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Cystic Fibrosis (CF) is characterized by a massive proinflam-
matory phenotype in the lung arising from profound expression
of inflammatory genes, including interleukin-8 (IL-8). We have
previously reported that IL-8 mRNA is stabilized in CF lung
epithelial cells, resulting in concomitant hyperexpression of
IL-8 protein. However, the mechanistic link betweenmutations
in CFTR and acquisition of the proinflammatory phenotype in
the CF airway has remained elusive. We hypothesized that spe-
cificmicroRNAs (miRNAs)mightmediate this linkage. To iden-
tify the potential link, we screened an miRNA library for differ-
ential expression in �F508-CFTR and wild type CFTR lung
epithelial cell lines. Of 22 differentially and significantly
expressed miRNAs, we found that expression of miR-155 was
more than 5-fold elevated in CF IB3-1 lung epithelial cells in
culture, compared with control IB3-1/S9 cells. Clinically, miR-
155 was also highly expressed in CF lung epithelial cells and
circulating CF neutrophils biopsied from CF patients. We
report here that high levels of miR-155 specifically reduced lev-
els of SHIP1, thereby promoting PI3K/Akt activation. However,
overexpressing SHIP1 or inhibition of PI3K in CF cells sup-
pressed IL-8 expression. Finally, we found that phospho-Akt
levels were elevated in CF lung epithelial cells and were specifi-
cally lowered by either antagomir-155 or elevated expression of
SHIP1.We therefore suggest that elevatedmiR-155 contributes
to the proinflammatory expression of IL-8 in CF lung epithelial
cells by lowering SHIP1 expression and thereby activating the
PI3K/Akt signaling pathway. These data suggest that miR-155
may play an important role in the activation of IL-8-dependent
inflammation in CF.

Cystic fibrosis (CF),2 the most common autosomal recessive
disease in the United States and Europe, is caused bymutations
in the cystic fibrosis transmembrane conductance regulator

(CFTR) gene (1–4). CFTR mutations, of which the most com-
mon is�F508-CFTR, cause amassive proinflammatory pheno-
type in the lung, which manifests in the airway by high levels of
IL-8 and other proinflammatory cytokines and chemokines
(5–7). IL-8 is the most potent known chemotactic agent for
neutrophils (8) and is constitutively secreted from CF lung epi-
thelial cells (9). The enhanced secretion of IL-8 seems to be an
intrinsic property of the CF epithelium because fetal CF lung
epithelium also spontaneously secretes high IL-8 levels into the
airway as early as the 15th week of gestation (10, 11). However,
the mechanism by which a mutation in CFTR causes up-regu-
lated levels of IL-8 expression remains poorly understood.
The expression of proinflammatory genes, such as IL-8, is

known to be regulated by post-transcriptionalmechanisms. For
example, the stability of mRNAs encoding many inflammatory
genes, including IL-8, is regulated by interactions between AU-
rich elements (AREs) in the 3�-untranslated region (3�-UTR)
and specific ARE-binding proteins. In the case of CF lung epi-
thelial cells in culture, which constitutively secrete high levels
of IL-8, we have recently reported that high levels of IL-8
mRNA are sustained by mutation-dependent reduction in the
ARE-binding protein tristetraprolin (TTP) (12). We also found
a similarly low level of TTP in primary CF lung cells, which had
been obtained acutely by brush biopsy of CF patients. Finally,
we found experimentally that elevation inTTPdirectly reduced
the stability of IL-8 mRNA, and, concomitantly, reduced the
level of secreted IL-8. Thus hypersecretion of IL-8 from the CF
lung epithelium seems to involve a loss of post-transcriptional
regulation byTTP.However, it also became clear that low levels
ofTTPmight not be the onlymechanismunderpinningCF lung
inflammation. For example, as mentioned above, the CF airway
is characterized not only by high levels of IL-8 but also by high
levels of TNF�, IL-6, and many other potent proinflammatory
analytes (5–7). Furthermore, many of the CF-specific proin-
flammatory processes have been associated with up-regulation
of both TNF�/NF�B signaling (13, 14) and TGF�-1 signaling
(15). Thus, the CFTR mutation appears to target a proinflam-
matory regulatory mechanism with simultaneous deleterious
effects on many proinflammatory genes.
MicroRNAs (miRNAs) may provide such a pleiotropic

mechanism. miRNAs mediate mRNA instability by action in
the 3�-UTRs of target genes (16–19). There are nearly 1000
unique miRNAs in the human genome, each of which individ-
ually targets �200 different mRNAs (20–25). Furthermore, it
has been reported that, in response to certain kinds of stress,
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miRNAs can switch from a normally translational repressor
mode to that of a translational activator (26, 27). Taken
together, it appears that a relatively fewmiRNAs can regulate as
much as 20–30% of the human genome. Recently, specific
miRNAs have been reported to be associated with diabetes (28,
29), cancer (30–33), heart disease (34, 35), cell cycle (36),
and development (17). Importantly, functional suppression of
miRNAs can be achieved, both in vitro and in vivo, by antago-
mirs, which are chemically engineered oligonucleotides that
are antisense to miRNAs (37). However, the possibility of an
association between specific miRNAs and the pathophysiology
of cystic fibrosis has not yet been described. Thus, if aberrant
elevation of a CF-specific miRNA could be identified, then it
might lead to a candidate therapeutic agent.
We report here the results of a hypothesis-based discovery

study formiRNAs associatedwith the proinflammatory pheno-
type for cystic fibrosis. We specifically hypothesized that
uniquely expressedmiRNAsmight aid in identifying themech-
anism by which mutant CFTR induces the characteristic pro-
inflammatory phenotype in theCF lung. To test this hypothesis,
we have performed a comprehensive and systematic analysis of
all miRNAs in CF IB3-1 lung epithelial cells that are differen-
tially affected by the presence of natural abundance �F508-
CFTR. Among 22 miRNAs that are aberrantly expressed in CF
cells, we have identified miR-155 as the most abundantly ele-
vated species, both in vitro and in vivo. Furthermore, we found
that a reduction in miR-155, mediated by either antisense or
antagomir constructs, resulted in suppression of IL-8 mRNA
and concomitantly reduced expression of IL-8 protein. The
mechanism of miR-155 action in CF cells is to inhibit transla-
tion of SHIP1, an inositol phosphate phosphatase. Loss of
SHIP1 results in elevated signaling of the PI3K/Akt pathway,
with downstream effects on the IL-8 system. We suggest that
miR-155may play an important role in the regulation of inflam-
mation in CF lung epithelial cells.

