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Maladaptive epithelial repair from chronic injury is a common feature in fibrotic diseases, which
in turn activates a pathogenic fibroblast response that produces excessive matrix deposition.
Dysregulated microRNAs (miRs) can regulate expression of multiple genes and fundamentally
alter cellular phenotypes during fibrosis. Although several miRs have been shown to be associated
with lung fibrosis, the mechanisms by which miRs modulate epithelial behavior in lung fibrosis
are lacking. Here, we identified miR-323a-3p to be downregulated in the epithelium of lungs

with bronchiolitis obliterans syndrome (BOS) after lung transplantation, idiopathic pulmonary
fibrosis (IPF), and murine bleomycin-induced fibrosis. Antagomirs for miR-323a-3p augment, and
mimics suppress, murine lung fibrosis after bleomycin injury, indicating that this miR may govern
profibrotic signals. We demonstrate that miR-323a-3p attenuates TGF-a and TGF-f signaling by
directly targeting key adaptors in these important fibrogenic pathways. Moreover, miR-323a-3p
lowers caspase-3 expression, thereby limiting programmed cell death from inducers of apoptosis
and ER stress. Finally, we find that epithelial expression of miR-323a-3p modulates inhibitory
crosstalk with fibroblasts. These studies demonstrate that miR-323a-3p has a central role in lung
fibrosis that spans across murine and human disease, and downregulated expression by the lung
epithelium releases inhibition of various profibrotic pathways to promote fibroproliferation.

Introduction
Pulmonary fibrosis is the sequela of various epithelial injuries that initiate a fibroproliferative cascade,
leading to matrix deposition and ultimately organ failure (1). Under homeostatic conditions, the mucosal
barrier naturally suppresses fibrosis (2—4). However, the injured epithelium induces pathways during the
wound healing process that, when persistent, can surreptitiously create a fibroproliferative microenviron-
ment that stokes the activation and proliferation of fibrogenic effector cells such as the fibroblast (5).
Multiple intertwined signaling pathways originating in the mucosal surface are involved in the early
events of fibrosis (6). Central to this fibrogenic response is TGF-f activation (7). Although TGF-p has
pleiotropic effects, the proximal signals driven by this cytokine are initiated in the lung epithelium (8, 9),
and epithelial overexpression of TGF-f has been developed as models of lung fibrosis (10, 11). One of the
major consequences of TGF- signaling is the induction of gene transcription, particularly of profibrotic
mediators (12). However, TGF-f also causes epithelial apoptosis, which partly contributes to the fibropro-
liferative response (10). Consistent with the concept that early maladaptive events start in the epithelium,
other aberrant effects, such as excessive ER stress, apoptosis, Wnt signaling, or age-related phenomena
(e.g., epigenetic modification, telomere shortening, cell senescence) also contribute to fibrosis (13-18).
Because of the complicated nature of the fibrogenic signals, therapeutics likely will need to block multiple
pathways. Indeed, nintedanib targets multiple tyrosine kinases and has been shown to slow the progression
of idiopathic pulmonary fibrosis (IPF) (19). However, this treatment is not completely sufficient in halting
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Table 1. miRs downregulated in the bronchial
epithelium of patients with BOS compared with

control lung transplant patients®

miR BFold Change
hsa-miR-323a-3p 18.124
hsa-miR-593-5p 16.549
hsa-miR-891b 13.209
hsa-miR-497 10.281
hsa-miR-1914-5p 10.157
hsa-miR-1237 8.180
hsa-miR-675b 7.988
hsa-miR-886-3p 7618
hsa-miR-1248 7463
hsa-miR-1914-3p 7.219
hsa-miR-552 7.088
hsa-miR-1972 6.615
hsa-miR-1254 6.587
hsa-miR-30c-1-3p 6.092
hsa-miR-668 5.997
hsa-miR-331-5p 5.747
hsa-miR-665 5.732
hsa-miR-758 5.397
hsa-miR-936 5.282
hsa-miR-135b-3p 4.728

An =11 control,n=7
bronchiolitis obliterans

syndrome (BOS)

BAll levels are fold decrease in BOS conditions compared

with control.

Results
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pulmonary fibrosis, so further understanding of how multiple pathways are simulta-
neously activated could lead to novel treatments.

MicroRNAs (miRs) are cellular regulators that control protein expression pri-
marily via suppression of mRNA translation (20). These small RNAs are roughly
22 nucleotides in length and can each control expression of hundreds of target
genes and altogether regulate a third of the genome (21-23). Because of the abil-
ity to broadly regulate a large number of proteins, aberrant miR expression can
fundamentally alter a cellular phenotype. For instance, deletion of miR-15a and
miR-16-1 at 13q14.3 in chronic lymphocytic leukemia is procancerous through
lost suppression of oncogenes such as BCL2, MCLI, CCNDI, and WNT3A4 (24,
25). A number of miRs have also been associated with pulmonary fibrosis, but
mechanisms by which dysregulated miRs affect epithelial behavior have been
lacking (26).

