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Abstract

Tissue fibrosis, the development of fibrous connective tissue as a result of injury or damage, is
associated with many common diseases and cannot be effectively treated. The complex biological
processes accompanying fibrosis often involve aberrant signaling through the transforming growth
factor beta (TGF-B) pathway. In the search for mechanisms to repress this signaling, microRNAs
have emerged as a novel class of molecules capable of targeting single members of the TGF-B
pathway, or the pathway as a whole. We previously identified miR-1343 as a potent repressor of
TGF-p signaling and fibrosis through the direct attenuation of both canonical TGF-p receptors.
Here, we build upon our previous findings to better characterize the function of endogenous
miR-1343 in normal biology and examine the potential role of exogenous miR-1343 as a repressor
of TGF-p signaling. CRISPR/Cas9-mediated deletion of miR-1343 from A549 lung epithelial
cells impacts several processes and genes implicated in fibrosis and known to be TGF-B pathway
effectors. Moreover, the responses are opposite to those we observed previously when miR-1343
was overexpressed in the same cell type. We also show that miR-1343 can be shuttled into
exosomes, a type of extracellular vesicle, which are exported by cells into the surrounding medium
and can absorbed by distant target cells. miR-1343 delivered into primary lung fibroblasts by
exosomes has a measurable function in reducing TGF- signaling and markers of fibrosis. These
results highlight a role for miR-1343 in fine-tuning the TGF-B pathway and propose its use as a
therapeutic in fibrotic disease.
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INTRODUCTION

Fibrotic diseases are characterized by the pathological accumulation of connective tissue
resulting from inappropriate inflammatory activation. In turn this promotes excessive wound
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healing which often results in organ failure (Wynn 2011). The causes of fibrosis are
generally a consequence of physical insult to the tissue, either resulting from genetic
conditions (such as cystic fibrosis) or environmental factors (for example radiation-induced
injury), or both. There are currently no treatments for fibrosis, and most therapeutic
interventions only target symptoms of the disease. A pivotal mediator of fibrosis is
transforming growth factor beta (TGF-), which is normally released in response to injury to
stimulate repair processes, and is often observed at increased levels in disease (Leask and
Abraham 2004; Akhurst and Hata 2012). In its canonical signaling pathway, TGF-p
functions by binding to cell-surface receptors TGF-f receptor 1 and 2 (TGFBR1, TGFBR2),
which activate a signaling cascade via Mothers against decapentaplegic homolog proteins,
SMAD?2 and SMAD3, to alter gene expression (Shi and Massagué 2003; Derynck and
Zhang 2003). TGF-B signaling causes the proliferation and differentiation of fibroblasts into
myofibroblasts, marked by smooth muscle actin (a SMA) expression, which then deposit
collagens and other extracellular matrix proteins into the surrounding tissue matrix (Leask
and Abraham 2004; Akhurst and Hata 2012).

In previous work we identified microRNA-1343 (miR-1343) as a strong repressor of TGF-p
signaling and fibrotic processes in the lung (Stolzenburg et al. 2016). MicroRNAs are small
21-25 nucleotide non-coding RNAs capable of post-transcriptional gene repression that
promote the destabilization and/or degradation of protein-coding mRNAs. Several miRNAs,
including miR-29, miR-21, and miR-155, are reported to regulate fibrotic processes,
particularly via members of the TGF-p signaling pathway (reviewed in (O’Reilly 2016)).
Using exogenous miR-1343, gene reporter assays and RNA-sequencing (RNA-seq), we
showed that miR-1343 directly targets and represses TGFBR1 and TGFBR2 expression
(Stolzenburg et al. 2016). Thus uniquely to date, miR-1343 directly inhibits both canonical
TGF-p receptors. Furthermore, miR-1343 transient overexpression resulted in decreased
activation of SMAD2/3 in response to TGF-p, and attenuated markers of fibrosis in both
lung epithelial cell lines and primary lung fibroblasts. The genomic location of miR-1343
adjacent to a modifier locus for cystic fibrosis lung disease severity is of note (Wright et al.
2011; Corvol et al. 2015).

Due to the low abundance of miR-1343 in human cells, evaluating its mechanisms of action
ex vivois challenging. Moreover, this miR is not conserved in rodents, which hampers /in
vivo experiments. Our previous work on miR-1343 characterized its role in TGF-p signaling
and fibrosis exclusively through transient overexpression (Stolzenburg et al. 2016). Here our
goal was to determine the functions of endogenous miR-1343 in both normal and diseased
tissue as a prelude to the development of miR-1343-based therapeutics.