EXPERIMENTAL PROCEDURES

Reagents—LHC-8 media, trypsin-EDTA (0.05%), and Lipo-
fectamine transfection reagent were purchased from Invitro-
gen. Bronchial epithelial growth medium and the normal
human bronchial epithelial cells were purchased from Lonza.
The miRVana kit and RiboPure kit for isolation of total RNA
from CF cells were purchased from Ambion Inc. (Austin, TX).
Taqman low density V1 arrays, miRNA primer pools, and
pMIR-Report luciferase vector were purchased from Applied
Biosystems (Foster City, CA). Wortmannin was purchased
from EMD Chemicals (Gibbstown, NJ), and CFTRinh-172 was
obtained from Sigma.
Cell Culture—IB3-1 CF lung epithelial cells and the control

CFTR-repaired IB3-1/S9 cells were maintained in LHC-8
serum-free medium in humidified 5% CO2 as described previ-
ously (13).
RNA Isolation—Total RNA was isolated from the IB3-1 and

IB3-1/S9 cells using the miRVana isolation kit (Ambion). The
primary bronchial epithelial cells were obtained from lung
brush biopsies of CF patients as described earlier (12), and the
bloodwas collected fromCF patients and controls under a Uni-
formed Services University of the Health Sciences Institutional

ReviewBoard-approved protocol. The cells were stored in RNA
later or TRIzol, and total RNA was isolated using the miRVana
kit.
Real-time Quantification of miRNAs by Stem-Loop RT-PCR—

Multiplex Reverse Transcription was performed with the
TaqMan microRNA reverse transcription kit (Applied Biosys-
tems). Following reverse transcription, each reverse transcrip-
tion reaction was diluted andmixedwith TaqMan gene expres-
sion Master Mix (2�). 100 �l of the reverse transcription
reaction-specific PCR mix was loaded into the corresponding
fill ports of the TaqMan low density human microRNA panel
version 1.0 (Early Access). The CF brush biopsy samples were
similarly analyzed using the Taqman version 2.0 low density
arrays. Individual microRNA assays were performed using spe-
cific TaqMan MicroRNA assay kit (ABI).
miRNA Expression Arrays—miRNA expression arrays were

probed essentially as described (Ambion). Five micrograms of
total RNA from IB3-1 or IB3-1/S9 cells were end-labeled with
30 �Ci of [�-33P]dATP (3000 Ci/mmol) by T4 polynucleotide
kinase and purified using the QIAgen nucleotide removal kit.
Membranes were first prehybridized in MicroHyb hybridiza-
tion buffer (ResGen) at 37 °C for at least 30 min, followed by an
overnight hybridization in the same solution containing RNA
probe. Following hybridization membranes were washed twice
with 2� SSC, 0.5% SDS at 37 °C. The second wash was per-
formed in 1� SSC, 0.5% SDS at 37 °C. Membranes were
exposed to a phosphor storage screen and scanned using a
PhosphorImager, and hybridization signals were quantified
using ImageQuant software (Amersham Biosciences).
Statistical Data Analyses—Real-time PCR data were ana-

lyzed using the R and the Bioconductor package as well as with
STATMINER (a statistical analyses package from ABI). Data
were filtered forCt values of�35, and the datawere normalized
to the endogenous control gene RNU44. If an assay measure-
ment was not detected in both experimental subgroups, the
assay was not included in the pairwise statistical analysis. Fur-
thermore, if an assay measurement was not detected in more
than 50% of samples in an experimental subgroup, it was
deemed undetected for that subgroup. For all detectable assays,
an unpaired Student’s t test was performed on the �Ct values.
Adjusted p values (false discovery rates) were calculated using
the Benjamini Hochberg procedure. -Fold changes were calcu-
lated using the comparativeCtmethod. Hierarchical clustering
based upon Euclidean distances was performed on differen-
tially expressed samples with p values of �0.05.
Illumina mRNA Expression Processing and Analysis—Bea-

darray data were obtained from whole-genome expression
HumanRef-8 version 2.0 as well as human HT-12 BeadChips
using the iScan system and BeadScan software (Illumina, San
Diego, CA). Non-background, non-normalized array data were
generated using BeadStudio 3.2.7 software. Preprocessing of
array data bymodel-based or offset background correction and
robust spline normalization was performed using MATLAB or
the Lumi 1.8.3 package from Bioconductor 2.3 on the R 2.8
programming language platform. The processed Illumina array
data are MIAME-compliant and have been submitted to the
NCBI Gene Expression Omnibus (GEO) data base. Processed
array data were analyzed using ingenuity pathway analysis
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(IPA). MicroRNA and mRNA relationship analysis was gener-
ated using TargetScan release 5.1 (Whitehead Institute) for
miRNA biological target prediction and IPA.