Epithelial dysfunction is an upstream event that initiates a fibroproliferative cas-
cade to recruit and promote expansion of effector cells, such as the fibroblast (1).
Therefore, we speculated that altered miR expression within the epithelial compart-
ment produces aberrant profibrotic signals that contribute to lung fibrosis. We found
that miR-323a-3p was downregulated in the lung epithelium of patients with BOS
and IPF and of mice with bleomycin-induced lung fibrosis. Suppression of miR-
323a-3p augmented lung fibrosis in mice after bleomycin injury. Conversely, miR-
323a-3p overexpression suppressed fibrosis. We demonstrated that miR-323a-3p
controls several fibrogenic pathways as the mechanism by which it regulates lung
fibrosis. Our results indicate that miR-323a-3p attenuates TGF-a and TGF-f signal-
ing by directly targeting TGFA and SMADZ2. CASP3 was also suppressed to prevent
programmed cell death. Furthermore, epithelial overexpression of miR-323a-3p
attenuated expression of matrix proteins by fibroblasts. Overall, this work demon-
strates that miR-323a-3p is a key mediator of multiple profibrotic signals in the lung
epithelium that control epithelial-mesenchymal crosstalk to regulate the develop-
ment of lung fibrosis.

The lung epithelium downregulates miR-323a-3p in fibrotic diseases. Patients with lung transplants develop fibrot-
ic airways (i.e., BOS) as part of chronic lung allograft dysfunction (27). We postulated that lung epithelial
cells alter their miR expression as part of the pathogenesis of BOS after lung transplantation. Airway

epithelial cells were procured by cytologic brushing during bronchoscopy from lung transplant patients,

and over 700 miRs were measured using PCR arrays.
‘We identified 20 miRs that had significantly lower
expression in lung transplant patients with BOS com-
pared with those without BOS (Table 1). Putative
targets for these miRs were determined (Targetscan)
followed by KEGG pathway analysis (Webgestalt),
and enrichment for profibrotic signaling pathways
such as MAPK, Wnt, insulin, ErbB, TGF-f, calci-
um, hedgehog, and apoptosis was identified (Table
2 and Supplemental Table 1; supplemental material
available online with this article; doi:10.1172/jci.
insight.90301DS1) (7, 14, 28-32). These findings
suggest that downregulation of the 20 miRs in BOS
will augment signaling via fibrogenic pathways.
Although all of these miRs may have a role in
the development of BOS, we focused on miR-323a-
3p, which had an 18-fold decrease in expression in
patients with BOS. In silico evaluation predicted that
miR-323a-3p also targets profibrotic pathways such as
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Table 2. Profibrotic signaling pathways predicted
to be regulated by the 20 downregulated miRs in
BOS”

KEGG Analysis Adjusted P
MAPK signaling 3.16 x 107
Whnt signaling 2.07 x107%
Insulin signaling 7.90 x 102
ErbB signaling 3.65x107
TGF-B signaling 3.66 x10™
Calcium signaling 8.27 x10™
Hedgehog signaling 1.56 x 10"
Apoptosis 7.65x10°®

AList of representative pathways that regulate lung
fibrosis. Please see Supplemental Table 1 for the entire
list. BOS, bronchiolitis obliterans syndrome.
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Figure 1. miR-323a-3p is downregulated by the lung epithelium in human and murine lung fibrosis.

A 3 L Expression of miR-323a-3p was evaluated by PCR in (A) alveolar type Il cells isolated from lungs of control
and idiopathic pulmonary fibrosis (IPF) patients. n = 7 control, n = 3 IPF, Student’s t test, *P < 0.05. (B)
24 Epithelial cells were collected from bleomycin-injured lungs. n = 4 (PBS), n =7 (0.025U), n=9(0.05U),n =6
8 (01V), ordinary 1-way ANOVA, *P < 0.05. RQ, relative quantification.
e
0 :,. TGF-B, Wnt, and MAPK signaling (Table 3 and Supplemental Table 2). Therefore, lower miR-
Control IPF 323a-3p expression will augment profibrotic signals. We posited that downregulation of miR-323a-
B 3- * 3p was not confined to airway fibrosis and may have more widespread effects in various types of
pulmonary fibrosis. To test this idea, we procured alveolar type II epithelial cells from human lungs
2 u and found a 12.5-fold decrease in miR-323a-3p levels in the lung epithelium from IPF patients
(] compared with control (Figure 1A, P < 0.05). We also evaluated the expression of miR-323a-3p in
x the murine lung epithelium after bleomycin-induced lung fibrosis. Consistent with our findings in
b % BOS and IPF, miR-323a-3p expression also decreased in a dose-dependent manner in lung epithe-
o nlm lial cells from fibrotic lungs after bleomycin treatment (Figure 1B, P < 0.05). These results indicate

