

Findings about miR-16 are not simple for interpretation. First of all, miR-16 expression is not
different between CF and control cell line, but our result showed more miR-16 binding to I1L-8
ARE in CF. This experiments introduced exogenous plasmid with IL-8 ARE and this plasmid is
estimated to be transcribed equally in CF and control cells, therefore, we speculate that, in CF,
there is some driving force for miR-16 to particularly bind to IL-8 ARE. Next there are some
reports which showed several RNA-binding proteins are associated when microRNAs bind to
their targets. For example, tristetraprolin (TTP) was shown to be required when miR-16 to bind to
its target region of TNF-a ARE (48). HUR was also shown to help let-7 to suppress translation of
its direct target c-Myc mRNA (55). In this report authors proposed that HUR binds to facilitate
let-7 binding to its target, so that let-7 gained higher affinity to its target site with higher
concentration of HuR (55). Therefore, it is possible that miR-16 might be brought by HuR to IL-8
mRNA in CF. However, the effects of HUR on IL-8 mRNA is stabilization, so it is contradictory
that HUR helps miR-16 to suppress translation of IL-8 mRNA. Also, there are several reports
which showed HuUR competed with miRNA for common binding sites, for example with miR-494
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on nucleolin mRNA (136), and even with miR-16 on COX2 mRNA (158). Thus, more HuR
binding with more miR-16 binding on IL-8 ARE is difficult to explain. Probably one possibility
is that HUR might have other binding sites than the part of sequence we used for an insert. Our
insert includes only four classical ARE regions but there are nine ARE regions in the whole
3’UTR of IL-8 mRNA. Even though miR-16 and HuR cooperate on the sequence we used, there
might be additional opposite stabilizing effect on the other sites. The effect of miR-16
overexpression might have caused dominant occupation of IL-8 mMRNA binding site over HuR, or
less HUR expression by miR-16 directly targeting HUR mRNA (153), either of which can lead to

less IL-8 translation.
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C (adapted from Kumar et al. (66))
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Figure Legend
Figure 1
HuR binding to the ARE regions of IL-8 mRNA. (A) The structure of the plasmid used, which
contains wild type (WT) or mutant (mut) sequences of ARE. (B) HUR expression in total cell
lysate (input) of IB3-1/S9 (control) and IB3-1 cells (CF) (left), and HuR detected in the
streptavidin-purified samples (right). (C) FXR1 enrichment in the streptavidin-purified samples

from 1B3-1/S9 (control) and 1B3-1 (CF) cells with wild type plasmid.

Figure 2

The effects of HUR on IL-8 mRNA expression. (A) HuR expression was knocked down with
siRNA against HUR mRNA (siHuR) or control (SiCTRL) (30 nM, 24 hours) in I1B3-1 cell. (B)
Relative IL-8 mRNA expression with siHUR or siCTRL in IB3-1 cell. *p<0.05. (C) IL-8 mRNA
expression after indicated time points of actinomycin D (Act D) treatment in IB3-1 cell, with
pretreatment with siHUR or siCTRL. Relative expression to mRNA level at t = 0. *p<0.05. (D)
HuR expression in cytoplasmic and nuclear fractions from IB3-1/S9 and IB3-1 cells (top).
Relative band intensity of cytoplasmic HUR expression to total HUR was quantified by ImageJ

software, and normalized to that of IB3-1/S9 cell (bottom).

Figure 3

microRNA-16 binding to ARE regions of IL-8 mRNA. (A) Relative miR-16 enrichment in final
purified samples from 1B3-1/S9 (control) and IB3-1 (CF) cells. *p<0.05 (top). Relative miR-16
enrichment in final purified samples with wild type or mutant plasmid in IB3-1 (CF) cell.
*p<0.05 (bottom). (B) Relative miR-16 expression in total cell lysates from 1B3-1/S9 and 1B3-1
cells. *p<0.05. (C) Relative IL-8 MRNA expression with siHUR or siCTRL in IB3-1 cell. *p<0.05.
(C) Secreted IL-8 protein was measured using ELISA, after treatment with or without premiR-16
(25 nM, 48 hours). *p<0.05 (left). IL-8 mRNA expression after indicated time points of
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actinomycin D (Act D) treatment in 1B3-1 cell, with or without pretreatment with premiR-16 (25
nM, 48 hours). Relative expression to MRNA level at t = 0. *p<0.05. (right) The figure 3C was
adapted from Kumar et al (66). (D) Polysomal fraction of IL-8 mRNA in IB3-1 cell with pre-
miR-16 treatment (miR-16 overexpression) or premiR Negative control (miRNA CTRL) (25 nM,

72 hours). This experiment was performed only once.
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Chapter 4: Specific aim 3

RPTOR, a novel target of miR-155, regulates CTGF in Cystic Fibrosis lung epithelial cells
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Abstract
Cystic Fibrosis (CF) is caused by mutations in the CFTR gene, which prevents correct folding,
trafficking and function of the mutant CFTR protein. The dysfunctional effect of CFTR mutations,
principally the F508del-CFTR mutant, is accompanied by hypersecretion of the pro-inflammatory
chemokines into the airway lumen, which contributes to inflammation and subsequent fibrosis
causing airway destruction, leading to morbidity and mortality. We have previously reported that
miR-155 is up-regulated in cystic fibrosis lung epithelial cells and induced hyper-expression of
the pro-inflammatory interleukin-8 gene through activation of PI3K/Akt signaling. miR-155 has
been implicated as a central regulator of the immune system. However, the molecular mechanism
by which miR-155 regulates the manifestation of CF not fully clear. Here, we identified
regulatory associated protein of mTOR, complex 1 (RPTOR) as a novel target gene of miR-155
in CF lung epithelial cells. We report that elevated levels of miR-155 resulted in decreased
RPTOR expression in CF lung epithelial cells. This promoted increased expression of fibrosis
inducing connective tissue growth factor (CTGF). Thus, we have demonstrated that miR-155 can
regulate fibrosis of CF lungs by targeting RPTOR. We interpret these findings to suggest that

these cellular pathways may constitute novel targets for CF therapy.

Key words: Cystic fibrosis, F508del-CFTR, microRNA, miR-155, RPTOR
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Introduction

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations of a chloride
ion channel called cystic fibrosis transmembrane conductance regulator (CFTR) (114). Among
several organs affected, CF lung disease is the major life-threatening factor for CF patients.
Because of deficient export of chloride ion into lumen, the airway mucosa is viscous, which
enables bacteria to cause intermittent respiratory infections, most frequently by Pseudomonas
aeruginosa (82; 118). Furthermore, even without infections, CF lung has been shown to be
inherently inflammatory, and CF patients eventually develop pulmonary fibrosis and airway
remodeling and bronchiectasis (139). CF lungs are characterized by increased expression of pro-
inflammatory cytokines and chemokines (24).

MicroRNAs have been identified and found to regulate various cellular processes by
destabilizing target mMRNAs. Recent comprehensive transcriptomic analyses in several diseases
indicate that microRNAs are key molecules in disease development therapy effectiveness. In
cystic fibrosis, miRNA expression profiling analyses have been reported by several studies (6; 12;
96). Especially, miR-101, miR-145, and miR-494 were shown to bind to the 3' UTR of CFTR
mMRNA and destabilize it (40; 85). However, little is known about regulation of inflammation and
fibrosis by miRNAs. So far, miR-126 was found to decrease in CF, and was it was further
validated that TOM1 mRNA was a direct target of miR-126 (96). TOML1 is involved in
intracellular trafficking and an inhibition of inflammatory signaling, and in a CF cell line,
increased TOML1 expression led to decreased responses to LPS and IL-1 stimulation (96). Another
study showed that, when a CF cell line was treated with Pseudomonas aeruginosa, miR-93
expression decreased (28). This miR-93 was further shown to bind to the 3' UTR of IL-8 mMRNA,
and IL-8 increased after Pseudomonas infection because of decreased miR-93 (28). Previously
we have shown that miR-155 is upregulated in CF lung epithelial cells, both cell line and primary

cells isolated from lung explants of CF patients. We demonstrated that the elevated expression.
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miR-155 induced increased IL-8 expression by suppressing SHIP1 and subsequent activation of
PI3K/Akt signaling pathway (12).

In this study we aimed to elucidate further involvement of miR-155 in CF disease
processes. Here we have identified regulatory associated protein of mTOR, complex 1 (RPTOR)
as a novel target gene of miR-155 in CF lung epithelial cells. We report that elevated levels of
miR-155 resulted in decreased RPTOR expression in CF lung epithelial cells. This promoted
increased expression of fibrosis inducing connective tissue growth factor (CTGF). We also
identified COUP transcriptional factor 2 (NR2F2) as an indirect target of miR-155. Thus, we have
demonstrated that miR-155 can regulate the disease development of CF lungs. We interpret these

findings to suggest that these cellular pathways may constitute novel targets for CF therapy.
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Materials and Methods

Biotinylated microRNA-155 transfection

IB3-1 CF lung epithelial cells and the control CFTR-repaired 1B3-1/S9 cells were
maintained in LHC-8 serum-free medium (Invitrogen, 12678-017) in humidified 5% CO,. 3.0 x
10° IB3-1/S9 cells were plated on one 100 mm dish and incubated in LHC-8 media for 24 hours.
24 hours later, 10 nM of 3'-biotinylated microRNA-155 (Dharmacon) or control 5'-biotinylated
cel-miR-67 (gift from Ashish Lal, National Cancer Institute) were transfected into cells with
SiPORT-NeoFX (Invitrogen, AM4511), and incubated for 24 hours. Cells were washed twice
with PBS and lysed with 700 pl lysis buffer (20 mM Tris pH 7.5, 5 mM MgCl,, 100mM KClI,
0.3% NP40), including 50 U RNaseOUT (Invitrogen, 10777-019) and proteinase inhibitor
(Sigma-Aldrich, S8820). Cells were scraped and incubated on ice for 5 minutes, and centrifuged

under 10000g at 4 °C. Supernatant was collected.