RESULTS

CF Lung Epithelial Cells Express Mutation-specific miRNAs—
As shown in Table 1, we used two independent methods to
identify CF-specific microRNAs in CF lung epithelial cells.
Using the new technology, quantitative Taqman� qPCR
miRNAarray platform, we find that of 365miRNAs tested, only
22 significantly distinguish between the natural abundance
IB3-1 CF cell and the wild type CFTR-repaired daughter cell,
IB3-1/S9 (see Table 1, left). For this analysis, we analyzed
three independent cultures of both IB3-1 and IB3-1/S9 cells and
identified any miRNAs for which the -fold difference was at
least�50%, and the p value for the difference was�0.05. Of the
22 differentially expressed miRNAs, 18 were elevated in the CF
cells, and four were reduced. The data in Table 1, ordered by
-fold change, indicate that the miRNAs with the highest differ-
ential expression (�4-fold) are miR-155 and let-7c. We also
validated the miR-155 and miR-let7c data with independent
Taqman� miRNA assays (see Fig. 1B). Of the remaining 16
elevatedmiRNAs, all were changed by 1.3–3.4-fold. Of the four
down-regulated miRNAs, only miR-615 has a �2-fold reduc-
tion, whereas miR-660, miR-194, and miR-192 exhibit reduc-
tions only in the 1.2–1.6-fold range.
However, these differently expressed miRNAs all appear to

contribute to a composite CF microRNA signature. For exam-

ple, Fig. 1A shows that when all 22 microRNAs are compared
using a hierarchical cluster algorithm, the dendrogram clearly
distinguishes between three independent experiments with CF
IB3-1 and three independent experiments with CFTR-repaired
IB3-1/S9 daughter cells. Thus, despite quantitative differences
in expression, all of the significantly aberrantmiRNAs, from the
most aberrantmiR-155 to the least, appear tomake a concerted
contribution to the CF phenotype in the CF IB3-1 lung epithe-
lial cell system.
To further validate the Taqman� data, we also tested the CF

lung epithelial cell samples using a conventional, semiquantita-
tive Ambion Bioarray� platform (see Table 1, right). The data
with this different type of system consistently replicated 12 of
the 18 miRNAs predicted by the Taqman� platform. The com-
mon directions of change are indicated by upward or down-
ward arrows. Horizontal double-headed arrows indicate satu-
rated expression. The validatedmiRNAs includedmiR-155 and
many of the other miRs with predicted high -fold differences.
Several of the low -fold changes are also confirmed. However,
consistent saturation problems were encountered with two of
the high -fold different miRs, let7c and miR-21, and were not
pursued further. Inasmuch as we had independently validated
the let7c by PCR (Fig. 1B), we did not pursue this technical
saturation problem further. Of the microRNAs with a �2-fold
difference from control, 6 were not detectable at all on the
microarray platform (markedND). Based on low levels in either
platform, we also chose not to pursue this technical sensitivity
problem any further. We therefore conclude that both the quan-
titative Taqman� and the semiquantitative Ambion Bioarray�
platforms agree with similar identifications for most of the
miRNAs with high -fold differences between CF IB3-1 and wild
type CFTR-repaired IB3-1/S9 cells, includingmiR-155.
Ex Vivo Clinical CF Cells Also Exhibit Elevated miR-155

Levels—To test the extent to which microRNA data from the
IB3-1 cell system might parallel microRNA expression in cells
from CF patients, we used the Taqman� qPCR miRNA array
platform tomeasuremicroRNA expression in bronchial brush-
ings and neutrophils obtained from CF patients homozygous
for the �F508 mutation. As a control for the CF lung epithelial
cells obtained by brush biopsy, we measured miR-155 in pri-
mary non-CF normal human bronchial epithelial cells. As a
control for CF neutrophils, we used neutrophils from normal
individuals. Of the 22 differentially expressed microRNAs
found to be differentially expressed in the CF IB3-1 cell system,
only massively elevated miR-155 expression was noted. We
therefore validated this finding using independent Taqman�
miRNAassays. As shown in Fig. 1C, we found thatmiR-155was
significantly elevated in CF bronchial brushings (versus normal
human bronchial epithelial cells, 10.8-fold elevated) and in CF
neutrophils (CD66�CF versus control neutrophils, 2.4-fold ele-
vated). We conclude that these differences therefore appear to
closely parallel the differences in the CF lung epithelial IB3-1
cell system (IB3-1 versus IB3-1/S9, 8.6-fold elevated). Addition-
ally, the inhibition ofWTCFTR functionwithCFTR-172 inhib-
itor in CFBE41o-wtCFTR cells, a human bronchial epithelial
cell line, has been shown to produce a similar effect on inflam-
matory signaling as is observed in CF cells (38). As depicted in
Fig. 1D, treatment of the IB3-1/S9 CFTR-repaired control cells

TABLE 1
miRNA expression levels in IB3-1 CF cells relative to control cells (p <
0.05)
The miRNAs that exhibit altered expression, analyzed by Taqman qPCR miRNA
arrays, are listed with respective -fold changes in expression in the IB3-1 CF cells
compared with IB3-1/S9 control cells; the 18 miRNAs up-regulated (1) and the
four that are down-regulated (2) in CF cells are indicated. Additionally, themiRNA
expression profile obtained by miRNA microarrays (Bioarray, Ambion) is also
depicted. The miRNAs that indicate similar expression profile by these two inde-
pendent methods are indicated in boldface type. NP, not present; ND, not detecta-
ble;7, saturated expression.
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with CFTR-172 inhibitor induced an 8-fold up-regulation of
miR-155. These data indicate that elevation inmiR-155 expres-
sion is closely tied to failure of CFTR channel activity, either by
chemical inhibition or by mutation. The data thus consistently
suggest that further specific interest in miR-155 is warranted.
Aberrantly Expressed miRNAs Have Predicted Effects on