PBS 0.025 0.05

that miR-323a-3p downregulation consistently occurs across human and experimental murine lung

Bleomycin (Ulmouse) fibrosis and may augment profibrotic pathways as a mechanism of fibroproliferation.

miR-323a-3p suppression exacerbates and overexpression attenuates lung fibrosis. To determine

if lower miR-323a-3p levels may have a causative role in fibrosis, we developed antagomirs

toward miR-323a-3p and delivered them to mice after bleomycin injury (33). As predicted, miR-323a-3p

antagomirs increased lung fibrosis in comparison with control antagomirs (Figure 2A). As a measurement

of the fibrotic burden, we measured lung hydroxyproline levels and found higher levels in antagomir versus

control conditions after bleomycin injury (Figure 2B; 72.61 *+ 6.2 vs. 55.38 £ 3.7 ng/ml/lung, respectively;

P <0.0001). Notably, treatment with miR-323a-3p antagomirs without bleomycin did not induce any fibro-

sis, suggesting that downregulation of this miR can augment existing profibrotic signals, but alone is not

sufficient to generate fibrosis. These findings demonstrate that lung fibrosis is accentuated after downregu-
lation of miR-323a-3p.

Next, we tested the effects of miR-323a-3p overexpression on fibrosis. In contrast with antagomirs,
miR-323a-3p mimics suppressed lung fibrosis in mice after bleomycin treatment (Figure 3A). Accord-
ingly, we found lower hydroxyproline levels and improved survival in mice given mimics compared
with control (Figure 3B). These results demonstrate the ability of miR-323a-3p to suppress fibrosis after
bleomycin injury.

miR-323a-3p regu lates TGF-f signaling by targeting SMAD2. TGF-B signaling, particularly in the lung
epithelium, is a central pathway involved in the development of pulmonary fibrosis (7-9). SMAD2, an
important adaptor molecule in the TGF-f canoni-
cal pathway, was identified by Targetscan as a puta-

tive miR-323a-3p target. We identified 2 sequences
complementary to the miR-323a-3p seed sequence in Table 3. Predicted signaling pathways regulated
the 3" UTR of SMAD?2 (Figure 4A). To determine if by miR-323a-3p*

miR-323a-3p regulates SMAD2 expression, we immu-

) KEGG Analysis Adjusted P
noblotted for SMAD2 in 16HBE14o- cells transfect- . -
) ) o Pathways in cancer 6.43x10
ed with miR-323a-3p mimics and found decreased 5y guidance 2.48 x 10°°
SMAD?2 levels in cell lysates (Figure 4B). Next, we  Endocytosis 3,73 x 1075
subcloned the SMAD2 3" UTR distal to the lucifer- Long-term potentiation 5.00 x 107
ase ORF and determined that miR-323a-3p mimics TGF-P signaling 2.00 x10*
could suppress luciferase expression (Figure 4C). Whnt signaling 2.00 <10
Recent work has demonstrated that epithelial- ~Chronic myeloid leukemia 3.00 <10
-4
mesenchymal transition does not play a role in lung Cell cycle . 3.00 <10
. . . Melanogenesis 3.00 x10*
fibrosis (34). However, a well-established in vitro ) )
. . . Pancreatic cancer 3.00 x 10
phenomenon of TGF-f stimulation of cultured epi- Prostate cancer 200 x 10
thelial cells is the expression of mesenchymal mark-  \,apk signaling 7.00 x 10

ers (35). Therefore, we used this in vitro readout to
functionally interrogate the effect of miR-323a-3p in
regulating TGF-§ signaling in the lung epithelium.

A0nly the top 12 pathways are listed. Please refer to
Supplemental Table 2 for the entire list.
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Figure 2. miR-323a-3p antagomirs augment bleomycin-induced lung
fibrosis. (A) Representative images of H&E- and trichrome-stained

lungs 21 days after bleomycin injury (0.05 U/kg) from mice treated with
miR-323a-3p antagomir or a scrambled control 5, 10, and 15 days after
bleomycin injury. Scale bar: 100 um. (B) Lungs were processed for measur-
ing hydroxyproline levels. n = 5 (PBS control and antagomir), n = 7 (control
bleomycin), n = 8 (mimic bleomycin), *P < 0.05, **P < 0.005 by 2-way
ANOVA and post-hoc analysis.