Streptavidin purification

Streptavidin-coated magnetic beads (Invitrogen, 11205D) were incubated for 2 hours at
4 °C with blocking buffer (20 mM Tris pH 7.5, 5 mM MgCl,, 100mM KCI, 0.3% NP40, 1 mg/ml
yeast tRNA, 1 mg/ml BSA). After blocking, cell lysate was added to magnetic beads, and
incubated for 4 hours at 4 °C. After 4 hours, beads were washed five times with lysis buffer. RNA

was isolated from the beads by the method described previously (140).

MicroRNA-mimic transfection

2.5 x 10° IB3-1/S9 cells were plated on a 6-well plate, and incubated in LHC-8 media for
24 hours. 24 hours later, 10 nM of microRNA-155 mimic or control-mimic (gift from Dr. Ashish
Lal) was transfected into cells with siPORT-NeoFX and incubated for 48 hours. RNA was

isolated from cells by the method described previously (140).
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MRNA expression profiling

MRNA expression profiling for biotinylated microRNA transfection and microRNA-155
mimic transfection were done with HumanHT-12 v4 Expression BeadChip Kit (lllumina, BD-
103-0204). The raw signals were normalized by Z-transformation and differences of Z-scores of
test samples and controls samples were calculated for all mMRNA signals. mMRNAs which were
detected more in biotinylated miR-155 treatment and less after miR-155 mimic transfection were
selected for further investigation. The heat map was made by Microsoft Excel based on the Z-
scores from the analyses, ranging red (low) to green (high). The places where data are not

available, or false discovery rate (FDR) is more than 0.3 are marked in gray.

MRNA, miRNA and protein expression

Total RNA was isolated from the IB3-1 and 1B3-1/S9 cells using the miRVana isolation
kit (Life Technologies, AM1560). Real-time quantifications of individual mMRNA and miRNAs
were performed with specific TagMan gene expression or microRNA assay (Life Technologies).
Real-time PCR data were analyzed. The data were normalized to the endogenous control -actin
(for mRNA expression) or RNU48 (for miRNA expression) and filtered for Ct values >35. To
determine the protein expression, 2.5 x 10° cells were plated in a six well plate. After 24 hours,
(70-80% confluent) 1B3-1/S9 cells were transfected with 50 nM of pre-miRs (Ambion) or pre-
miR negative control #1 (Ambion) with siPORT-NeoFX and incubated for 48 hours. Western
blotting was done and membranes were probed with primary antibody for RPTOR (Millipore,
09217, 1:1000), NR2F2 (Abcam, ab41859, 1:1000) and corresponding secondary antibody
(1:5000). GAPDH was used as a loading control. Quantification of protein expression was

performed with ImageJ software.
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Statistical Analysis for qRT-PCR and Western blot

Ct values obtained from gRT-PCR for mRNA and miRNA (test genes) expression were
analyzed by AACt method. The following calculation is based on the instruction described in
Guide to Performing Relative Quantitation of Gene Expression Using Real-Time Quantitative
PCR, which is supplied by Applied Biosystems. Each mRNA and miRNA from one sample was
measured triplicated, and experiments were repeated at least three times under the same
conditions. ACt values were obtained by subtracting Ct values of control genes (B-actin for
MRNA, RNU48 for miRNA) from those of test genes. AACt values were obtained by subtracting
ACt of control condition from that of test condition, and finally, average and standard deviation of
AACt were calculated (AvgAACt and StdevAACH). Relative expression is expressed by 27944,
The upper limit of error bars is the value of 27AVAACHSWVAACT ‘ang the lower limit of error bars is
the values of 2Av8AACtSUvAACt “Tharefore, positive and negative differences of error bars are not
exactly equal value. Statistical difference of AvgAACt between control and test conditions was
evaluated by two-tailed t-test using StdevAACt values, and considered as significant when p-
value is less than 0.05.

Intensity of bands from Western blot films was quantified by ImageJ software. Intensity
of bands of test proteins was divided by that of control protein (GAPDH for total cell lysate and
cytoplasmic lysate, Lamin A/C for nuclear lysate). This divided value from control condition was
normalized as 1, and relative intensity of test conditions were shown. Standard error of mean
(SEM) was calculated from standard deviation of the normalized divided value. Since the divided
value from control condition is always 1, SEM was not calculated for control condition.
Significance of statistical difference was not evaluated because bands intensity is visibly different.

Experiments were repeated at least three times, and representative blots are shown.
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Plasmids for Luciferase assay

Plasmid for luciferase assay was obtained from pMIR-REPORT™ miRNA Expression
Reporter Vector System (ThermoFisher Scientific, AM5795).
Around 60 to 80 nt-long parts of predicted sites of WT and mutant sequences of 3° UTR of
RPTOR and NR2F2 were inserted between Spel and Hindlll restriction sites of pMIR-Reporter
vector. Exact insert sequences are shown in the Table 1. The vector without any inserts was used

as positive control as well (designated as Luciferase only).

Luciferase assay

Luciferase assay was performed with pMIR-REPORT™ miRNA Expression Reporter
Vector System (ThermoFisher Scientific, AM5795). 1B3-1/S9 cells (2.5 x 10°) were plated in 6
well plates 24 hours prior to transfection. The cells were transfected with 250 ng/ml of pMIR-
Reporter, pMIR-Reporter-WT 3’-UTR, or pMIR-Reporter-mutant 3’-UTR. To control for
transfection efficiency, pMIR-Reporter-p-galactosidase control vector was co-transfected. 50 nM
of pre-miR-155 or pre-miR negative control was also transfected simultaneously. Transfection
was performed using siPORT-NeoFX (Invitrogen). After incubating for 24 hours cells were lysed
with Tropix lysis solution and luciferase activity in the cell lysates were assayed using Dual-Light
Luciferase and p-Galactosidase Reporter Gene Assay System (Life Technologies, T1003).
Luminescence was measured with BioTek™ Synergy™ H1 Hybrid Multi-Mode Monochromator
Fluorescence Microplate Readers (BioTek Instruments, Inc). The relative luciferase activity was

normalized.

Treatment with rapamycin
IB3-1/S9 cells (2.5 x 10°) were treated with 50 nM rapamycin (LC Laboratories, R-
5000,) or equal volume of DMSO and incubated for 24 hours. Cell lysate was collected with

RIPA buffer containing protease inhibitor (Sigma-Aldrich) and phosphatase inhibitor cocktail
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(Sigma-Aldrich). The effect of rapamycin was confirmed by measuring total and phosphorylated
mTOR protein expression by western blot as described previously (mTOR (7C10) Rabbit mAb
#2983, phospho-mTOR (Ser2448) (D9C2) XP® Rabbit mAb #5536, Cell Signaling, 1:1000).
CTGF protein expression was measured by western blot (CTGF, Santa Cruz biotechnology, sc-
14939, 1:2000). CTGF mRNA expressions was measured by real-time quantitative PCR
described above, by using TagMan gene expression assay (#Hs01026927 g1, #Hs00998133 m1,
Life Technologies).

All-trans retinoic acid (ATRA) (R2625, Sigma) was gifted from Dr. Mikiei Tanaka
(Uniformed Services University of the Health Sciences). 2.5 x 10° 1B3-1 cells were plated on a
six-well plate, and incubated for 24 hours. After 24 hours, 10 nM or 100 nM ATRA or equal

volume of DMSO (0.05 vol%) was added and further incubated for 48 hours.
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Results

Identifying novel candidates direct targets of miR-155 in CF

We previously reported that miR-155 was upregulated in bronchial brushings of CF
patients as well as CF bronchial epithelial cell line (12). Therefore in the current study, we sought
novel direct targets of miR-155 which are involved in disease development of cystic fibrosis. To
identify miR-155 targets, we conducted mRNA expression profiling analysis under three different
conditions. Under the first condition, miR-155 expression was suppressed in CF cells with
antagomiR-155, and compared with CF cells without miR-155 suppression. The second condition
employed synthetic miR-155 with its 3' end biotinylated. This biotinylated miR-155 was
transfected into control cell line (10 nM) for 24 hours, and cell lysate was purified with
streptavidin so that only mRNAs bound to biotinylated miR-155 were enriched. This sample was
compared with that of biotinylated cel-miR-67 treatment as a control. Under the third condition,
control cells were treated with miR-155 mimic (10 nM) for 48 hours, and mRNA expression was
compared with that with control mimic treatment.

We expected target mRNASs to be up-regulated in the first two categories, and down-
regulated in the third category. Figure 1 depicts several genes obtained from mRNA expression
profiling using ILLUMINA bead arrays (higher detection in green, lower detection in red). We
analyzed mRNAs which satisfied at least two of the criteria above, and which are also predicted
targets of miR-155 (TargetScan algorithm). Among these genes, based on any known
involvement in inflammatory processes, we initially selected CSNK1G2, FBLN1, NR2F2,
RPTOR and SLC44A2, and individually measured mRNA expression between CF and control
cells (data not shown, except RPTOR and NR2F2 in figures 2A and 4A). RPTOR mRNA
decreased in CF cells (Figure 2A), but NR2F2 mRNA did not decrease (Figure 4A). Although
NR2F2 mRNA did not show significant decrease in CF cells, we still selected NR2F2, because

there are two predicted miR-15-binding sites in NR2F2 3’ UTR, and mRNAs with more than two
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predicted sites are more probable to be an actual direct target (86). Thus we finally selected

RPTOR and NR2F2 for further analyses (shown in red letters).

Validation of RPTOR as a direct target of miR-155

To validate RPTOR as direct miR-155 target, we first measured mRNA and protein
expressions of RPTOR in CF cells and CFTR-repaired control cells. As depicted in Figure 2A,
RPTOR mRNA is significantly reduced in CF cells compared to control cells. We next
determined whether RPTOR protein expression was also affected. As shown in Figure 2B,
overexpression of miR-155 in IB3-1/S9 control cells decreased RPTOR protein expression.