mRNA Expression in CF Cells—To further understand the
mechanism by which miR-155 and the other CF-specific
microRNAs might affect the CF phenotype, we used the
ILLUMINA� bead chip system to analyze levels of �24,000
transcripts, in both CF IB3-1 andwild type CFTR-repaired IB3-
1/S9 cells. Table 2 is ordered by starting with top-ranked miR-
155 and then proceeding in the order of declining values of -fold
elevation, followed by -fold reduction in CF cells. For each of
the miRNAs, the changes are listed for the top six specific
mRNAs, chosen from among the predicted target mRNAs for
the respectivemiRNA. In each box,mRNAs that are targeted by
more than one of the CF-specific microRNAs are shown in
boldface type.
For example, in the case of miR-155, the top six reduced

mRNAs are shown. Two mRNAs, ELL2 (elongation factor,

RNA polymerase II; 1.98-fold reduced) and PIK3R1 (phospho-
inositol 3-kinase regulatory subunit 1 (p85�, GRB1); 1.63-fold
reduced), are in boldface type, meaning that they are predicted
to also be targets of other miRs in this data set. In this instance,
they are also targeted bymiR-576–5p andmiR-21, respectively.
The remaining top four miR-155-dependent mRNAs include
HMGB3 (high mobility box 3; 1.94-fold reduced), INADL
(channel-interacting PDZ domain protein; 1.75-fold reduced),
MIDN (midbrain nucleolar protein; 1.66-fold reduced), and
INPP5D (phosphatidylinositol-3,4,5-trisphosphate 5-phospha-
tase 1 (SHIP1); 1.56-fold reduced).
Each of the subtables in Table 2 can be analyzed in the same

way. However, because we wish to establish a basis for experi-
mental priority among these 22 microRNAs, we are faced with
a complex problem. The hierarchical cluster analysis in Fig. 1A
suggests that all 22 miRNAs may cooperate to affect the CF
phenotype (supplemental Fig. S1). However, as suggested by
Table 2, the boldface targetmRNAs suggest that the confluence
of effects could be due tomultiplemicroRNAs affecting expres-
sion ofmore than onemRNA.Although this could be a basis for
cooperation, it does not help with the priority problem. Alter-

FIGURE 1. miRNA expression profile in CF cells. A, the miRNA expression profile in IB3-1 CF cells compared with that in control CFTR-repaired IB3-1/S9 cells
shows significant differences (p � 0.05, n � 3) in the expression of 22 miRNAs (listed on the right). B, individual miRNA assays were performed for the two
miRNA, miR-155 and let-7c, which exhibit maximum up-regulation, to validate the expression profiling data. C, the miR-155 up-regulation was further
determined by individual Taqman assays specific for miR-155 in IB3-1 CF cells versus IB3-1/S9 control cells, CF bronchial brushings (CFBB) versus normal human
bronchial epithelial cells (NHBE), and CD66� CF versus controls. D, treatment of the IB3-1/S9 CFTR-repaired control cells with CFTRinh-172 for 1 h with the
indicated doses induced miR-155 expression in the WT CFTR cells (p � 0.05). Error bars, S.E.
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natively, one mRNA, which is affected by a specific miRNA,
could have an indirect, downstream effect on an entirely sepa-
rate miRNA and thus its mRNA targets. Finally, there might be
multiple effects of the CFTRmutation onmultiplemiRNAs. To
bypass these complexities for the moment, we have decided to
focus on miR-155. The practical reasons are that (i) miR-155
exhibits the highest level of CF-specific difference; (ii) miR-155
is the only known microRNA in the human genome to target
INPP5D/SHIP1, a well known effector for regulation of inflam-
mation; and (iii) ex vivo CF lung epithelial cells and CF neutro-
phils also express high levels of miR-155.
Antagomir-155 Reduces miR-155 and IL-8 Expression in CF

Cells—BecausemiR-155 expression has been consistently asso-
ciated in the literature with suppression of inflammation and
cancer (39–43), we hypothesized that down-regulating miR-
155 might also suppress the IL-8-associated proinflammatory
phenotype in CF cells. To reduce the levels of miR-155 in CF
cells, we decided to deploy an antagomir against miR-155.
Antagomirs are metabolically stable antisense constructs
against specific microRNAs, which are further modified with
cholesterol or other moiety to permit efficient entry into cells.
We therefore synthesized antagomir-155 and a scrambled con-
trol and tested each for potency and efficiency as a suppressor
of both miR-155 and IL-8 expression in our CF cell system. As
shown in Fig. 2A, incubation of IB3-1 CF cells with antagomir-
155 (2.5 �M) effectively down-regulates miR-155 expression by

�85%. Concomitantly, we observed a corresponding decrease
in IL-8 mRNA levels of �70% (Fig. 2A) as well as an �11-fold
decrease in IL-8 protein levels (see Fig. 2B). The scrambled
antagomir control has no effect onmiR-155 expression (see Fig.
2A). These data thus firmly establish the specificity of antago-
mir-155 as a negative effector for IL-8 expression in CF lung
epithelial cells, both ex vivo and in cell culture.
Inflammation-related mRNAs Are Targeted by Antagomir-