Consistent with our other results, we found that cells transfected with miR-323a-3p mimics had lower
expression of CDH2 and VIM after TGF-$ stimulation in comparison with control (Figure 4, D and E).
Collectively, our findings indicate that miR-323a-3p directly targets SMAD2 to blunt TGF- signaling. Con-
versely, miR-323a-3p downregulation, as occurs in fibrosis, augments TGF-f signaling.

miR-323a-3p regulates TGF-o. signaling by targeting TGFA. The TGFA gene, which encodes another cyto-
kine (TGF-0) that can mediate profibrotic effects via epithelial signaling, was also found to be a putative
miR-323a-3p target via Targetscan. We identified 2 sequences in the TGFA 3’ UTR that are complementary
to the miR-323a-3p seed sequence (Figure 5A). Therefore, TGFA expression was assessed in 16HBE14o0-
cells transfected with miR-323a-3p mimics and we found a significant decrease in mRNA (Figure 5B)
and protein (Figure 5C) compared with control conditions. Moreover, miR-323a-3p suppressed luciferase
expression when the TGFA 3' UTR was subcloned distal to the luciferase ORF, confirming TGFA as a direct
miR-323a-3p target (Figure 5D).

To investigate downstream TGF-a signaling, we assessed the effect of miR-323a-3p on MMP9 expres-
sion, which is induced by TGF-a in a p38-dependent manner (36, 37). Consistent with our data showing
the ability of miR-323a-3p to suppress TGFA, 16HBE14o- cells had decreased levels of MMP9 expression
in miR-323a-3p mimic conditions compared with control (Figure 5E). There are no sequences in the MMP9
3" UTR that are complementary to the miR-323a-3p seed sequence, which suggests that the changes in
MMP9 expression are due to the suppression of TGFA. These data confirm that miR-323a-3p can directly
suppress and affect downstream TGF-a signaling.

miR-323a-3p suppresses caspase-3 to attenuate programmed cell death. TGF-f, in addition to inducing
expression of profibrotic genes, also causes epithelial apoptosis as part of the fibroproliferative mecha-
nism (10). Therefore, we evaluated the effect of miR-323a-3p on programmed cell death. Cells treated
with staurosporine, a broad protein kinase inhibitor that stimulates programmed cell death, caused less
apoptosis in cells overexpressing miR-323a-3p (Figure 6A). ER stress, which has also been implicat-
ed in the pathogenesis of lung fibrosis, also causes caspase-3—mediated cell death (13, 38). Therefore,

doi:10.1172/jci.insight.30301 4
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Figure 3. miR-323a-3p mimics attenuate bleomycin-induced lung fibrosis.
(A) Representative images of H&E- and trichrome-stained lungs 21 days
after bleomycin injury (0.075 U/kg) from mice treated with miR-323a-3p
mimic or a scrambled control 5, 10, and 15 days after bleomycin injury. Scale
bar: 100 pm. (B) Lungs were processed for measuring hydroxyproline levels.
n =9 (control), n =11 (mimic), *P < 0.01 by Student’s t test. (C) Survival of
mice treated with control or mimic after bleomycin injury, *P < 0.05.

we induced the unfolded protein response by treating cells with tunicamycin, a nucleoside antibiotic
that blocks N-glycosylation, and found that I6HBE14o0- cells transfected with miR-323a-3p mimics had
reduced apoptosis from ER stress-induced cell death (Figure 6B). We evaluated various components of
the programmed cell death pathway and found that CASP3 expression was suppressed by miR-323a-3p
(Figure 6, C and D). However, we could not identify any complementary miR-323a-3p binding sites
in the 3’ UTR of CASP3, and subcloning of the 3’ UTR into a luciferase reporter assay did not dem-
onstrate suppression (Figure 6E). These results indicate that miR-323a-3p downregulation augments
programmed cell death in the presence of ER stress and other apoptotic stimuli by regulating CASP3
expression through indirect mechanisms.

Epithelial-mesenchymal cell crosstalk is regulated by miR-323a-3p. Previous publications showed baseline
suppression of fibroblast activation by the epithelium (2—4). Because miR-323a-3p can regulate several
profibrotic pathways, we hypothesized that miR-323a-3p modulates the intimate interaction between epi-
thelial and mesenchymal cells. Consistent with published findings, conditioned medium from epithelial
cultures suppressed fibroblast activation with suppressed expression of a-smooth muscle actin (a-SMA)
(Figure 7A), type I collagen (Figure 7B), type III collagen (Figure 7C), and fibronectin (Figure 7D) in cul-
tured fibroblasts. More importantly, overexpression of miR-323a-3p in epithelial cells augmented these sup-
pressive effects. Similarly, conditioned medium from epithelial cells transfected with miR-323a-3p mimics
attenuated o-SMA immunostaining (Figure 7E) and F-actin formation (Figure 7F) in fibroblasts. Therefore,
attenuated miR-323a-3p expression releases these inhibitory effects on fibroblasts and results in higher
expression of fibroproliferative genes.