Current approaches to microRNA therapies rely on two main strategies to alter miRNA
function: the introduction of miRNA mimics to increase miRNA expression, or delivery of
anti-miRNA oligos to repress miRNA action (Christopher et al. 2016). Though both are
effective /n vitro, the unstable nature of small RNA oligos /n7 vivo necessitates chemical
modifications to the miR, such as locked nucleic acids or the addition of 2"-O-methyl groups
(Yoo et al. 2004; Krutzfeldt et al. 2005; Zhang et al. 2013). Correct tissue targeting is also
problematic. The observation that miRNAs are found circulating in extracellular vesicles,
and may be recruited for intercellular communication, has gained increasing attention (Zhou
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et al. 2012; Gallo et al. 2012; Lv et al. 2013). The microRNA-containing vesicles are a
special class of 40-100 nm structures, named exosomes. These originate as multivesicular
endosomes that fuse with the plasma membrane and were first documented as a pathway for
cell receptor exocytosis (Pan and Johnstone 1983; Harding et al. 1984). Exosomes may be
used to transfer both endogenous and exogenous microRNAs between physically distant
cells, where they have functional roles (Valadi et al. 2007; Pegtel et al. 2010; Meckes et al.
2010; Chiba et al. 2012; Umezu et al. 2013). Therefore, utilizing exosomes as a decoy
delivery mechanism for microRNAs has great potential.

In the current study, we build upon our previous work to better characterize the role of
miR-1343 in normal biology. Using CRISPR/Cas9 technology, we generate cell lines in
which the miR-1343locus is deleted and validate its role in the fibrosis-associated processes
of cell growth and division, and in reducing the expression of genes downstream of TGF-p
signaling. Furthermore, we investigate the utility of exosomes to deliver miR-1343 to target
cells. HL-60 neutrophil-like cells are known to produce exosomes (Huan et al. 2013) and
express endogenous miR-1343 (Stolzenburg et al. 2016). We show that the miR is packaged
into HL-60-derived exosomes and is taken up by A549 lung epithelial cells and primary lung
fibroblasts, where it appears to inhibit TGF-B signaling and myofibroblast differentiation.
These findings confirm the role of miR-1343 in protecting against processes of fibrosis and
encourage its use in developing microRNA-based therapies for fibrotic diseases.

METHODS

Cell culture and transfection

Ab549 lung adenocarcinoma cells (Giard et al. 1973) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, low glucose) supplemented with 10% fetal bovine serum (FBS).
HL-60 promyelocytic leukemia cells (Collins et al. 1977) were grown in Roswell Park
Memorial Institute (RPMI) 1640 medium with 10% FBS. Primary lung fibroblasts were
cultured in DMEM supplemented with 4.5 g/L glucose, 4 mM L-glutamine, sodium
pyruvate, and 10% FBS for up to 15 passages.

The miR-13431ocus was removed from A549 cells by clustered regularly interspaced short
palindromic repeat (CRISPR)/Cas9-mediated genomic editing (Jinek et al. 2012; Cong et al.
2013; Mali et al. 2013). Guide RNAs were designed using the CRISPR design program
(http://crispr.mit.edu) and synthesized as 455 bp gBlocks from Integrated DNA
Technologies (according to the Church lab protocol, Addgene). These were then blunt
cloned into the pSCB vector (Agilent). The gBlock sequence and guide RNAs used for each
region are shown in Suppl. Table 1. The pMJ920-Cas9-GFP plasmid (Jinek et al. 2013), and
two cloned guide RNAs flanking the m/iR-1343 locus were transfected into A549 cells using
Lipofectamine 2000 (Life Technologies), according to the manufacturer’s instructions.
Cas9-GFP positive cells were selected by fluorescence activated sell sorting (FACS) 48 hrs
after transfection and grown as single clones. m/iR-1343locus deletion and PDHX (host-
gene) integrity were determined by PCR of genomic DNA and total RNA isolated from
clones, with primers listed in Suppl. Table 2.
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Transient transfection of pre-miR-1343 and negative control miRNA precursor #2 (both
from Life Technologies) was performed as described previously (Stolzenburg et al. 2016).