155 in CF Cells—We next used the ILLUMINA bead chip
HT-12 array system to identify those proinflammatory or anti-
inflammatory mRNAs, in addition to IL-8, that were signifi-
cantly targeted by antagomir-155 inCF lung epithelial cells.We
found 34 mRNAs in this category whose expression was signif-
icantly affected by treatment with antagomir-155. Using a con-
ventional hub-and-spoke connectivity analysis, Fig. 2C uses a
color code to depict when the change is elevated (red) or
reduced (green). The spokes identify literature-based relation-
ships among the individual mRNAs. As expected, the major
down-regulated hubs included IL-8 (seven spokes) but also IL-6
(five spokes), and ITGB2 (integrin �2, seven spokes). Major
up-regulated hubs included IL-10 (eight spokes) and RAC1
(seven spokes). However, all of the hubs are connected, either
directly or indirectly, and many of the low spoke number sin-
glets and doublets have important inflammatory functions.We
conclude that the collective and concurrent changes in expres-
sion of the cytokine and chemokine genes in response to
antagomir-155 treatment can contribute to attenuation of the
inflammatory phenotype in CF cells. Importantly, the reduced
mRNAs (green), such as IL-8 and IL-6, are only indirectly con-
nected to the antagomir-155 because a direct effect on the
mRNAs would have caused the signals to increase, not
decrease. The problem to be solved is therefore what that indi-
rect connection might be in the CF cell.
miR-155 Targets SHIP1 in CF Cells to PromotemRNA Stabil-

ity of the IL-8—Although INPP5D/SHIP1 is not a classical
inflammation-associated gene and is not included as such by
the IPAdata base in Fig. 2C, it is predicted to be targeted only by
miR-155 (44). Furthermore, low levels of SHIP1 have recently
been directly linked to proinflammatory processes involving
granulocyte/monocyte populations, through regulation by ele-
vated miR-155 (44, 45). We therefore hypothesized that high
levels of miR-155 in CF cells might also directly affect the CF
proinflammatory phenotype by suppressing SHIP1 expression.
We further anticipated that antagomir-155 might reverse the
process and the phenotype. Using conventional qPCR, we
found that SHIP1mRNA is expressed at a relatively high level in
control IB3-1/S9 cells (�3.5-fold) compared with CF IB3-1
cells (see Fig. 3A). As further shown in Fig. 3A, we found that
suppression of miR-155 in CF cells with antagomir-155 also
up-regulated SHIP1 mRNA expression by �3-fold. Consis-
tently, we had observed similar suppression of SHIP1 mRNA
expression in IB3-1 cells, comparedwith IB3-1/S9 control cells,
when measured by the Illumina bead chip array platform (see
Table 2). In this case, we had observed a �1.6-fold reduction in
INPP5D/SHIP1 in CF IB3-1 cells, when miR-155 levels were
elevated by �5-fold (see Table 1). Thus, both conventional
qPCR and Illumina-based methods suggest that SHIP1 expres-
sion is systematically and significantly reduced in CF cells but

TABLE 2
TargetScan-predicted miRNA target genes detected on Illumina
arrays
Shown are the mRNA levels corresponding to the 20 miRNA expressions for CF
IB3-1 and CFTR-repaired IB3-1/S9 cells, using ILLUMINA bead chip HumanRef-8
v2.0 arrays. These arrays can analyze �24,000 transcripts/sample. The target
mRNAs are listed: -fold increases in IB3-1/S9 control cells compared with IB3-1CF
cells for the miRNAs up-regulated (gray) and -fold increases in the IB3-1 cells
compared with IB3-1/S9 for the miRNAs down-regulated (white) in CF cells. The
miRNAsmiR-423-3p andmiR-615-3p were not present in the TargetScan database
and were excluded from this analysis. Genes targeted by multiple miRNAs are
indicated in boldface type.
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can be elevated to near control levels when CF cells are treated
with antagomir-155.
To gain more direct evidence that SHIP1 might be the target

of miR-155 in CF cells, we developed a luciferase reporter assay
in which the pMIR-Report vector was constructed with wild
type or mutant SHIP1 3�-UTR sequences. These reporter plas-
mids were then transfected into CF IB3-1 cells. As an alterna-
tive to treatment with the antagomir-155 construct, we further
transfected the CF cells with a conventional anti-miR-155. A
demonstration that anti-miR 155 knocks down levels of miR-
155 in a dose-dependent manner in CF IB3-1 cells is shown in
supplemental Fig. S2. As shown in Fig. 3B, we found that wild
type SHIP1 3�-UTR diminished luciferase expression, whereas
luciferase expression was returned toward control levels by a
partially inactivating mutation engineered into the SHIP1
3�-UTR. However, when these cells were additionally trans-

fected with anti-miR-155, to knock down miR-155 expression,
the luciferase reporter activity was only slightly elevated over
control and was independent of whether or not wild type or
mutant SHIP1 3�-UTR sequences in the luciferase reporter
were also present.
In previous work, we have shown that IL-8 mRNA is greatly

stabilized in CF cells, both in vitro and in vivo, and that IL-8
protein expression rates were also elevated as a consequence
(12, 46). We therefore hypothesized that if SHIP1 levels were
exogenously elevated in CF cells, then the half-life of IL-8
mRNA would be reduced, and the expression levels of IL-8
proteinwould also be reduced. To test this hypothesis, we over-
expressed SHIP1 in CF IB3-1 cells and used qPCR to measure
the levels of IL-8mRNA following actinomycinD treatment. As
shown in Fig. 3C, 16 h after transfection with an expression
plasmid for SHIP1, the half-life of IL-8 in the CF IB3-1 cells was

FIGURE 2. Effect of antagomir-155 on IL-8 expression in CF lung epithelial cells. Treatment of IB3-1 CF cells with antagomir-155 (2.5 �M) or with mock
treatment for 24 h leads to down-regulation of miR-155 and IL-8 mRNA levels (A) and IL-8 protein levels (B). The mRNA levels were analyzed by quantitative
RT-PCR, and IL-8 protein levels were analyzed by ELISA. Data (p � 0.01, denoted by an asterisk) reflect average of three or more independent experiments, and
error bars on graphs represent S.E. C, the corresponding mRNA levels were determined with Illumina HT-12 arrays, and subsequent IPA analyses of the data
indicate the diminution of the inflammatory phenotype. Whereas both proinflammatory genes, IL-8 and IL-6, were down-regulated in antagomir-155-treated
cells, the anti-inflammatory gene IL-10 was up-regulated.
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reduced nearly 3-fold when SHIP1 was overexpressed. Corre-
sponding to the enhanced degradation of IL-8 mRNA, we
also concomitantly observed a significant reduction in IL-8
protein secretion into the incubation medium at the 16 h
post-transfection time point (see Fig. 3D). These data clearly
show a close relationship between miR-155-dependent low
SHIP1 levels in the CF cell and the proinflammatory CF phe-
notype manifest by stabilized IL-8 mRNA and elevated IL-8
protein expression.
To further test the potentially countervailing effects of miR-