We next performed luciferase assays to determine whether RPTOR is a direct target of
miR-155. As shown in Figure 2C, luciferase activity with wild type RPTOR 3-UTR sequence
decreased after miR-155 overexpression in control cells, while it increased after miR-155

inhibition in CF cells. This indeed validates RPTOR as a direct target of miR-155

Roles of RPTOR and NR2F2 in CF pathogenesis

We next investigated whether RPTOR and NR2F2 have any effects on disease
development of cystic fibrosis. First, to examine the roles of RPTOR, we used rapamycin, which
was known to bind to FKBP12 and thus prevents RPTOR from binding to mTOR to form
mTORCL1 (100). The effect of rapamycin was confirmed by reduced phosphorylation of mTOR
protein (Figure 3A). Since mTORCL1 pathway was shown to suppress cytokine production after
LPS treatment (121; 146), we first treated control cells with rapamycin for 48 hours, and then
treated with LPS for up to 16 hours. Although we expected to detect increased expressions of
cytokines such as IL-1f, IL-6, and 1L-8 and decreased 1L-10, we did not observe these changes
(data not shown). We next tried to measure molecules involved in fibrogenesis. Connective tissue
growth factor (CTGF) is induced by physical or chemical or biological external stimuli (such as
mechanical stretch, hypoxia or inflammation), and activates fibroblasts for more collagen
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synthesis which leads to fibrosis (52; 65). CTGF expression is high in several respiratory diseases
such as asthma and emphysema (149; 162), but it has not been examined in CF. Also it was
shown that CTGF expression was stimulated by rapamycin through TGF-B signaling pathway
(101). Therefore we first compared CTGF expression in CF cells to control cells, and higher
expression was observed in CF cells (Figure 3B). Also, CTGF expression increased after miR-
155 overexpression in control cells (Figure 3C). Therefore, to determine whether higher CTGF
expression is because of the effect of RPTOR, we treated control cells with rapamycin (50 nM for
48 hours) and measured these molecules, and found that CTGF expression increased (Figure 3D).

Next, we examined the role of NR2F2 in CF disease development. NR2F2 is an orphan
nuclear receptor whose unique ligand has not been identified. However, it was shown that NR2F2
binds to retinoic acid receptors and regulates their functions as a transcriptional factor. Although
its functional character is not exactly established and still controversial, there is one report which
showed suppressive effects on cytokine production in the uterus (75). Therefore, with expectation
to modulate the downstream effects of NR2F2, we treated CF cells with all-trans retinoic acid
(ATRA), and measured the expression of inflammatory cytokines. As shown in Figure 4D,

ATRA treatment reduced the IL-8 mRNA expression in CF.
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Discussion

In the specific aim 3, we targeted towards determining other inflammatory target genes of
microRNA-155 in CF, other than IL-8 (12). For this aim, we sought novel direct targets of miR-
155, and identified RPTOR mRNA as a target of miR-155 in CF. Although NR2F2 is not a direct
target, its expression was also suppressed by miR-155 overexpression. We further examined the
effects of RPTOR and NR2F2 on pathogenesis of CF.

Our methods to identify microRNA targets are following an orthodox procedure
described in a review (133). Also, we further employed a relatively new method developed by Lal
et al, which enables us to identify mMRNAs which physically bind to a specific miRNA (68).
Although conventional methods have compared mRNA expression with or without miRNA
overexpression, it remains elusive whether these mMRNAs are truly direct targets of the miRNA,
and also these methods cannot detect direct targets where the translation is directly regulated by
the miRNA. Indeed, although not dominant, 6-26% of miRNA targets are estimated to be
translationally repressed (49). Another conventional way is to immunoprecipitate protein-
miRNA-mRNA complex by using antibody against Ago2, but this method cannot distinguish
between miRNAs from which the mRNAs in the final samples come. Lal’s method overcomes
these shortcomings by using biotin-labelled microRNA and the microRNA-mRNA complexes are
isolated by streptavidin (68). Thus the final analyses of mRNA expression profile can,
theoretically, yield only and all candidate direct targets of this miRNA (68). In addition to the
method above, we performed several conventional mRNA expression profiling with miR-155
suppression in CF cells and miR-155 overexpression in control cells. Based on these data and
predicted targets of miR-155 (TargetScan) (74), we identified RPTOR mRNA and NR2F2
MRNA as potential direct targets of miR-155.

RPTOR mRNA was shown to be a direct target by miR-155, and also our results show
altered RPTOR expression is partly attributing to airway remodeling in CF. This finding is not
compatible with a past report which examined the effects of miR-155 on mTORC1 and mTORC2
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pathways (144). In this study, miR-155 suppressed Rheb, mTOR and RICTOR expressions and
confirmed that miR-155 directly targeted Rheb and RICTOR mRNAs by luciferase assay, but
RPTOR expression did not change after miR-155 overexpression (144). There are no reports
about RPTOR expression in cystic fibrosis, but mTORC1 pathway was shown to be upregulated
in airway neutrophils compared with peripheral neutrophils in CF patients (80). mTORCL is also
involved in innate immunity response, but, although rapamycin has been used for anti-
inflammatory therapy, this is not simply pro-inflammatory or anti-inflammatory. One study
treated human monocytes with rapamycin, and cells were subsequently stimulated by LPS. After
LPS stimulation, cells with rapamycin treatment increased cytokine production such as TNF-a,
IL-6, IL-12p40, while IL-10 production decreased (146). In another study, rapamycin treatment
decreased LPS-induced production of TNF-a, but increased IL-1f (121). We did not find change
in these cytokine expressions after rapamycin and LPS treatment in CF cells. Instead, we found
that CTGF and TGF-Bl increased after rapamycin treatment, and subsequently confirmed
upregulated expression in CF cells and in control cells with miR-155 overexpression. Expression
of CTGF has not been described in CF so far, but it was shown in other lung inflammatory
diseases such as COPD and asthma, that CTGF was upregulated in these diseases, and
contributed to increased fibrogenesis and remodeling of the airway tract (149; 162). However,
there are contradictory reports about the effect of rapamycin. In a human mesangial cell line,
mTORCL1 pathway induced type 1 collagen synthesis and rapamycin treatment decreased type 1
collagen synthesis, while TGF-B activates mMTORC1 and increased collagen synthesis (119). But
on the other hand, it was also shown that rapamycin increased CTGF expression via TGF-f
signaling pathway in lung epithelial cells and lung fibroblasts (101; 155). Our results are
compatible with these latter findings, and suggest that CTGF may play a role in fibrotic change of
CF airway tract possibly because of miR-155 overexpression leading to RPTOR suppression. To
validate this hypothesis, we still need to confirm that TGF-$-SMAD pathway is the one which
induced CTGF in cystic fibrosis. In order to examine the activation of this pathway, it is
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necessary to show the phosphorylation of SMAD2 and SMAD3. TGF-f also stimulates other
signaling pathways. For example, it was shown that rapamycin treatment increased CTGF
through TGF-B, but independent of SMAD (155). In this report, PI3K/Akt pathway is the one
which induced CTGF after TGF-p (155). Also, CF cells will be treated with inhibitors of the
signaling pathway to validate the involvement of each pathway. Another gap to be elucidated is
which downstream pathways of mTORCL1 signaling are responsible for TGF-B or CTGF
induction. It is also intriguing to examine CTGF expression in mouse or human CF lung tissue.
Immunohistochemistry with anti-CTGF antibody is likely to show higher expression in CF
compared to control tissues.

On the other hand, western blot showed decreased expression or NR2F2 in CF cells and
in control cells after miR-155 overexpression. NR2F2 had been known as an orphan nuclear
receptor, but it was shown that 9-cis retinoic acid and all-trans retinoic acid bound and activated
NR2F2 function (64). NR2F2 function was studied in development, and also in hormone-
sensitive cancers, such as prostate cancer, ovarian cancer, breast cancer, and endometrial cancer,
but it has not been reported in cystic fibrosis or in other inflammatory diseases (154). There is one
study suggesting association between NR2F2 and cytokine production. When human endometrial
stromal cells were isolated from healthy biopsy samples, and incubated with or without sSiRNA
against NR2F2 mRNA, mRNAs of IL-6, IL-8, TNF, CCL2 as well as other inflammatory
molecules increased (75). ELISA further confirmed protein production increase in IL-6 and IL-8
(75). This suggests inhibitory effects of NR2F2 on cytokine production, and our result showing
decrease of NR2F2 in CF is compatible with this finding. It would also be interesting to
understand how miR-155 regulates NR2F2 expression. Since NR2F2 mRNA has long 3° UTR
with two predicted miR-155 binding sites far apart, we could not examine the effects of both sites
together. Although NR2F2 needs to be further examined to be a direct target of miR-155, protein
expression decreased after miR-155 overexpression, which suggests that there might be an
indirect association. As there are no reports so far which suggested connection between NR2F2
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and miR-155, this warrants further study. There is a possibility that miR-155 regulation of NR2F2
is through Etsl transcription factor. Ets1 was shown to be a direct target of miR-155 (116), and
Etsl facilitates transcription of NR2F2 mRNA (105). Thus when miR-155 is overexpressed, Etsl
decreases, and accordingly NR2F2 might decrease. NR2F2 mRNA was shown to be a direct
target of miR-194 (47) and miR-302 (117). In addition, our study also showed possible relevance
between NR2F2 function and inflammation in CF. Although further study is necessary to clarify
the effects of NR2F2 on retinoid receptors (RARs and RXRs) in CF, the fact that all-trans
retinoic acid treatment decreased inflammatory cytokine production may lead ATRA as potential

therapeutic agents against CF.
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Figures and Tables

Table 1

Insert Sequence

RPTOR WT ga;iagcct;g_;;c’:cACCTCACTTTATTTCCATGTAATCAGAGCATTAGCTGC
5’- actagtccACCTCACTTTATTTCCATGTAATCAGACGTAAAGCTGC

RPTOR mutant caagett -3
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Figure 2
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igure 2, continued
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Figure 3
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Figure 4
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Figure 4, continued

C

=
N
J

Relative IL-8 mMRNA

DMSO 48h  |ATRA 10 nM 48h| ATRA 100 nM

81



Figure Legends
Table 1. Insert sequences used to construct plasmids for luciferase assay. Small letters indicate

restriction sites (Spel and Hindlll)

Figure 1. Expression and enrichment of genes predicted as miR-155 targets by TargetScan.
Greener color indicates higher expression, and redder color indicates lower expression. The gray
boxes indicate unavailable data, or the data with false discovery rate (FDR) more than 0.3. Genes

with red letters are finally selected genes for further experiments.