Electroporation of pCMV-MIR vectors (Origene) into HL-60 cells was completed by
standard methods. Briefly, 1.5 x 10° cells were resuspended in 0.5 ml of ice-cold HEPES-
buffered saline and mixed with 10 pg of plasmid DNA in a 0.4 cm electrode gap cuvette.
Cells were pulsed with the Gene Pulser System (Biorad) at 950 uF, 220 mV (time constant =
~27 msec) and transferred to flasks containing regular growth medium to recover.

RNA-sequencing

RNA-sequencing was performed and analyzed as previously described (Fossum et al. 2014).
All data are deposited on the GEO database (GE099209). Due to significant variability
between non-targeted (NT) control clones, differentially expressed genes in miR-1343
deletion clones were determined by a three-way analysis compared to both NT controls and
non-clonal A549 cells.

Quantitative RT-PCR

RNA was isolated from cells using TRIzol (Life Technologies). Standard cDNA reactions
were performed using the TagMan Reverse Transcription Kit (Life Technologies) according
to the manufacturer’s instructions. qPCR assays were completed using Power SYBR Green
(Life Technologies) as previously described (Stolzenburg et al. 2016) and Ct values were
normalized against beta-2-microglobulin (2M). See Suppl. Table 3 for primers used.

MicroRNA cDNA was made from DNase I-treated total RNA using the TagMan Advanced
miRNA Reverse Transcription Kit (Life Technologies) following the manufacturer’s
instructions. TagMan Fast qPCR assays were performed using the hsa-miR-1343-3p TagMan
Advanced Assay (Life Technologies). Ct values were normalized against the geometric
mean of hsa-miR-186-5p and hsa-miR-423-3p (both Advanced assays from Life
Technologies), or against a standard curve. The standard curve was generated using dilutions
of synthetic mature miR-1343 (Invitrogen) as starting material for the TagMan Advanced
Assay.

TGF-g treatment

Cells were serum starved in growth media containing 0.5% FBS for 6 — 16 hrs prior to
treatment. Human recombinant TGF-B1 (R&D Systems) was added to serum-depleted media
at a final concentration of 5 ng/ml. The vehicle control was 1 mg/ml bovine serum albumin
(BSA) in 4 mM HCI. Cells were incubated with TGF—p for 1 — 48 hrs, depending on each
experiment.

Western blot

Cell lysates were analyzed by standard Western blot methods (Stolzenburg et al. 2016).
Primary antibodies were against: pPSMAD3 (phosphorylated SMAD3, 9520), SMAD2/3
(8828), GAPDH (glyceraldehyde-3-phosphate dehydrogenase, 5174), all from Cell
Signaling Technology; TGFBR2 (TGF-p receptor 2, sc-400), PAI-1 (plasminogen activator
inhibitor type 1, sc-5297), both from Santa Cruz Biotechnology; TGFBR1 (TGF-f receptor
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1, ab31013) from Abcam; aSMA (alpha smooth muscle actin, M0851) from Dako; and
CD81 (10630D) from Invitrogen. Secondary antibodies were against mouse (P0447) or
rabbit (P0448), both from Dako. Western bots were scanned by densitometry and quantified
using ImageJ software (NIH).

Exosome-free media preparation

Exosome-free media was prepared by ultracentrifugation. RPMI 1640 media containing
20% FBS was centrifuged at 100,000 x g for 16 hrs at 4°C to pellet microvesicles present in
the FBS. Immediately prior to use, the exosome-free media was diluted with media
containing no FBS to obtain a final concentration of 10% FBS.

Exosome purification

Exosomes were purified using the exoEasy Maxi Kit (Qiagen) according to the
manufacturer’s protocol. HL-60 cells were incubated in exosome-free media for 48 hrs to
condition exosome release. Cells and cell debris were cleared from media by centrifugation
at 300 x g for 5 min, followed by centrifugation at 4200 x g for 15 min. Briefly, exosomes
were bound to the exoEasy spin column, washed, and eluted in 400-450 pl of Buffer XE

(Qiagen).

Exosome labeling and microscopy

Exosomes were labeled with the membrane-intercalating dye, BODIPY TR Ceramide
(Fisher). BODIPY TR dye was added to HL-60 cells in pre-conditioned exosome-free media
at a final concentration of 1 uM and incubated in the dark for 1-3 hrs at 37°C. Exosomes
were then purified as above. Following purification, excess unincorporated dye was removed
using Exosome Spin Columns (MW 3,000; Fisher) according to the manufacturer’s
instructions.