155 and SHIP1, we compared the influence of antagomir-155-
and siRNA-mediated knockdown of SHIP1 in CF cells. As
shown in Fig. 4A (effect on IL-8 mRNA) and Fig. 4B (effect on
SHIP1 mRNA), knockdown of SHIP1 in CF cells reduced the
already low levels of SHIP1 (see Fig. 4B) by a further 40%. As
anticipated, there was no measurable effect on the already high
levels of IL-8mRNA (see Fig. 4A). As also anticipated, the treat-
ment of the CF cells with antagomir-155 doubled the level of
SHIP1mRNA (see Fig. 4B) while reducing IL-8mRNA levels by
�70% (see Fig. 4A). However, when antagomir-155 and
siSHIP1 were simultaneously added to the CF cells, SHIP1

mRNA levels were significantly reduced toward SHIP1 knock-
down levels, whereas IL-8 levels were slightly but signifi-
cantly elevated toward SHIP1 knockdown levels. Thus, miR-
155 and SHIP1 have mutually countervailing effects on
SHIP1 and IL-8 mRNA levels in CF lung epithelial cells. The
next critical question is how the information from the miR-
155/SHIP1 system is translated to effects on IL-8 mRNA
stability in CF cells.
SHIP1 Destabilizes IL-8 mRNA by Suppressing PI3K/Akt

Signaling—The default function of SHIP1, an inositol 5 phos-
phatase, is to interfere with PI3K signaling to Akt. The enzy-
matic function of PI3K is to convert PIP2 to PIP3, and the PIP3
product functions to activate Akt (protein kinase B). However,
SHIP1 hydrolyzes PIP3 back to PIP2, thereby blocking PI3K
signaling to Akt. Therefore, to test whether this PI3K activity
per semight be relevant to how low levels of SHIPmight lead to
stabilization of IL-8 mRNA in CF cells, we treated CF IB3-1
cells with the PI3K inhibitor wortmannin and tested for effects
on IL-8mRNA stability. As shown in Fig. 5A, 300 nMwortman-
nin caused a reduction in IL-8 mRNA stability of �50% (�2-
fold change in half-life). Thus, either raising the levels of SHIP1

FIGURE 3. SHIP1 regulates the expression of IL-8 gene in CF cells. SHIP1 expression was examined as a potential mediator of the miR-155-dependent
proinflammatory state in CF. A, SHIP1 expression, examined by qPCR, was significantly diminished in IB3-1 CF cells compared with control IB3-1/S9 cells
(�3.5-fold). This relates to an inverse miR-155 expression profile in these cells. Additionally, suppression of miR-155 in CF cells with antagomir-155 also
up-regulated SHIP1 expression as expected. B, luciferase reporter assays were performed in IB3-1 CF cells transfected with pMIR-Report vectors, either controls
or those containing SHIP1 3�-UTR target sequences of miR-155 (both WT and mutant), in the presence or absence of anti-miR-155. The data reflect averages of
at least three independent experiments (*, p � 0.05; **, p � 0.05). C, IB3-1 cells were transiently transfected with expression plasmid encoding SHIP1 (0.5 �g/2 �
106 cells). RNA was isolated from IB3-1/SHIP1 and IB3-1 cells after actinomycin D treatment for the indicated time intervals, and the remaining mRNA was
analyzed by quantitative real-time PCR. Increased expression of SHIP1 promoted rapid degradation of IL-8 mRNA (*, p � 0.001). D, the level of IL-8 protein
secreted by IB3-1/SHIP1 cells was analyzed by ELISA 16 h after transfection and also exhibited a diminution in IL-8 protein (*, p � 0.01). Error bars, S.E.
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to hydrolyze the PI3Kproduct PIP3 to PIP2 (Fig. 3C) or blocking
primary production of PIP3 itself, as evidenced by blocking
PI3K with wortmannin (Fig. 5A), has the same destabilizing
consequences for IL-8 mRNA in CF cells.

This result suggest that SHIP1-dependent failure of Akt acti-
vation by the PIP3 product of PI3K activity may be a crucial
signaling intermediate in stabilizing IL-8 mRNA in CF lung
epithelial cells. To test this hypothesis, we examined the influ-
ence of antagomir-155 and SHIP1 overexpression on the acti-
vation state of Akt. Fig. 5B shows that the parental CF IB3-1 cell
has high resting levels of phospho-Akt compared with levels in
the wild type CFTR-repaired IB3-1/S9 cells. This is consistent
with the low levels of SHIP1,whichwehave shown are typical of
CF cells. However, to further test whether Akt activation in CF
cells was specifically and reciprocally dependent uponmiR-155
and SHIP1, we treated IB3-1 cells with either antagomir-155 or
the SHIP1 expression plasmid. As shown in Fig. 5B, antagomir-
155, by loweringmiR-155 expression, reduced activation of Akt
to virtually undetectable levels. On the other hand, expression
of SHIP1 in the CF cells raised phospho-Akt levels to �50% of
the levels seen in the wild type CFTR-repaired IB3-1/S9 cells.
We conclude that the mechanism by which miR-155 induces
stabilization of IL-8 mRNA depends directly on suppression of
Akt signaling by SHIP1.
miR-155 Stabilizes IL-8 mRNA by Activation of MAPKs—In