Discussion

Pulmonary fibrosis is a complex disease that involves multiple fibrogenic signals causing a malignant inter-
play between various cells, leading to scar formation and tissue destruction (5). Here, we demonstrate that
miR-323a-3p has a central role in regulating the epithelial-mesenchymal interaction during pulmonary

doi:10.1172/jci.insight.90301 5
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Figure 4. miR-323a-3p targets SMAD2 to suppress TGF-p signaling. (A) miR-323a-3p binding sites in the SMAD2 3' UTR. (B) Western blot for SMAD2 in
cell lysates from 16HBE140- cells transfected with miR-323a-3p mimics or control. A representative blot is presented from 3 individual experiments. (C)
Luciferase activity of HEK cells transfected with a reporter plasmid containing a chimeric firefly luciferase with the SMAD2 3' UTR. All data were normal-

ized to Renilla luciferase activity. n

=3, *P < 0.001. (D and E) 16HBE14o0- cells transfected with miR-323a-3p mimic or control were stimulated with TGF-B

and processed for PCR for measuring levels of (D) COH2 and (E) VIM. n = 4, *P < 0.01. Data are presented as box-and-whisker plots. The central horizontal
bars indicate the medians, boxes indicate 25th to 75th percentiles, and whiskers indicate 1.5 times the interquartile range from the bottom and the top of
the box. Statistical analysis in this figure was performed with the Student’s t test.

fibrosis. Our findings indicate that miR-323a-3p regulates TGF-a, TGF-, and apoptosis by targeting key
mediators in these profibrotic pathways. Thus, the downregulation of this miR, which we found occurs
within the lung epithelium in various instances of lung fibrosis, releases their inhibitory effects on TGFA,
SMAD?2, and CASP3 and augments fibrogenic signals to promote fibroproliferation (Figure 8). Moreover,
miR-323-3p antagomirs and mimics respectively augment and suppress fibrosis after bleomycin injury.
Altogether, our data demonstrate miR-323a-3p as a central mediator of the epithelial fibroproliferative
response by controlling signaling through multiple profibrotic pathways.

TGF- signaling by the lung epithelium is a key pathway that is critical in the development of lung
fibrosis (7-11). We determined that miR-323a-3p targets SMAD? to functionally alter downstream TGF-f
signaling events. A recent study by Wang et al. also found that miR-323a-3p targets SMAD2 and SMAD3
(39). Although we validated the effects on SMAD2, we could not replicate miR-323a-3p suppression of
SMAD3 (unpublished data). Similar to TGF-, TGF-a signaling in the lung epithelium has also been impli-
cated in pulmonary fibrosis (32, 40, 41). We confirmed TGF-a as another direct target of miR-323a-3p that
is suppressed with subsequent attenuation of downstream events. Coincidentally, TGF-a mediates part of
its profibrotic effects via o, B, integrin activation of TGF-B (41). Thus, by controlling multiple steps in an
interdigitated signaling network, miR-323a-3p can exert a more profound impact on profibrotic signals
than by regulating any individual pathway.

Another consequence of TGF-f stimulation of the lung epithelium is the induction of apoptosis (10).
Certainly, the association between lung epithelial apoptosis and IPF has been well established (42, 43).
Moreover, murine models of pulmonary fibrosis demonstrate epithelial apoptosis as an early event after
injury by bleomycin or TGF- overexpression (10, 43). Suppression of apoptosis after epithelial induction
of TGF-p also attenuates lung fibrosis, suggesting that TGF-B—mediated programmed cell death promotes
fibroproliferation (10). We found that miR-323a-3p suppresses CASP3 mRNA and protein levels and pre-
vents programmed cell death. However, CASP3 is not a direct target of miR-323a-3p, and we speculate that
miR-323a-3p is regulating 1 or more transcription factors that induce CASP3 mRNA expression. Altogeth-
er, our findings demonstrate that miR-323a-3p limits the fibrotic effects of TGF-f by attenuating apoptotic
cell death in addition to suppressing TGF-§ activation (via TGFA) and signaling (via SMAD?2).