Figure 2. Effects of miR-155 on RPTOR expression. (A) RPTOR expression in IB3-1/S9
(control) and 1B3-1 (CF) cells. mRNA level (left) and protein level (right top) and band intensity
quantification (right bottom) are shown. *p<0.05. (B) RPTOR expression in IB3-1/S9 cell
(control) treated with negative control (pre-miR-CTRL) or pre-miR-155 (50 nM, 48 hours).
mRNA level (left) and protein level (right top) and band intensity quantification (right bottom)
are shown. *p<0.05. (C) Luciferase assay for predicted a target site in the 3' UTR of RPTOR
mMRNA. Predicted interaction between miR-155 and RPTOR mRNA. Red letters indicate
predicted target site of miR-155 in RPTOR 3' UTR. WT: wild type, mut: mutant. (top).
Luciferase assay in IB3-1/S9 cell with Negative control (blue bars) and pre-miR-155 (red bars)

(50 nM, 24 hours). Luc-only: control plasmid without RPTOR sequence. *p<0.05.

Figure 3. Effects of miR-155 on CTGF expression. (A) Validation of rapamycin dose as
decreased phosphorylation of RPTOR substrate mTOR. 1B3-1/S9 cell (control) was treated with
rapamycin (50 nM, 48 hours) or the equal volume of DMSO (0.005 vol%). (B) CTGF expression
in 1B3-1/S9 (control) and 1B3-1 (CF) cells. mRNA level (left) and protein level (right top) and
band intensity quantification (right bottom) are shown. *p<0.05. (C) CTGF expression in 1B3-
1/S9 cell (control) treated with pre-miR-155 or negative control (50 nM, 48 hours). mRNA level
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(left) and protein level (right top) and band intensity quantification (right bottom) are shown.
*p<0.05. (D) CTGF expression in 1B3-1/S9 (control) cell treated with rapamycin (50 nM, 48
hours) or the equal volume of DMSO (0.005 vol%). mRNA level (left) and protein level (right

top) and band intensity quantification (right bottom) are shown. *p<0.05.

Figure 4. Effects of miR-155 on NR2F2 expression. (A) NR2F2 expression in IB3-1/S9 (control)
and IB3-1 (CF) cells. mRNA level (left) and protein level (right top) and band intensity
guantification (right bottom) are shown. *p<0.05. (B) NR2F2 expression in IB3-1/S9 cell treated
with pre-miR-155 or negative control (pre-miR CTRL) (50 nM, 48 hours). mRNA level (left) and
protein level (right top) and band intensity quantification (right bottom) are shown. *p<0.05. (C)
IL-8 mRNA expression after treatment of IB3-1 (CF) cell with all-trans retinoic acid (ATRA) (10

nM or 100 nM for 48 hours) or the equal volume of DMSO (0.05 vol%). *p<0.05
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Chapter 5: Dissertation Discussion

Overall findings of the present studies showed the effects of miRNAs and RNA-binding
proteins on posttranscriptional regulation of inflammatory molecules in cystic fibrosis.
Specifically, a new target of miR-155 and its suggested involvement in disease development in
cystic fibrosis is a truly new insight. A figure summarizing these three aims is shown at the end.
In this chapter, updated discussion about the aim 1 based on more recent findings is first
described, and subsequently, how the three aims can be integrated as a whole is discussed.

In the specific aim 1, we showed the effects of inflammatory molecules on IL-8 mRNA
stability through posttranscriptional regulation, and further involvement of microRNAs in CF
bronchial epithelial cell line, in the absence or presence of infectious agents. IL-1 increased
steady state as well as stability of IL-8 mRNA. On the contrary IL-10, an anti-inflammatory
molecule, decreased stability of IL-8 mRNA. We next examined the effects of Pseudomonas
aeruginosa infection on IL-8 production in CF lung epithelial cells. Treatment of CF cell line
with P. aeruginosa or with its endotoxin, LPS, increased the amount and stability of IL-8 mMRNA.
Unexpectedly, P. aeruginosa treatment decreased miR-155 expression, but LPS did not have
significant effect on miR-155 expression. Consequently further analysis of microRNA expression
profile identified miR-215 increase after P. aeruginosa treatment in CF cells. Subsequent analysis
indicated the involvement of p53, which increased in CF cells with Pseudomonas infection.

The findings on effects of inflammatory molecules are compatible with conventional
reports so far. Although there are some reports which showed that IL-1p production was not
different between lung biopsy samples from normal and CF patients, and also between WT (S9)
and CF (1B3-1) bronchial epithelial cell line (131; 132), stimulation by IL-1p led to more IL-8
generation in IB3-1 cell line (128). This was further examined in another report which showed
that more IL-8 production under IL-1f stimulation in IB3-1 cell line was through increased
activation of ERK1/2, p38, and NF-xB pathways (91). Activation of p38 after IL-1 stimulation
was also reported for increased IL-8 mRNA stability (152), with which our result is also
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consistent. It is also within expectation that IL-1p induces miR-155 because transcription of miR-
155 was shown to increase by NF-kB, which is activated by inflammatory stimuli. Indeed there
are studies which showed that IL-1p stimulated miR-155 production in mouse dendritic cells (77)
and also in human melanoma cell lines (4). But there are some reports which showed that miR-
155 decreased IL-1p production in dendritic cells (17) and bovine oviduct epithelial cells (43).
This suggests some two-way regulations between miR-155 and IL-1p. But in particular in CF, our
data suggest that IL-1p has dominant control to miR-155, given that IL-1p production is not
different in CF while miR-155 increased in CF. The reason why miR-155 is low in control cells is
probably because of effect of IL-10 whose expression is higher in control. This possibility is
justified by the next data which showed lower miR-155 expression after treatment with IL-10,
and also by another study as well (108).

The findings on effects of Pseudomonas infection and LPS treatment do not agree with
published reports in the literature. LPS is an endotoxin expressed on the cell wall of gram-
negative bacteria, including P. aeruginosa. Upon bacterial infection, LPS engages TLR4 on the
cell surface and activates innate immune response. miR-155 was first recognized to play a role in
normal and leukemic development of T and B cells, but was later established to mediate innate
immunity in myeloid lineage cells. In most studies, miR-155 elevated after treatment with LPS,
partly because of transcriptional upregulation by NF-xB and Ets2 (108) or because of activated
KSRP function to facilitate miR-155 maturation (120; 137). But the final effects on inflammation
vary. For example, miR-155 elevated after treatment of mouse macrophage with LPS, and
inhibited the downstream NF-kB pathway, but at the same time miR-155 increased translation of
TNF-a (134). Our results indicate that miR-155 decreases or unaltered after P. aeruginosa or LPS
treatment of CF cells respectively, and this differs from conventional findings. There are,
however, some reports which agree with our results. When bovine oviduct epithelial cell line was
treated with LPS, miR-155 expression decreased (43). Also, when CF cell line (IB3-1) was
treated with P. aeruginosa, the microRNA profiling analysis revealed slight decrease in miR-155
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expression (28). We speculate that this discrepancy in miR-155 expression after LPS or infection
is possibly because of cell type used, which means that, while most studies use macrophage or
dendritic cells, the latter two studies and ours used epithelial cells. Taken together, our data
suggest that a pro-inflammatory microRNA, miR-155 has a CF-specific regulatory role.

The findings on miR-215 increase after Pseudomonas infection is a new insight.
Mechanism of how miR-215 affects infection or inflammation has not been shown so far. Earlier
studies analyzed the regulation of miR-215 expression in infectious diseases. For example, when
mice were orally infected with Listeria monocytogenes, ileal tissue showed decrease in miR-215,
but co-infection with Lactobacillus casei to protect Listeria invasion led to recovery (increase) of
miR-215 expression (2). Other studies showed, decreased miR-215 in blood after subcutaneous
infection of Staphylococcus aureus and Escherichia coli to mice (111), decreased miR-215 in
bovine oviduct epithelial cells after LPS treatment (43), and increased miR-215 in hepatoma cell
line after HCV infection (44). These findings, together with our data, do not suggest any
associations between miR-215 expression and general bacteriological features (Gram-positivity,
biofilm production, aerobicity, and toxin production). On the other hand there are some reports
about p53 involvement in inflammation. p53 was shown to inhibit the transcriptional activity of
NF-kB after LPS treatment, and reduced subsequent cytokine production (57). And conversely,
LPS treatment also suppressed p53 stability by enhanced binding of MDM2 to p53 through PI3K
pathway (94). There is also another bacterial protein called azurin which is expressed in P.
aeruginosa and renders blue color. Azurin from P. aeruginosa formed a complex with p53 and
stabilized p53, leading to enhanced apoptosis in macrophage cell line (156). Through p53, azurin
also increased expression of p21, another cell cycle regulator (157). Based on these earlier studies,
we speculate that p53 increase after P. aeruginosa treatment was possibly because of the effect of
azurin, but not because of LPS, and subsequently p53 induced miR-215. Furthermore, our results
showing decrease in miR-155 expression after P. aeruginosa treatment, also supports the
phenomenon of p53 increase, because miR-155 was shown to inhibit p53 activation (14).
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There are still some experiments necessary to achieve the proposed aim 1. Previously our
lab showed that 1L-8 mRNA was posttranscriptionally regulated by miRNA-155, which is
upregulated in CF (12). Also, since CF is characterized by increased expression of inflammatory
molecules and frequent Pseudomonas infection, the aim 1 tried to target towards understanding
posttranscriptional regulation of IL-8 expression and miR-155 in the absence or presence of
Pseudomonas infection. As described above, we showed that IL-8 mRNA stability and miR-155
expression were regulated by inflammatory mediators, and miR-215 was induced after
Pseudomonas infection. However, these experiments are not sufficient to conclude that this
expression pattern is unique in CF. At least we needed to do same experiments with control cells
and show any different patterns from CF cells. Also, our speculation that azurin might increase
p53 after Pseudomonas infection, will be confirmed by using other bacteria. For example,
Staphylococcus aureus and Haemophilus influenzae are also common infection in CF patients but
they do not express azurin. Therefore, measuring p53 and miR-215 expression after these
infections may render different expression pattern, and if so, we can characterize unique
mechanism of Pseudomonas infection in CF.