Ab549 cells were cultured in Nunc Lab-Tek 4-well glass chamber slides (Fisher) or grown on
round glass coverslips in exosome-free media. Labeled exosomes were added directly to the
cells together with Hoescht 33258 and Calcein AM dyes (both from Fisher) and incubated at
37°C for 2 hrs. Cells were then washed, fixed in 4% paraformaldehyde, and mounted.
Microscopy was performed on a Leica DMR-HC upright microscope with a QImaging
Retiga 4000R camera or a Zeiss 880 Confocal microscope with ZEN software.

Exosome treatment

Following purification, exosomes to be treated for 3 hrs or less were directly added to cells
in exosome-free growth media at an appropriate concentration (typically 10 — 30 pg,
equivalent to 50 — 100 pl of eluted exosomes in 500 pl media). For exosomes to be treated
for longer than 3 hrs, a buffer exchange step was performed due to elution buffer (Buffer
XE, Qiagen) toxicity. Briefly, exosomes were added to the top of a sterile 25 mm type-VS
membrane (0.025 pum pore size; Millipore) floating on sterile PBS and dialyzed for ~2 hrs.
An appropriate amount of exosomes (typically 10 — 30 pg; 50 — 100 pl in 500 pl media)
were added to cells in exosome-free media and incubated for 6-48 hrs.
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Statistical analysis and graphs

Results are shown as mean +/- standard error of the mean (n=3) or mean +/- the standard
deviation (n<3). Statistics were performed using the appropriate test (as described in each
figure legend) in Prism software (GraphPad).

RESULTS

Deletion of miR-1343 has a subtle effect on gene expression

We previously reported that miR-1343 directly targets both canonical TGF- receptors,
TGFBR1 and TGFBR?2, via their 3" untranslated regions (UTR) to reduce their expression
(Stolzenburg et al. 2016). As a result, we found decreased activation of the TGF-f effector
proteins, SMAD2 and SMAD3, and corresponding reductions in their nuclear translocation.
Furthermore, markers of fibrosis in primary lung fibroblasts, such as Alpha smooth muscle
actin (aSMA) and Collagen type | A1 (COL1A1), were attenuated by miR-1343 following
TGF-p treatment, while indicators of epithelial-to-mesenchymal transition in A549 lung
epithelial cells, such as Epithelial-cadherin (E-cad) expression and wound healing, were
maintained. However, as all these data were derived utilizing transient overexpression of
miR-1343, the current experiments were designed to examine the role of endogenous
miR-1343 in human cells.

First, we examined the impact of loss of endogenous miR-1343 on the biology of airway
epithelial cells. CRISPR/Cas9—mediated technology was used to remove a ~150 bp fragment
encompassing /miR-1343 with two flanking guide RNAs. Cas9-GFP positive cells were
isolated by FACS, delivering one cell per well into 96 well plates, and grown as individual
clones. PCR assays (Fig. 1a) confirmed homozygous deletion of miR-1343in 9 clones out of
18 generated, with no apparent changes to PDHX expression or splicing (Fig. 1a’, 3 non-
targeted and 3 deletion clones shown). Furthermore, miR-1343 was undetectable in the
deletion (A) clones using a Tagman qRT-PCR assay specific for the mature miRNA (Fig.
1b). Total RNA was isolated from 3 independent deletion clones and 3 non-targeted (NT)
clones from the same experiment (shown in Fig. 1a,b), to evaluate clonal variability, and
RNA-seq was performed on libraries generated from them. Tophat and Cufflinks software
were used to generate fragments per kilobase per million mapped reads (FPKM) values and
CuffDiff was used to identify differentially expressed genes (DEGSs) (Trapnell et al. 2012). A
total of 367 DEGs were identified when miR-1343A clones were compared to NT clones.
However, multidimensional scaling analysis of the RNA-seq data (Suppl. Fig. 1a), showed
significant variability between the 3 NT clones, indicating that many DEGs were likely the
result of clonal variation and not the deletion of m/iR-1343. Therefore, we expanded our
analysis to also include 3 replicates of non-clonal A549 cells. We found 903 genes in
miR-1343A compared to NT clones, 1226 genes in miR-1343A compared to A549 cells, and
2145 genes in NT clones compared to A549 cells that showed significant changes in
expression (Fig. 1c, Suppl. Fig. 1b). Figure 1d shows a Venn diagram illustrating the
numbers of DEGs that were identified in more than one comparison, where 97 were
differentially expressed in miR-1343A clones compared to both the non-targeted clones and
A549 cells. The large number of DEGs identified in NT clones compared to A549 cells
supports the existence of significant variability within the different NT clonal populations.
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We therefore excluded any gene that was differentially expressed between NT clones and
Ab549 cells and compiled a list of 383 high-confidence DEGs most likely to be altered by
miR-1343 deletion, with 287 showing increased expression and 95 showing decreased
expression in miR-1343A clones (see Suppl. Table 4 for gene list). In contrast to the more
than four thousand DEGs in miR-1343 over-expression studies (Stolzenburg et al. 2016),
this relatively small number of genes demonstrates that loss of miR-1343 has a more subtle
effect on the transcriptome. About one third (137/383) of the high-confidence genes altered
by miR-1343 deletion were also differentially expressed by miR-1343 overexpression in
Ab549 cells (Stolzenburg et al. 2016), with 26 of these also appearing as TargetScan-
predicted (version 7.1) miR-1343 targets (Suppl. Fig. 2). Among these shared DEGs was
TGFBRI1, which exhibited increased expression in miR-1343A clones consistent with its
down-regulation following miR-1343 over-expression.