insight.jci.org  doi:10.1172/jci.insight.90301 6
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Figure 5. miR-323a-3p targets and suppresses TGFA signaling. (A) miR-323a-3p bindings sites in the TGFA 3' UTR. (B) gPCR, n = 6, *P < 0.0001 and (C)
Western blot for TGFA from 16HBE140- cells transfected with miR-323a-3p mimics or control. A representative blot is presented from 3 individual experi-
ments. (D) Luciferase activity of HEK cells transfected with a reporter plasmid containing a chimeric firefly luciferase with the TGFA 3' UTR. All data were
normalized to Renilla luciferase activity. n = 3, *P < 0.05. (E) 16HBE140- cells transfected with miR-323a-3p mimetic or control were processed for MMP3
PCR. n =3, *P < 0.005. Data are presented as box-and-whisker plots. The central horizontal bars indicate the medians, boxes indicate 25th to 75th percen-
tiles, and whiskers indicate 1.5 times the interquartile range from the bottom and the top of the box. Statistical analysis in this figure was performed with
the Student’s t test. RQ, relative quantification.
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In recent years, ER stress has been identified as contributing to the development of pulmonary fibrosis (44).
Indeed, ER stress markers are found in the lung epithelium of patients with IPF (38, 45). Moreover, ER stress
induction within the lung epithelium augments fibrosis after bleomycin injury (13). Notably, ER stress induces
apoptotic cell death and is likely a mechanism contributing to the development of lung fibrosis. Here, we show
that CASP3 suppression by miR-323a-3p attenuates tunicamycin-induced apoptosis. Thus, miR-323a-3p exerts
another level of regulation over fibrogenic processes by limiting the apoptotic death secondary to ER stress.

The prevailing concept of pulmonary fibrosis is that persistent epithelial damage and the associated
wound healing signals becomes maladaptive, resulting in fibroblast activation and matrix deposition (1).
Consistent with this model, suppression of miR-323a-3p augments and overexpression attenuates wound
closure of a monolayer of cells (39). These findings imply that miR-323a-3p downregulation is neces-
sary for the wound healing process. Although it is unknown how miR-323a-3p regulates wound healing,
a recent high-throughout sequencing coupled with crosslinking immunoprecipitation (HITS-CLIP) study
offers some clues by identifying miR-323a-3p binding to the mRNA of intracellular signaling and transport
proteins (e.g., MAP4K4, DCTN4) and secreted factors and matrix proteins (e.g., STCI, LAMCI) that can
participate in cell migration (analysis of the raw data was done with Tarbase) (46-51). Although downregu-
lated miR-323a-3p promotes re-epithelialization, our data indicate that it also releases inhibition of several
interlinked profibrotic pathways. Therefore, injury may disrupt epithelial-mesenchymal interactions as a
normal response to wound healing but chronically cause collateral damage by tipping the balance to exces-
sive matrix deposition and destruction of the tissue architecture. In support of this maladaptive response,
we demonstrate that miR-323a-3p can regulate epithelial-fibroblast crosstalk by promoting epithelial sup-
pression of fibroblast differentiation and expression of matrix proteins. The epithelium releases multiple
stimulatory and inhibitory factors to affect fibroblast activation and survival (52). In all likelihood, miR-
323a-3p is manipulating important aspects of the epithelial-mesenchymal crosstalk either via direct targets
or indirectly through its regulation of fibrogenic signals in the epithelium (i.e., TGF-a, TGF-B, apoptosis).

Our study adds to the growing list of miRs found to participate in lung fibrosis (26). We recently reported
that culturing of epithelial cells (and likely other cell types) alter the expression of a substantial number of miRs
in comparison with freshly isolated samples (53). Moreover, murine models of lung fibrosis, such as bleomycin,

doi:10.1172/jci.insight.90301 7
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evance to human disease of the miRs identified in anything
other than noncultured, human disease samples needs to be
Control Mimics further substantiated. Notably, if we focus on in vivo human

studies, the majority of dysregulated miRs were identified by

evaluating whole-lung explants (55-64). However, the whole
lung has multiple cell types (e.g., epithelium, fibroblast, macrophage) that participated in fibroproliferation, and
only a limited number of studies confirm the in vivo cellular compartment with dysregulated miR expression
(61-67). In our study, we specifically procured and evaluated a purified population of epithelial cells. Further-
more, the downregulation of miR-323a-3p was not only found in the epithelium of lung transplant patients with
BOS but also stood true in IPF and the murine bleomycin injury model.

Interest in using miRs as therapeutics for pulmonary fibrosis has been growing (68). The advantage of
miR-based therapy is that multiple targets can be simultaneously suppressed. Accordingly, miR-323a-3p
is a candidate that can be included in such an approach owing to its ability to suppress TGFA, SMAD?2,
and CASP3. Indeed, we found that intranasal delivery of miR-323a-3p mimics attenuated lung fibrosis. A
limitation of our approach is that exogenously delivered oligonucleotide may also target nonepithelial cells.
However, epithelial cells are the first barrier against environmental insults, and so the epithelium would be
presented with the highest concentration of intranasally delivered RNAs and be the predominant cellular
compartment targeted by this treatment. Studies are ongoing to develop nanoparticle strategies to deliver
small RNAs specifically to the lung epithelium.