The overall aim of this thesis is to describe posttranscriptional regulation of inflammatory
molecules in cystic fibrosis. In this regard, to connect all three specific aims, HuR appears to play
a central role in cystic fibrosis disease development. Indeed, in addition to the aim 2, involvement
of HuR can be inferred for Pseudomonas infection (aim 1) and CTGF-mediated regulation (aim
3). In the aim 1, we examined the effects of IL-1p and IL-10 and Pseudomonas infection.
Although direct association between IL-1 and HuR has not been reported, there are some reports
which showed that IL-10 repressed HuR activation and expression (62). Another study showed a
possible mechanism that IL-10 inhibited p38 MAPK pathway, which led to HuR decrease (109).
Furthermore, it is interesting that HUR was also shown to increase p53 mRNA after LPS

treatment in mouse cardiomyocytes (61). Although we could not describe any mechanisms about
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p53 increase under Pseudomonas infection, this report suggests possible involvement of HUR for
this phenomenon.

In the aim 3, we found miR-155 directly targets RPTOR which led to more CTGF
expression. A previous report showed HuR to regulate CTGF expression. CTGF mRNA has ARE
region in its 3’ UTR, and HUR was shown to bind to this region and stabilize CTGF mRNA (42).
Since CTGF stimulates fibroblasts to produce more MMP9, another report also supports the
possibility of HUR regulation of CTGF, which showed MMP9 decreased after HUR knockdown in
breast cancer cell line (159). Besides HuR, it is interesting that CTGF was also shown to be
involved in Pseudomonas infection. When HeLa cells were infected with P. aeruginosa, CTGF
expression increased (150). Another study showed that repeated P. aeruginosa infection on rats
increased CTGF expression, and those rats manifested phenotypes similar to those observed in
COPD (148).

There are, however, still some gaps in the three aims. In the aim 1 we showed that IL-8
MRNA was stabilized by inflammatory molecules and Pseudomonas infection, and this
phenomenon should have been further investigated in the aim 2. For example, we could introduce
the same construct with the IL-8 ARE region into CF cells treated with anti-IL-1p or IL-10 or P.
aeruginosa, and analyze how HuR binding to IL-8 mMRNA ARE region is affected. Specifically,
effect of HUR on IL-8 mRNA stability could be examined after P. aeruginosa infection. This may
address the contradiction of our previous report that miR-155 upregulates IL-8 mRNA (12) and
the current study that P. aeruginosa decreased miR-155, yet increased IL-8 mRNA.

In summary, this dissertation aimed to identify inflammatory molecules in CF, and found

miR-155, HUR and CTGF are key regulators of inflammation and fibrosis in CF.
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Figure Legend
The proposed model of posttranscriptional regulation of IL-8 mRNA, and CTGF induction by
miR-155. Under infection and inflammation in CF, miR-155 and IL-8 mRNA increased. HuUR and
miR-16 regulate IL-8 mRNA stability. High miR-155 in CF suppresses RPTOR expression in CF
which leads to high CTGF expression. This might be causes for fibrogenesis and airway

destruction in CF. The numbers indicate corresponding specific aims.
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Appendix: Correction of statistical analysis of Figure 3a of the specific aim 1

The purpose of the figure 3a is to choose the best condition which increases IL-8 mRNA
expression, among three groups. For this purpose, repeating t-test analysis comparing control and
each condition is not suitable. Here, we re-evaluate the statistical significance by employing
Bonferroni correction. The significant p-values of three comparisons between each two groups
are set as lower than 0.05/3, and performed t-test for each comparison. As shown below, all these
p-values are confirmed to be lower than this preset value. Thus, we can still conclude that MPA-

HA is significantly increasing IL-8 mRNA expression, and choose this condition.

Comparisons p-value
Media Control and MPA LA | 0.000326

Media Control and MPA HA | 1.61E-05
MPA LA and MPA HA 3.68E-05

91



References

1. Abdelmohsen K, Pullmann R, Jr., Lal A, Kim HH, Galban S, et al. 2007. Phosphorylation
of HuUR by Chk2 regulates SIRT1 expression. Mol Cell 25:543-57

2. Archambaud C, Nahori MA, Soubigou G, Becavin C, Laval L, et al. 2012. Impact of
lactobacilli on orally acquired listeriosis. Proceedings of the National Academy of Sciences of the
United States of America 109:16684-9

3. Armstrong DS, Grimwood K, Carlin JB, Carzino R, Gutierrez JP, et al. 1997. Lower
airway inflammation in infants and young children with cystic fibrosis. Am J Respir Crit Care
Med 156:1197-204

4, Arts N, Cane S, Hennequart M, Lamy J, Bommer G, et al. 2015. microRNA-155, induced
by interleukin-1ss, represses the expression of microphthalmia-associated transcription factor
(MITF-M) in melanoma cells. PloS one 10:e0122517

5. Balakathiresan NS, Bhattacharyya S, Gutti U, Long RP, Jozwik C, et al. 2009.
Tristetraprolin regulates IL-8 mRNA stability in cystic fibrosis lung epithelial cells. American
journal of physiology. Lung cellular and molecular physiology 296:1.1012-8

6. Bazett M, Paun A, Haston CK. 2011. MicroRNA profiling of cystic fibrosis intestinal
disease in mice. Mol Genet Metab 103:38-43

7. Beilharz TH, Preiss T. 2007. Widespread use of poly(A) tail length control to accentuate
expression of the yeast transcriptome. Rna 13:982-97

8. Bentley DL. 2005. Rules of engagement: co-transcriptional recruitment of pre-mRNA
processing factors. Current opinion in cell biology 17:251-6

9. Berguerand M, Klapisz E, Thomas G, Humbert L, Jouniaux AM, et al. 1997. Differential
stimulation of cytosolic phospholipase A2 by bradykinin in human cystic fibrosis cell lines.
American journal of respiratory cell and molecular biology 17:481-90

10. Bernstein E, Caudy AA, Hammond SM, Hannon GJ. 2001. Role for a bidentate
ribonuclease in the initiation step of RNA interference. Nature 409:363-6

11. Berube J, Roussel L, Nattagh L, Rousseau S. 2010. Loss of cystic fibrosis transmembrane
conductance regulator function enhances activation of p38 and ERK MAPKS, increasing
interleukin-6 synthesis in airway epithelial cells exposed to Pseudomonas aeruginosa. J Biol
Chem 285:22299-307

12. Bhattacharyya S, Balakathiresan NS, Dalgard C, Gutti U, Armistead D, et al. 2011.
Elevated miR-155 promotes inflammation in cystic fibrosis by driving hyperexpression of
interleukin-8. The Journal of biological chemistry 286:11604-15

13. Bonfield TL, Panuska JR, Konstan MW, Hilliard KA, Hilliard JB, et al. 1995.
Inflammatory cytokines in cystic fibrosis lungs. Am J Respir Crit Care Med 152:2111-8

92



14. Bouamar H, Jiang D, Wang L, Lin AP, Ortega M, Aguiar RC. 2015. MicroRNA 155
control of p53 activity is context dependent and mediated by Aicda and Socs1. Molecular and
cellular biology 35:1329-40

15. Braun CJ, Zhang X, Savelyeva I, Wolff S, Moll UM, et al. 2008. p53-Responsive
micrornas 192 and 215 are capable of inducing cell cycle arrest. Cancer Res 68:10094-104

16. Caput D, Beutler B, Hartog K, Thayer R, Brown-Shimer S, Cerami A. 1986.
Identification of a common nucleotide sequence in the 3'-untranslated region of MRNA molecules
specifying inflammatory mediators. Proceedings of the National Academy of Sciences of the
United States of America 83:1670-4

17. Ceppi M, Pereira PM, Dunand-Sauthier I, Barras E, Reith W, et al. 2009. MicroRNA-155
modulates the interleukin-1 signaling pathway in activated human monocyte-derived dendritic
cells. Proceedings of the National Academy of Sciences of the United States of America
106:2735-40

18. Chattoraj SS, Ganesan S, Faris A, Comstock A, Lee WM, Sajjan US. 2011. Pseudomonas
aeruginosa suppresses interferon response to rhinovirus infection in cystic fibrosis but not in
normal bronchial epithelial cells. Infect Immun 79:4131-45

19. Cheng SH, Gregory RJ, Marshall J, Paul S, Souza DW, et al. 1990. Defective
intracellular transport and processing of CFTR is the molecular basis of most cystic fibrosis. Cell
63:827-34

20. Clurman BE, Hayward WS. 1989. Multiple proto-oncogene activations in avian leukosis
virus-induced lymphomas: evidence for stage-specific events. Mol Cell Biol 9:2657-64

21. Collins FS. 1992. Cystic fibrosis: molecular biology and therapeutic implications.
Science 256:774-9

22. Consortium TCFGA. 1990. Worldwide survey of the delta F508 mutation--report from
the cystic fibrosis genetic analysis consortium. American journal of human genetics 47:354-9

23. Dean TP, Dai Y, Shute JK, Church MK, Warner JO. 1993. Interleukin-8 concentrations
are elevated in bronchoalveolar lavage, sputum, and sera of children with cystic fibrosis. Pediatr
Res 34:159-61

24. Dhooghe B, Noel S, Huaux F, Leal T. 2014. Lung inflammation in cystic fibrosis:
pathogenesis and novel therapies. Clinical biochemistry 47:539-46

25. Dickey LB. 1942. The Pulmonary Aspects of Cystic Fibrosis of the Pancreas. California
and western medicine 57:41-2

26. Eidelman O, Srivastava M, Zhang J, Leighton X, Murtie J, et al. 2001. Control of the
proinflammatory state in cystic fibrosis lung epithelial cells by genes from the TNF-
alphaR/NFkappaB pathway. Mol Med 7:523-34

93



217. Eis PS, Tam W, Sun L, Chadburn A, Li Z, et al. 2005. Accumulation of miR-155 and
BIC RNA in human B cell lymphomas. Proceedings of the National Academy of Sciences of the
United States of America 102:3627-32

28. Fabbri E, Borgatti M, Montagner G, Bianchi N, Finotti A, et al. 2014. Expression of
microRNA-93 and Interleukin-8 during Pseudomonas aeruginosa-mediated induction of
proinflammatory responses. American journal of respiratory cell and molecular biology 50:1144-
55