CF cells, both in vitro and in vivo, we have previously identified
intrinsically reduced levels of the ARE-interacting protein TTP
(12) and increased levels of MAPK signaling (46) as being inde-
pendently responsible for IL-8 mRNA stabilization. Nonethe-
less, in these previous studies, the CF-specific drivers for either
of these specific activities had yet to be identified. As shown in
Fig. 6A, the base-line transcriptome for CF IB3-1 versus
repaired IB3-1/S9 cells shows that in the CF cells, there are
intrinsic elevations (color-coded in red) inmRNAs for PI3K/p85
and PDK1. Elevated mRNAs are also found along the down-
stream signaling pathway toward mTOR, including TSC2,
Rheb, and mTOR itself. The downstream PI3K/AKT effector
c-Raf is reduced in expression, but MEK1/2 and ERK1/2 are, as
anticipated, significantly elevated. However, as shown in Fig.
6B, when these cells are treated with an anti-miR-155, the
mRNA for PI3K/p85 is reduced inCF cells relative to control, as
is mTOR and the entire signaling pathway comprising c-RAF,
MEK1/2, and ERK1/2. Thus, elevated levels of miR-155 differ-
entially control downstream levels and activation of MAPK
activities. These data therefore suggest that the mechanism by
which elevated miR-155 causes stabilization of IL-8 in CF lung
epithelial cells is through loss of SHIP1, activation of PI3K/Akt
signaling, and downstream activation of MAPK signaling.

DISCUSSION

In this paper, we have shown that CF lung epithelial cells,
both in vitro and in vivo, hyperexpress miR-155. The down-
stream consequences of elevated miR-155 include activation of
PI3K/Akt signaling through specific reduction in SHIP1. Fur-
thermore, we have shown here that in CF cells, intrinsic activa-
tion of PI3K signaling occurs through intrinsicmiR-155-depen-
dent down-regulation of SHIP1. This leads to activation of
downstream MAPKs with consequent stabilization of IL-8
mRNA and hyperexpression of IL-8 protein (46). SHIP1, an
inositol 5-phosphatase, controls PI3K/Akt signaling by hydro-
lyzing the PIP3 product of PI3K enzymatic activity to PIP2.
Thus, the low levels of SHIP1 found inCF cells result in elevated

FIGURE 4. miR-155 and SHIP1 regulate IL-8 expression in CF cells. IB3-1
cells were incubated with siSHIP1 (30 nM) or antagomir-155 alone or with
both for 24 h. The isolated RNA was analyzed by quantitative RT-PCR for IL-8
mRNA (A) or SHIP1 mRNA (B) expression. The data reflect averages of at least
three independent experiments (*, p � 0.05). Error bars, S.E.

FIGURE 5. PI3K/Akt activity regulates IL-8 mRNA stability in CF cells.
A, IB3-1 cells treated with the pharmacological inhibitor wortmannin (300 nM)
had significantly potentiated rapid decay of IL-8 mRNA (*, p � 0.001). B, both
phospho-Akt and total Akt protein levels were analyzed by Western blot in
IB3-1/S9 CFTR-repaired control cells as well as in the IB3-1 cells mock-treated
or treated with antagomir-155 or transfected with SHIP1 expression vector.
GAPDH protein levels were also analyzed as endogenous control. The relative
quantitation of phospho-Akt/total Akt is also depicted in the bar graph below.
Error bars, S.E.
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levels of PIP3 and consequent elevated signaling of the PI3K/
Akt pathway. We have validated this conclusion by raising or
lowering miR-155 using antagomir-155 or using anti-miR-155.
We have also used expression plasmids and siRNA for SHIP1 to
verify that raising or lowering levels of miR-155 is mirrored by
reciprocal effects of SHIP1. Thus, as summarized in Fig. 7, the
effect of raisingmiR-155, lowering SHIP1, and activating PI3K/
Akt is to activate MAPKs, thereby stabilizing IL-8 mRNA and
increasing the levels of IL-8 protein expression. These data thus
lend further support to the concept that the proinflammatory
phenotype of the CF airway is due to increased stability of the
IL-8 mRNA and subsequent increased expression of IL-8 pro-
tein (12, 46).
SHIP1 and PI3K/Akt Signaling—The only predicted and val-

idatedmicroRNA to target SHIP1 ismiR-155 (44), and the con-
nection of SHIP1 to activation of PI3K/AKT signaling has been
validated using both pharmacologic and molecular methods.
For example, in both hematologic and other cell types, repres-
sion of endogenous SHIP1, caused by overexpression of miR-
155, leads to an increase in Akt signaling (47). This increase in
Akt activity is secondary to the loss of SHIP1 and thus failure to
hydrolyze PIP3, the active product of PI3K enzyme activity (48,
49). Consistently, metabolically stabilized analogues of PIP3,
utilizing methylene phosphonates or phosphorothioates in
place of phosphate, have been shown to inhibit SHIP1, thereby
ensuring long lived PI3K/Akt activation (50). A different type of
chemical inhibitor for SHIP1, 3�-aminocholestane, has a simi-
lar biological effect on blood cell production and numbers of
immune regulatory cells in the circulation (51). The opposite
experiment, with small molecule agonists of SHIP1, results in

inhibition of PI3K/AKT signaling (52). It has also been sug-
gested that SHIP1 can interact directly with the PI3K complex
by means of an adaptor protein, immunoreceptor tyrosine-
based activation motif-containing receptor (53).
At the level of intact animals, knock-outmice for SHIP1 have

been created and studied. It has been reported, for example,
that in SHIP1(	/	) knock-out mice, there is an increased
number of neutrophils andmacrophages, due to enhanced pro-
genitor survival. Consistently, it has been demonstrated in
many systems that PI3K activity is necessary for the survival of
different types of progenitor cells (54, 55). The SHIP1(	/	)
mice also exhibit osteoporosis and significant neutrophil infil-
tration into the lungs (48). It is possibly not just by coincidence
alone that both osteoporosis and neutrophil lung infiltrates are
characteristic of the CF phenotype in humans.
miR-155-dependent Activation of PI3K/Akt Signaling and