Concurrent suppression of several pathways by miRs is a double-edged sword, as numerous off-target
effects would be anticipated that might cause toxic side effects. Delivery of lower levels of miRs will likely
reduce off-target effects but may not have enough impact on inhibiting fibrogenic signals. Future strate-
gies may also need to focus on using multiple miRs at lower doses that have overlapping effects on targets
within several key fibrogenic pathways to suppress fibrosis while maintaining minimal off-target side effects.
Alternatively, identifying miR clusters involved in fibrosis that are all controlled by the same regulatory
mechanisms could lead to methods to pharmacologically manipulate expression of fibrogenic miRs as a
therapeutic for pulmonary fibrosis. One candidate is the miR-17-92 cluster, which suppresses TGF-p signal-
ing and lung fibrosis and can be epigenetically regulated (64, 69). Interestingly, several of the miRs that we
identified (miR-323a-3p, -665, -668, and -758) in our initial studies in BOS samples are also within a tight
cluster on chromosome 14, suggesting coregulation of their expression.

In summary, we have shown that miR-323a-3p is downregulated in the epithelium of human and
experimental murine lung fibrosis. In addition, we demonstrated that epithelial expression of miR-323a-
3p simultaneously regulates multiple profibrotic signaling (TGF-, TGF-B, and apoptosis) to moderate
epithelial-mesenchymal crosstalk. Furthermore, miR-323a-3p overexpression suppressed, and its antago-
nism augmented, bleomycin-induced lung fibrosis. Much work is still needed to understand the regulatory
mechanisms that stimulate downregulation of miR-323a-3p in lung injury and fibrosis as well as to further
identify targets within profibrotic pathways. However, the fact that miR-323a-3p can simultaneously target
multiple fibrogenic signals not only defines a mechanism by which downregulation promotes fibroprolifera-
tion, but also increases the possibility of further developing it as an antifibrotic therapeutic.
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Figure 7. Epithelial suppression of fibroblasts is augmented by miR-323a-3p. Conditioned medium from 16HBE140- cells expressing either miR-323a-3p
or control were incubated with primary human fibroblasts and compared with untreated fibroblasts. Expression of (A) a-SMA (ACTA2), (B) type | collagen
(COL1A7), (C) type Ill collagen (COL3AT7), and (D) fibronectin (FNT) was measured by PCR in fibroblasts. n = 4, *P < 0.005. (E) Immunofluorescence staining
for a-SMA and (F) phalloidin in fibroblasts treated with epithelial cell-conditioned medium. Scale bar: 100 um. Data are presented as whisker-box plots.
The central horizontal bars indicate the medians, boxes indicate 25th to 75th percentiles, and whiskers indicate 1.5 times the interquartile range from the
bottom and the top of the box. Statistical analysis in this figure was performed with a 1-way ANOVA. RQ, relative quantification.

Methods

Isolation of human lung epithelium and miR analysis. Bronchial epithelia from lung transplant patients were
collected by airway brushing during bronchoscopy, and miR expression was profiled using PCR arrays
(Exiqon) as previously described (53, 70). False discovery rate (FDR) analysis was used to determine sig-
nificant differential expression of miRs between patients with BOS versus controls (71). Putative targets
for differentially expressed miRs were determined using TargetScan (http://www.targetscan.org) (23).
Functional enrichment analysis of target genes whose expression may be modulated by the differentially
expressed miRs was performed using Webgestalt (http://www.webgestalt.org/) (72).

Alveolar type II (ATII) cells were dissociated from lungs explanted from IPF patients during trans-
plantation and nondiseased donor lungs rejected for transplant. ATII cells were purified from single-cell
suspensions by FACS using the following markers: CD326" (Epcam; epithelial), CD45" (hematopoietic),
CD31- (endothelial), and HTII-280* (ATII).

Bleomycin injury. Eight-week-old C57BL/6J mice (The Jackson Laboratories) were intubated, and bleo-
mycin (0.5-0.75 U/kg of body weight) was intratracheally instilled one time. On days 5, 10, and 15 after
bleomycin treatment, miR-323a-3p mimics, antagomirs, or scrambled control (50 pug in 50 pl nuclease-free
ddH,O; Sigma-Aldrich) was intranasally instilled into anesthetized mice. Mice were euthanized on day
21 after injury, and lungs were harvested for histologic evaluation and hydroxyproline measurement using
standard protocols (73).