29. Fan XC, Steitz JA. 1998. Overexpression of HUR, a nuclear-cytoplasmic shuttling protein,
increases the in vivo stability of ARE-containing mMRNAs. The EMBO journal 17:3448-60

30. Filipowicz W, Bhattacharyya SN, Sonenberg N. 2008. Mechanisms of post-
transcriptional regulation by microRNAs: are the answers in sight? Nat Rev Genet 9:102-14

31. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. 1998. Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature
391:806-11

32. Ford LP, Watson J, Keene JD, Wilusz J. 1999. ELAV proteins stabilize deadenylated
intermediates in a novel in vitro mMRNA deadenylation/degradation system. Genes Dev 13:188-
201

33. Frizzell RA. 1999. Ten years with CFTR. Physiol Rev 79:51-2

34. Georges SA, Biery MC, Kim SY, Schelter JM, Guo J, et al. 2008. Coordinated regulation
of cell cycle transcripts by p53-Inducible microRNAs, miR-192 and miR-215. Cancer research
68:10105-12

35. Gillen AE, Gosalia N, Leir SH, Harris A. 2011. MicroRNA regulation of expression of
the cystic fibrosis transmembrane conductance regulator gene. Biochem J 438:25-32

36. Goetzinger KR, Cahill AG. 2010. An update on cystic fibrosis screening. Clinics in
laboratory medicine 30:533-43

37. Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, et al. 2001. Genes and mechanisms
related to RNA interference regulate expression of the small temporal RNAs that control C.
elegans developmental timing. Cell 106:23-34

38. Ha I, Wightman B, Ruvkun G. 1996. A bulged lin-4/lin-14 RNA duplex is sufficient for
Caenorhabditis elegans lin-14 temporal gradient formation. Genes & development 10:3041-50

39. Hammond SM, Bernstein E, Beach D, Hannon GJ. 2000. An RNA-directed nuclease
mediates post-transcriptional gene silencing in Drosophila cells. Nature 404:293-6

40. Hassan F, Nuovo GJ, Crawford M, Boyaka PN, Kirkby S, et al. 2012. MiR-101 and miR-
144 regulate the expression of the CFTR chloride channel in the lung. PloS one 7:¢50837

94



41. Heeckeren A, Walenga R, Konstan MW, Bonfield T, Davis PB, Ferkol T. 1997.
Excessive inflammatory response of cystic fibrosis mice to bronchopulmonary infection with
Pseudomonas aeruginosa. The Journal of clinical investigation 100:2810-5

42, Heinonen M, Hemmes A, Salmenkivi K, Abdelmohsen K, Vilen ST, et al. 2011. Role of
RNA binding protein HUR in ductal carcinoma in situ of the breast. J Pathol 224:529-39

43, Ibrahim S, Salilew-Wondim D, Rings F, Hoelker M, Neuhoff C, et al. 2015. Expression
pattern of inflammatory response genes and their regulatory micrornas in bovine oviductal cells
in response to lipopolysaccharide: implication for early embryonic development. PloS one
10:e0119388

44, Ishida H, Tatsumi T, Hosui A, Nawa T, Kodama T, et al. 2011. Alterations in microRNA
expression profile in HCV-infected hepatoma cells: involvement of miR-491 in regulation of
HCV replication via the P13 kinase/Akt pathway. Biochemical and biophysical research
communications 412:92-7

45, Izant JG, Weintraub H. 1984. Inhibition of thymidine kinase gene expression by anti-
sense RNA: a molecular approach to genetic analysis. Cell 36:1007-15

46. Jeffrey FW. 1941. Cystic Fibrosis of the Pancreas. Canadian Medical Association journal
45:224-9

47. Jeong BC, Kang IH, Hwang YC, Kim SH, Koh JT. 2014. MicroRNA-194 reciprocally
stimulates osteogenesis and inhibits adipogenesis via regulating COUP-TFII expression. Cell
death & disease 5:1532

48. Jing Q, Huang S, Guth S, Zarubin T, Motoyama A, et al. 2005. Involvement of
microRNA in AU-rich element-mediated mRNA instability. Cell 120:623-34

49. Jonas S, Izaurralde E. 2015. Towards a molecular understanding of microRNA-mediated
gene silencing. Nature reviews. Genetics 16:421-33

50. Jonker JW, Suh JM, Atkins AR, Ahmadian M, Li P, etal. 2012. A PPARgamma-FGF1
axis is required for adaptive adipose remodelling and metabolic homeostasis. Nature

51. Joseph T, Look D, Ferkol T. 2005. NF-kappaB activation and sustained IL-8 gene
expression in primary cultures of cystic fibrosis airway epithelial cells stimulated with
Pseudomonas aeruginosa. American journal of physiology. Lung cellular and molecular
physiology 288:L471-9

52. Jun JI, Lau LF. 2011. Taking aim at the extracellular matrix: CCN proteins as emerging
therapeutic targets. Nature reviews. Drug discovery 10:945-63

53. Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, Plasterk RH. 2001. Dicer
functions in RNA interference and in synthesis of small RNA involved in developmental timing
in C. elegans. Genes & development 15:2654-9

95



54. Khan TZ, Wagener JS, Bost T, Martinez J, Accurso FJ, Riches DW. 1995. Early
pulmonary inflammation in infants with cystic fibrosis. Am J Respir Crit Care Med 151:1075-82

55. Kim HH, Kuwano Y, Srikantan S, Lee EK, Martindale JL, Gorospe M. 2009. HUR
recruits let-7/RISC to repress c-Myc expression. Genes Dev 23:1743-8

56. Kim VN, Nam JW. 2006. Genomics of microRNA. Trends Genet 22:165-73

57. Komarova EA, Krivokrysenko V, Wang K, Neznanov N, Chernov MV, et al. 2005. p53
is a suppressor of inflammatory response in mice. FASEB journal : official publication of the
Federation of American Societies for Experimental Biology 19:1030-2

58. Konstan MW, Berger M. 1997. Current understanding of the inflammatory process in
cystic fibrosis: onset and etiology. Pediatric pulmonology 24:137-42; discussion 59-61

59. Kopito RR. 1999. Biosynthesis and degradation of CFTR. Physiol Rev 79:5167-73

60. Kozomara A, Griffiths-Jones S. 2014. miRBase: annotating high confidence microRNAs
using deep sequencing data. Nucleic acids research 42:D68-73

61. Krishnamurthy P, Lambers E, Verma S, Thorne T, Qin G, et al. 2010. Myocardial
knockdown of mRNA-stabilizing protein HUR attenuates post-MI inflammatory response and left
ventricular dysfunction in IL-10-null mice. FASEB journal : official publication of the Federation
of American Societies for Experimental Biology 24:2484-94

62. Krishnamurthy P, Rajasingh J, Lambers E, Qin G, Losordo DW, Kishore R. 2009. IL-10
inhibits inflammation and attenuates left ventricular remodeling after myocardial infarction via
activation of STAT3 and suppression of HuR. Circulation research 104:¢9-18

63. Krol J, Loedige I, Filipowicz W. 2010. The widespread regulation of microRNA
biogenesis, function and decay. Nat Rev Genet 11:597-610

64. Kruse SW, Suino-Powell K, Zhou XE, Kretschman JE, Reynolds R, et al. 2008.
Identification of COUP-TFII orphan nuclear receptor as a retinoic acid-activated receptor. PLoS
biology 6:6227

65. Kular L, Pakradouni J, Kitabgi P, Laurent M, Martinerie C. 2011. The CCN family: a
new class of inflammation modulators? Biochimie 93:377-88

66. Kumar P, Bhattacharyya S, Peters KW, Glover ML, Sen A, et al. 2015. miR-16 rescues
F508del-CFTR function in native cystic fibrosis epithelial cells. Gene Ther

67. Kumar V, Abbas AK, ASter JC. 2014. Robbins and Cotran Pathologic Basis of Disease,
Ninth edition.

68. Lal A, Thomas MP, Altschuler G, Navarro F, O'Day E, et al. 2011. Capture of
microRNA-bound mRNAs identifies the tumor suppressor miR-34a as a regulator of growth
factor signaling. PLoS Genet 7:€1002363

96



69. Lee I, Ajay SS, Yook JI, Kim HS, Hong SH, et al. 2009. New class of microRNA targets
containing simultaneous 5-UTR and 3'-UTR interaction sites. Genome research 19:1175-83

70. Lee RC, Feinbaum RL, Ambros V. 1993. The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell 75:843-54

71. Lee Y, Ahn C, Han J, Choi H, Kim J, et al. 2003. The nuclear RNase Ill Drosha initiates
microRNA processing. Nature 425:415-9

72. Lee Y, Jeon K, Lee JT, Kim S, Kim VN. 2002. MicroRNA maturation: stepwise
processing and subcellular localization. Embo J 21:4663-70

73. Levy NS, Chung S, Furneaux H, Levy AP. 1998. Hypoxic stabilization of vascular
endothelial growth factor mRNA by the RNA-binding protein HuR. The Journal of biological
chemistry 273:6417-23

74. Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB. 2003. Prediction of
mammalian microRNA targets. Cell 115:787-98

75. Li X, Large MJ, Creighton CJ, Lanz RB, Jeong JW, et al. 2013. COUP-TFII regulates
human endometrial stromal genes involved in inflammation. Molecular endocrinology 27:2041-
54

76. Lim LP, Lau NC, Weinstein EG, Abdelhakim A, Yekta S, et al. 2003. The microRNAs of
Caenorhabditis elegans. Genes Dev 17:991-1008

77. Lu C, Huang X, Zhang X, Roensch K, Cao Q, et al. 2011. miR-221 and miR-155 regulate
human dendritic cell development, apoptosis, and IL-12 production through targeting of p27kip1,
KPC1, and SOCS-1. Blood 117:4293-303

78. Ma WJ, Cheng S, Campbell C, Wright A, Furneaux H. 1996. Cloning and
characterization of HUR, a ubiquitously expressed Elav-like protein. The Journal of biological
chemistry 271:8144-51

79. Machen TE. 2006. Innate immune response in CF airway epithelia: hyperinflammatory?
Am J Physiol Cell Physiol 291:C218-30

80. Makam M, Diaz D, Laval J, Gernez Y, Conrad CK, et al. 2009. Activation of critical,
host-induced, metabolic and stress pathways marks neutrophil entry into cystic fibrosis lungs.
Proceedings of the National Academy of Sciences of the United States of America 106:5779-83