Downstream Activation of MAPKs—In CF cells, both in vitro
and in vivo, we have previously shown that increased levels of
MAPK signaling contribute to IL-8 mRNA stabilization (46).
Nonetheless, in these previous studies, the CF-specific driver
forMAPK activation had yet to be identified. In the case of IL-8
mRNA stabilization by MAPK signaling, the experiments
showed destabilization of IL-8 mRNA and reduced expression
of IL-8 protein by both pharmacological and molecular inhibi-
tors of ERK1/2 (viz. U0126, or Mnk-1) and p38 (viz. SB203580,
or p38-AGF); the mediator of p38 action, MK2 (viz. MK2-KR);
or JNK-1/2 (JNK-APF and MEK7). Thus, the chemical biology
ofMAPK-dependent stabilization of IL-8mRNA is well under-
stood at the pharmacological and molecular levels. However,
the puzzle had remained as to how mutations in CFTR might
cause MAPK activities to be intrinsically elevated in CF cells,
both in vitro and in vivo.
The newdata in Fig. 6 suggest that elevatedmiR-155 contrib-

utes to the mechanism of intrinsic MAPK activation and
dependent IL-8mRNA stabilization in CF cells. The data in this
paper clearly show that elevated levels of miR-155 cause
decreased levels of SHIP1,with enhancedPI3K/Akt signaling as
a principal consequence. Mechanistically, activation of PI3K
converts PIP2 to PIP3, which binds to and activates PDK1
(PI3K-dependent protein kinase 1). With SHIP1 levels low in
CF cells, there is more PIP3 available. Activated PDK1 then
binds to and phosphorylates Akt (protein kinase B). This acti-
vated complex has multiple signaling possibilities, including
interactionwithmTORand activation of cRAF andRheb. cRAF
then activates MEK1/2, ERK1/2, and other MAPK elements.
The data in Fig. 6 clearly substantiate this hypothesis in terms of
reciprocal miR-155 changes in mRNA expression for the indi-
vidual signaling proteins. However, exactly how activated
MAPKs stabilize IL-8mRNA remains a subject for future study.
Intrinsic Elevation of miR-155 in Cystic Fibrosis Cells—The

specific basis for the proinflammatory phenotype in the CF air-
way remains an enigma and may be the central pathophysio-
logic problem confronting our understanding of this disease.

FIGURE 6. miR-155 stabilizes IL-8 mRNA by activation of MAPKs. The mRNA expression profile in IB3-1 Cf cells, IB3-1/S9 control cells, and IB3-1 cells treated
with anti-miR-155 was analyzed by Illumina bead arrays. Subsequently, IPA of the data were performed. A, IB3-1 cells compared with IB3-1/S9 cells; B, IB3-1 cells
treated with anti-miR-155 compared with IB3-1 cells.

FIGURE 7. Regulation of IL-8 gene expression in CF cells. A model appro-
priately summarizes the proinflammatory status of CF cells due to increased
expression of miR-155. The aberrant up-regulation of miR-155 leads to
increased IL-8 levels via down-regulation of the expression of intermediate
target gene of miR-155, SHIP1 (INPP5D).
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Most disease-inducing mutations in the CFTR gene, including
�F508-CFTR, are associated with intrinsic activation of the
TNF�/NF�B signaling pathway (13, 14), leading to production
of IL-8 and other proinflammatory mediators. However, how
the mutations in CFTR induce TNF�/NF�B signaling remains
a mystery. Nonetheless, studies in diffuse large B cell lympho-
mas have shown that TNF� causes elevated levels of miR-155
(43). Therefore, it is possible that the same mechanism by
which mutant CFTR is responsible for activation of TNF�/
NF�B signaling may also be responsible for activating miR-155
in CF lung epithelial cells (see Fig. 7).
Potential Translational Impact of Antagomir-155 for Cystic

Fibrosis—Our study clearly indicates that antagonizing miR-
155 is a potent method of suppressing IL-8 and other proin-
flammatory genes in CF cells and therefore might have poten-
tial as a candidate CF therapeutic. As indicated in Fig. 2C,
antagomir-155, while lowering the level of IL-8 mRNA, has the
opposite effect on the anti-inflammatory cytokine IL-10. Low
levels of IL-10 have recently been suggested as amechanism for
up-regulation of miR-155 (57), possibly via effects on Toll-like
receptors (58). Such an approach has recent precedents. Intra-
venous administration of antagomirs against miR-122, miR-
92a, miR-196, andmiR-221/222 were among the first examples
shown to suppress functions of endogenousmiRs in vivo. In the
case of antagomir-122, increases in a set of genes associated
with cholesterol biosynthesiswere demonstrated inmouse liver
(37). An antagomir to miR-92a (“antagomir-92a”) has been
shown to aid in angiogenesis and functional recovery of ische-
mic tissues in intact mice (56). Administration of antagomir-
196 into intact chicken eggs has been shown to regulate hox
gene expression and vertebral development in the enclosed
developing chick (57). Finally, antagomir 	221/	222 has been
shown to regulate the progression of human melanoma
Me665/1 cells in athymic nudemice (58).What is most striking
is the fact that in all cases cited, the antagomirs were not only
functional but also apparently non-toxic. We therefore con-
clude that the potential translational value of antagomir-155 for
cystic fibrosis therapeutics needs to be fully investigated.
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