Cell culture and treatments. Primary fibroblasts were isolated from human lung explants as previously
described (74). All cells (16HBE140-, HEK293, and lung fibroblasts) were cultured in DMEM with 10%
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Healthy ; fibroproliferation. In the healthy epithelium, miR-323a-3p suppresses TGF-a,
SMAD2, and caspase-3 to limit signaling through the respective pathways.
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Moreover, the epithelium naturally suppresses resident fibroblasts in a quiescent
state under homeostatic conditions. In fibrosis, chronic injury downregulates miR-
323a-3p expression in the lung epithelium, thereby releasing the suppression over
multiple intertwined profibrotic signals such as apoptosis and TGF-a and TGF-3
signaling. The augmented fibrogenic signals within the damaged epithelium induce
it to secrete factors that promote fibroblast activation and fibroproliferation.

FBS (Hyclone) in 5% CO, at 37°C. Mimics, antagomits, or scrambled
control for miR-323a-3p (10 nM, Life Technologies) were transfected
into 16HBE140- cells using Lipofectamine RNAIMAX reagent according
to the manufacturer’s protocol (ThermoFisher Scientific). To investigate
TGF-B signaling, 16HBE14o0- cells were treated for 24 hours with TGF-,
(5 ng/ml, PeproTech). To evaluate the effect of miR-323a-3p on apopto-
sis, cells were treated with either staurosporine (0.5 pM, Sigma-Aldrich) or
tunicamycin (5 ng/ml, Sigma-Aldrich) for 24 hours and then processed for
caspase-3 activity measurements (Biovision) as previously described (75).

For epithelial-fibroblast crosstalk experiments, we collected condi-
tioned medium from 16HBE14o- cells transfected with miR-323a-3p
: _ mimic or control cultured for 24 hours. Subsequently, fibroblasts were
B e — — - - B Cultured with the conditioned medium for 24 hours prior to down-
stream evaluation.

Protein assays. Western blot analysis was performed using primary
antibodies for SMAD2 (D43B4; catalog 5339), CASP3 (8G10; catalog
9665), TGFA (catalog 3715), and GAPDH (D16H11, catalog 5174) from
Cell Signaling Technology and B-actin (catalog sc-1616) from Santa Cruz
Biotechnology. Blots were visualized using the ChemiDoc MP imaging
system and analyzed with Image Lab software (Bio-Rad).

Primary human lung fibroblasts were cultured on chamber slides
(Lab-Tek) and processed for immunofluorescence. Fixed cells were stained
with anti—0-SMA antibody (1A4, catalog A2547) from Sigma-Aldrich or
phalloidin-Alexa-488 (Cytoskeleton). The images were taken with a Zeiss
Observer Z1 fluorescence microscope using Plan Apo 5x/0.16 and Plan
Apo 20%/0.8 objectives.

Alveolar Anti-fibrotic < Activated

macrophage factors macrophage Luciferase reporter assay. CASP3 3' UTR dual luciferase construct

Healthy Pro-fibrotic 5 Vulnerable (pPEZX-MTO1 plasmid) was purchased from GeneCopoeia. For SMAD?2

epithelium factors epithelium

Resident Collagen LT and TGFA, the respective 3' UTRs were subcloned into the reporter plas-
- fibrobiast fibrils o - mid, and the CASP3 3' UTR was replaced by cutting with EcoRI and Xhol

restriction endonucleases (New England Biolabs). Luciferase reporter

constructs were cotransfected with miR-323a-3p mimics or control into

HEK293 cells, and cells were processed for luciferase activity using the
Luc-Pair Luciferase Assay Kit following the manufacturer’s protocol (GeneCopoeia).

PCR. RNA was isolated using TRIzol (Thermo Fisher Scientific) or an miRNeasy Mini Kit (Qiagen).
Quantitative PCR (qPCR) for miR-323a-3p and SNORD38B as a housekeeping control was performed
by using PCR primers and the miRCURY LNA Universal RT Kit from Exiqon. gPCR for mRNA of the
designated genes and 18S as a control was performed using primers purchased from IDT and SYBR green
master mix (ThermoFisher Scientific) on the ViiA 7 Real-Time PCR System (ThermoFisher Scientific).

Statistics. Unless otherwise indicated, 2-tailed Student’s # test was used for 2 groups, and 1-way ANOVA was
used for multiple groups. Results are presented as the mean = SEM, and P < 0.05 was considered significant.

Study approval. The human studies were approved by the Institutional Review Board at the University
of Washington and Cedars-Sinai Medical Center, and all patient samples were collected after receiving
signed informed consent. The animal experiments were approved by the Institutional Animal Care and use
Committee at Cedars-Sinai Medical Center.
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