81. Malter JS. 1989. Identification of an AUUUA-specific messenger RNA binding protein.
Science 246:664-6

82. May JR, Herrick NC, Thompson D. 1972. Bacterial infection in cystic fibrosis. Archives
of disease in childhood 47:908-13

83. McCoy CE, Sheedy FJ, Qualls JE, Doyle SL, Quinn SR, et al. IL-10 inhibits miR-155
induction by toll-like receptors. J Biol Chem 285:20492-8

97



84. Megiorni F, Cialfi S, Cimino G, De Biase RV, Dominici C, et al. 2013. Elevated levels of
miR-145 correlate with SMAD3 down-regulation in cystic fibrosis patients. Journal of cystic
fibrosis : official journal of the European Cystic Fibrosis Society 12:797-802

85. Megiorni F, Cialfi S, Dominici C, Quattrucci S, Pizzuti A. 2011. Synergistic post-
transcriptional regulation of the Cystic Fibrosis Transmembrane conductance Regulator (CFTR)
by miR-101 and miR-494 specific binding. PloS one 6:626601

86. Meier J, Hovestadt V, Zapatka M, Pscherer A, Lichter P, Seiffert M. 2013. Genome-wide
identification of translationally inhibited and degraded miR-155 targets using RNA-interacting
protein-IP. RNA biology 10:1018-29

87. Meijlink F, Curran T, Miller AD, Verma IM. 1985. Removal of a 67-base-pair sequence
in the noncoding region of protooncogene fos converts it to a transforming gene. Proceedings of
the National Academy of Sciences of the United States of America 82:497-91

88. Michlewski G, Caceres JF. 2010. Antagonistic role of hnRNP Al and KSRP in the
regulation of let-7a biogenesis. Nature structural & molecular biology 17:1011-8

89. Michlewski G, Guil S, Semple CA, Caceres JF. 2008. Posttranscriptional regulation of
miRNAs harboring conserved terminal loops. Molecular cell 32:383-93

90. Muhlebach MS, Reed W, Noah TL. 2004. Quantitative cytokine gene expression in CF
airway. Pediatric pulmonology 37:393-9

91. Muselet-Charlier C, Roque T, Boncoeur E, Chadelat K, Clement A, et al. 2007. Enhanced
IL-1beta-induced IL-8 production in cystic fibrosis lung epithelial cells is dependent of both
mitogen-activated protein kinases and NF-kappaB signaling. Biochem Biophys Res Commun
357:402-7

92. Nabors LB, Gillespie GY, Harkins L, King PH. 2001. HUR, a RNA stability factor, is
expressed in malignant brain tumors and binds to adenine- and uridine-rich elements within the 3'
untranslated regions of cytokine and angiogenic factor mRNAs. Cancer research 61:2154-61

93. O'Connell RM, Taganov KD, Boldin MP, Cheng G, Baltimore D. 2007. MicroRNA-155
is induced during the macrophage inflammatory response. Proc Natl Acad Sci U S A 104:1604-9

94, Odkhuu E, Mendjargal A, Koide N, Naiki Y, Komatsu T, Yokochi T. 2015.
Lipopolysaccharide downregulates the expression of p53 through activation of MDM2 and
enhances activation of nuclear factor-kappa B. Immunobiology 220:136-41

95. Oglesby 1K, Bray IM, Chotirmall SH, Stallings RL, O'Neill SJ, et al. miR-126 is
downregulated in cystic fibrosis airway epithelial cells and regulates TOM1 expression. Journal
of immunology 184:1702-9

96. Oglesby IK, Bray IM, Chotirmall SH, Stallings RL, O'Neill SJ, et al. 2010. miR-126 is
downregulated in cystic fibrosis airway epithelial cells and regulates TOM1 expression. Journal
of immunology 184:1702-9

98



97. Oglesby IK, Chotirmall SH, McElvaney NG, Greene CM. 2013. Regulation of cystic
fibrosis transmembrane conductance regulator by microRNA-145, -223, and -494 is altered in
DeltaF508 cystic fibrosis airway epithelium. Journal of immunology 190:3354-62

98. Oren M. 2003. Decision making by p53: life, death and cancer. Cell Death Differ 10:431-
42

99, Orom UA, Nielsen FC, Lund AH. 2008. MicroRNA-10a binds the 5'UTR of ribosomal
protein mMRNAs and enhances their translation. Molecular cell 30:460-71

100.  Oshiro N, Yoshino K, Hidayat S, Tokunaga C, Hara K, et al. 2004. Dissociation of raptor
from mTOR is a mechanism of rapamycin-induced inhibition of mTOR function. Genes to cells :
devoted to molecular & cellular mechanisms 9:359-66

101.  Osman B, Doller A, Akool el S, Holdener M, Hintermann E, et al. 2009. Rapamycin
induces the TGFbetal/Smad signaling cascade in renal mesangial cells upstream of mTOR.
Cellular signalling 21:1806-17

102.  Palanisamy V, Park NJ, Wang J, Wong DT. 2008. AUF1 and HuR proteins stabilize
interleukin-8 mMRNA in human saliva. Journal of dental research 87:772-6

103.  Pasquinelli AE. 2012. MicroRNAs and their targets: recognition, regulation and an
emerging reciprocal relationship. Nature reviews. Genetics 13:271-82

104.  Patel K, Mining S, Wakhisi J, Gheit T, Tommasino M, et al. 2011. TP53 mutations,
human papilloma virus DNA and inflammation markers in esophageal squamous cell carcinoma
from the Rift Valley, a high-incidence area in Kenya. BMC research notes 4:469

105.  Petit FG, Salas R, Tsai MJ, Tsai SY. 2004. The regulation of COUP-TFII gene
expression by Ets-1 is enhanced by the steroid receptor co-activators. Mechanisms of ageing and
development 125:719-32

106.  Pichiorri F, Suh SS, Rocci A, De Luca L, Taccioli C, et al. 2010. Downregulation of p53-
inducible microRNAs 192, 194, and 215 impairs the p53/MDMZ2 autoregulatory loop in multiple
myeloma development. Cancer Cell 18:367-81

107.  Pollard HB. 2000. Anatomic genomics: systems of genes supporting the biology of
systems. Anat Rec 259:FMIII-1X

108.  Quinn SR, Mangan NE, Caffrey BE, Gantier MP, Williams BR, et al. 2014. The role of
Ets2 transcription factor in the induction of microRNA-155 (miR-155) by lipopolysaccharide and
its targeting by interleukin-10. The Journal of biological chemistry 289:4316-25

109. Rajasingh J, Bord E, Luedemann C, Asai J, Hamada H, et al. 2006. IL-10-induced TNF-
alpha mRNA destabilization is mediated via IL-10 suppression of p38 MAP kinase activation and
inhibition of HuR expression. FASEB journal : official publication of the Federation of American
Societies for Experimental Biology 20:2112-4

99



110. Ramachandran S, Karp PH, Jiang P, Ostedgaard LS, Walz AE, et al. 2012. A microRNA
network regulates expression and biosynthesis of wild-type and DeltaF508 mutant cystic fibrosis
transmembrane conductance regulator. Proc Natl Acad Sci U S A 109:13362-7

111. Rau CS, Wu SC, Yang JC, Lu TH, Wu YC, et al. 2015. Profiling the circulating miRNAs
in mice exposed to gram-positive and gram-negative bacteria by Illumina small RNA deep
sequencing. Journal of biomedical science 22:1

112.  Ribeiro CM, Paradiso AM, Schwab U, Perez-Vilar J, Jones L, et al. 2005. Chronic airway
infection/inflammation induces a Ca2+i-dependent hyperinflammatory response in human cystic
fibrosis airway epithelia. J Biol Chem 280:17798-806

113. Richman-Eisenstat JB, Jorens PG, Hebert CA, Ueki |, Nadel JA. 1993. Interleukin-8: an
important chemoattractant in sputum of patients with chronic inflammatory airway diseases. Am J
Physiol 264:1.413-8

114.  Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, et al. 1989. Identification of
the cystic fibrosis gene: cloning and characterization of complementary DNA. Science 245:1066-
73

115. Roebuck KA. 1999. Regulation of interleukin-8 gene expression. Journal of interferon &
cytokine research : the official journal of the International Society for Interferon and Cytokine
Research 19:429-38

116.  Romania P, Lulli V, Pelosi E, Biffoni M, Peschle C, Marziali G. 2008. MicroRNA 155
modulates megakaryopoiesis at progenitor and precursor level by targeting Ets-1 and Meisl
transcription factors. British journal of haematology 143:570-80

117. Rosa A, Brivanlou AH. 2011. A regulatory circuitry comprised of miR-302 and the
transcription factors OCT4 and NR2F2 regulates human embryonic stem cell differentiation. The
EMBO journal 30:237-48

118.  Rosenfeld M, Gibson RL, McNamara S, Emerson J, Burns JL, et al. 2001. Early
pulmonary infection, inflammation, and clinical outcomes in infants with cystic fibrosis.
Pediatric pulmonology 32:356-66

119. Rozen-Zvi B, Hayashida T, Hubchak SC, Hanna C, Platanias LC, Schnaper HW. 2013.
TGF-beta/Smad3 activates mammalian target of rapamycin complex-1 to promote collagen
production by increasing HIF-1alpha expression. American journal of physiology. Renal
physiology 305:F485-94

120.  Ruggiero T, Trabucchi M, De Santa F, Zupo S, Harfe BD, et al. 2009. LPS induces KH-
type splicing regulatory protein-dependent processing of microRNA-155 precursors in
macrophages. Faseb J 23:2898-908

121.  Schmitz F, Heit A, Dreher S, Eisenacher K, Mages J, et al. 2008. Mammalian target of
rapamycin (mTOR) orchestrates the defense program of innate immune cells. European journal
of immunology 38:2981-92

100



122.  Scott A, Khan KM, Cook JL, Duronio V. 2004. What is "inflammation"? Are we ready to
move beyond Celsus? British journal of sports medicine 38:248-9

123.  Selbach M, Schwanhausser B, Thierfelder N, Fang Z, Khanin R, Rajewsky N. 2008.
Widespread changes in protein synthesis induced by microRNAS. Nature 455:58-63

124.  Shaw G, Kamen R. 1986. A conserved AU sequence from the 3' untranslated region of
GM-CSF mRNA mediates selective mRNA degradation. Cell 46:659-67

125.  Shoshani T, Augarten A, Gazit E, Bashan N, Yahav Y, et al. 1992. Association of a
nonsense mutation (W1282X), the most common mutation in the Ashkenazi Jewish cystic
fibrosis patients in Israel, with presentation of severe disease. American journal of human
genetics 50:222-8

126.  Sonneville F, Ruffin M, Guillot L, Rousselet N, Le Rouzic P, et al. 2015. New insights
about miRNASs in cystic fibrosis. The American journal of pathology 185:897-908

127.  Staib F, Robles Al, Varticovski L, Wang XW, Zeeberg BR, et al. 2005. The p53 tumor
suppressor network is a key responder to microenvironmental components of chronic
inflammatory stress. Cancer Res 65:10255-64

128.  Stecenko AA, King G, Torii K, Breyer RM, Dworski R, et al. 2001. Dysregulated
cytokine production in human cystic fibrosis bronchial epithelial cells. Inflammation 25:145-55

129.  Subbaramaiah K, Marmo TP, Dixon DA, Dannenberg AJ. 2003. Regulation of
cyclooxgenase-2 mRNA stability by taxanes: evidence for involvement of p38, MAPKAPK-2,
and HuR. The Journal of biological chemistry 278:37637-47

130.  Suswam EA, Nabors LB, Huang Y, Yang X, King PH. 2005. IL-1beta induces
stabilization of IL-8 mRNA in malignant breast cancer cells via the 3' untranslated region:
Involvement of divergent RNA-binding factors HUR, KSRP and TIAR. Int J Cancer 113:911-9

131.  Tabary O, Zahm JM, Hinnrasky J, Couetil JP, Cornillet P, et al. 1998. Selective up-
regulation of chemokine IL-8 expression in cystic fibrosis bronchial gland cells in vivo and in
vitro. The American journal of pathology 153:921-30

132. Tang A, Sharma A, Jen R, Hirschfeld AF, Chilvers MA, et al. 2012. Inflammasome-
mediated IL-1beta production in humans with cystic fibrosis. PloS one 7:e37689

133.  Thomas M, Lieberman J, Lal A. 2010. Desperately seeking microRNA targets. Nature
structural & molecular biology 17:1169-74

134. Tili E, Michaille JJ, Cimino A, Costinean S, Dumitru CD, et al. 2007. Modulation of
miR-155 and miR-125b levels following lipopolysaccharide/TNF-alpha stimulation and their
possible roles in regulating the response to endotoxin shock. Journal of immunology 179:5082-9

101



135.  Tirouvanziam R, de Bentzmann S, Hubeau C, Hinnrasky J, Jacquot J, et al. 2000.
Inflammation and infection in naive human cystic fibrosis airway grafts. Am J Respir Cell Mol
Biol 23:121-7

136. Tominaga K, Srikantan S, Lee EK, Subaran SS, Martindale JL, et al. 2011. Competitive
regulation of nucleolin expression by HUR and miR-494. Mol Cell Biol 31:4219-31

137.  Trabucchi M, Briata P, Garcia-Mayoral M, Haase AD, Filipowicz W, et al. 2009. The
RNA-binding protein KSRP promotes the biogenesis of a subset of microRNAs. Nature
459:1010-4

138.  Tran H, Maurer F, Nagamine Y. 2003. Stabilization of urokinase and urokinase receptor
MRNAS by HuR is linked to its cytoplasmic accumulation induced by activated mitogen-activated
protein kinase-activated protein kinase 2. Molecular and cellular biology 23:7177-88

139.  Travis WD, Colby TV, Koss MN, Rosado-de-Christenson ML, Muller NL, King TE, Jr.
2001. Non-Neoplastic Disorders of the Lower Respiratory Tract. Atlas of Nontumor Pathology

140.  Tsuchiya M, Kumar P, Bhattacharyya S, Chattoraj S, Srivastava M, et al. 2013.
Differential regulation of inflammation by inflammatory mediators in cystic fibrosis lung
epithelial cells. Journal of interferon & cytokine research : the official journal of the
International Society for Interferon and Cytokine Research 33:121-9

141.  Vasudevan S, Steitz JA. 2007. AU-rich-element-mediated upregulation of translation by
FXR1 and Argonaute 2. Cell 128:1105-18

142.  Virella-Lowell I, Herlihy JD, Liu B, Lopez C, Cruz P, et al. 2004. Effects of CFTR,
interleukin-10, and Pseudomonas aeruginosa on gene expression profiles in a CF bronchial
epithelial cell Line. Mol Ther 10:562-73

143.  Vogelstein B, Kinzler KW. 2001. Achilles' heel of cancer? Nature 412:865-6

144,  Wan G, Xie W, Liu Z, Xu W, Lao Y, et al. 2014. Hypoxia-induced MIR155 is a potent
autophagy inducer by targeting multiple players in the MTOR pathway. Autophagy 10:70-9

145. Wang W, Caldwell MC, Lin S, Furneaux H, Gorospe M. 2000. HuR regulates cyclin A
and cyclin B1 mRNA stability during cell proliferation. Embo J 19:2340-50

146.  Weichhart T, Costantino G, Poglitsch M, Rosner M, Zeyda M, et al. 2008. The TSC-
mTOR signaling pathway regulates the innate inflammatory response. Immunity 29:565-77

147.  Weill L, Belloc E, Bava FA, Mendez R. 2012. Translational control by changes in
poly(A) tail length: recycling mRNAs. Nature structural & molecular biology 19:577-85

148.  Wen W, Wang AM, Liu DL, Zhang YB, Yao LQ, Lai GX. 2013. Expression of
connective tissue growth factor and bone morphogenetic protein-7 in Pseudomonas aeruginosa-
induced chronic obstructive pulmonary disease in rats. Copd 10:657-66

102



149.  Weng CM, Chen BC, Wang CH, Feng PH, Lee MJ, et al. 2013. The endothelin A
receptor mediates fibrocyte differentiation in chronic obstructive asthma. The involvement of
connective tissue growth factor. American journal of respiratory and critical care medicine
188:298-308

150.  Wiedmaier N, Muller S, Koberle M, Manncke B, Krejci J, et al. 2008. Bacteria induce
CTGF and CYRG61 expression in epithelial cells in a lysophosphatidic acid receptor-dependent
manner. International journal of medical microbiology : IJMM 298:231-43

151.  Wilson T, Treisman R. 1988. Removal of poly(A) and consequent degradation of c-fos
mRNA facilitated by 3' AU-rich sequences. Nature 336:396-9

152. Winzen R, Thakur BK, Dittrich-Breiholz O, Shah M, Redich N, et al. 2007. Functional
analysis of KSRP interaction with the AU-rich element of interleukin-8 and identification of
inflammatory mRNA targets. Molecular and cellular biology 27:8388-400

153.  XuF, Zhang X, Lei Y, Liu X, Liu Z, et al. 2010. Loss of repression of HuR translation by
miR-16 may be responsible for the elevation of HuR in human breast carcinoma. Journal of
cellular biochemistry 111:727-34

154, Xu M, QinJ, Tsai SY, Tsai MJ. 2015. The role of the orphan nuclear receptor COUP-
TFII in tumorigenesis. Acta pharmacologica Sinica 36:32-6

155.  Xu X, Dai H, Geng J, Wan X, Huang X, et al. 2015. Rapamycin increases CCN2
expression of lung fibroblasts via phosphoinositide 3-kinase. Laboratory investigation; a journal
of technical methods and pathology 95:846-59

156. Yamada T, Goto M, Punj V, Zaborina O, Kimbara K, et al. 2002. The bacterial redox
protein azurin induces apoptosis in J774 macrophages through complex formation and
stabilization of the tumor suppressor protein p53. Infection and immunity 70:7054-62

157. Yamada T, Hiraoka Y, Ikehata M, Kimbara K, Avner BS, et al. 2004. Apoptosis or
growth arrest: Modulation of tumor suppressor p53's specificity by bacterial redox protein azurin.
Proceedings of the National Academy of Sciences of the United States of America 101:4770-5

158.  Young LE, Moore AE, Sokol L, Meisner-Kober N, Dixon DA. 2012. The mRNA
stability factor HUR inhibits microRNA-16 targeting of COX-2. Molecular cancer research :
MCR 10:167-80

159.  Yuan Z, Sanders AJ, Ye L, Wang Y, Jiang WG. 2011. Knockdown of human antigen R
reduces the growth and invasion of breast cancer cells in vitro and affects expression of cyclin D1
and MMP-9. Oncology reports 26:237-45

160.  Zamore PD, Tuschl T, Sharp PA, Bartel DP. 2000. RNAi: double-stranded RNA directs
the ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals. Cell 101:25-33

161.  Zhang X, Virtanen A, Kleiman FE. 2010. To polyadenylate or to deadenylate: that is the
question. Cell cycle 9:4437-49

103



162.  Zhou SJ, Li M, Zeng DX, Zhu ZM, Hu XW, et al. 2015. Expression variations of
connective tissue growth factor in pulmonary arteries from smokers with and without chronic
obstructive pulmonary disease. Scientific reports 5:8564

104



	POSTTRANSCRIPTIONAL REGULATION OF INFLAMMATORY MOLECULES IN CYSTIC FIBROSIS
	Copyright Statement
	Abbreviation
	Dissertation Abstract
	Table of Contents
	Chapter 1: Dissertation Introduction
	Cystic Fibrosis
	Function of microRNAs
	Prediction of miRNA targets
	miRNAs in Cystic Fibrosis
	RNA-binding proteins and inflammation
	Conclusion and specific aims
	Figure

	Chapter 2: Specific aim 1
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Figures and Tables

	Chapter 3: Specific aim 2
	Introduction
	Materials and Methods
	Results
	Discussion
	Figures

	Chapter 4: Specific aim 3
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Figures and Tables

	Chapter 5: Dissertation Discussion
	Figure

	Appendix: Correction of statistical analysis of Figure 3a of the specific aim 1
	References