Next, gene ontology analysis was completed on the 383 high-confidence miR-1343A DEGs
using the Database for Annotation, Visualization and Integrated Discovery (DAVID, (Huang
et al. 2009a, b). The most significant processes in our analyses were confirmed using the
g:Profiler database (Suppl Table 5) (Reimand et al. 2016). Of the genes down-regulated after
miR-1343 deletion, processes involving cell growth, signaling, and migration were enriched
(Fig. 1e). This finding is consistent with processes that were overrepresented in miR-1343
over-expression studies (Stolzenburg et al. 2016). Conversely, processes related to cell
division, including nuclear division, kinetochore, and chromosome segregation, were
enriched among DEGs up-regulated after miR-1343deletion (Fig. 1f). Together with data in
miR-1343 overexpressing cells (Stolzenburg et al. 2016), these results posit cell growth and
division as potential fibrosis-associated cellular functions that are decreased by miR-1343
action. It is also possible that clonal differences are a confounding variable in this
interpretation.

Endogenous miR-1343 regulates genes in the TGF- signaling pathway

Since transient miR-1343 overexpression reduced TGF-f signaling and downstream
phenotypes (Stolzenburg et al. 2016), we next assessed whether miR-1343 also regulated
TGF-p target genes. A549 cells and three miR-1343A clones were grown to similar
confluence and then transiently transfected with precursor (pre)-miR-1343 or negative
control (NC) miR for 24 hours. Cells were then treated for 24 hours with TGF- or vehicle
control and RNA or protein extracted. Since receptor levels are known to regulate TGF-p
signaling activity (Shi and Massagué 2003; Derynck and Zhang 2003), we first performed
RT-gPCR to measure 7TGFBRZ (Fig. 2a,a’) and 7GFBRI (Fig. 2b,b’) with the prediction
that these would be repressed. 7GFBRZ levels were substantially reduced following TGF-p
treatment in NC cells and miR-1343 caused a further decrease in transcript levels.
Conversely, TGF-B treatment increased 7GFBR1 expression in NC cells, though the
repressive effect of miR-1343 was still evident. Our data suggest that the two receptors may
be regulated by TGF-B through independent mechanisms. miR-1343 deletion had no impact
on TGF-B induced 7GFBRI transcript levels, and appeared to reduce 7GFBRZ expression,
suggesting that additional compensatory mechanisms for loss of the miR may exist.

Cell Tissue Res. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stolzenburg and Harris Page 8

Next, RT-gPCR was performed to measure expression of Serpin family E member 1
(SERPINELI, Fig. 2¢,c’) and Transforming growth factor beta induced ( 7GFBYJ, Fig. 2d,d’),
both genes that are TGF-B-responsive (Skonier et al. 1992; Boehm et al. 1999). Also assayed
were Insulin-like growth factor binding protein 3 (/GFBP3, Fig. 2e,e’) and Connective tissue
growth factor (C7TGF, Fig. 2f "), which were differentially expressed following miR-1343
overexpression and deletion in our RNA-seq data. These two proteins are similarly
implicated in TGF-p signaling and fibrosis (Cohen et al. 2000; Gore-Hyer et al. 2002;
Grotendorst et al. 2004; Flynn et al. 2011). As expected, expression of SERPINE1, TGFBI,
IGFBP3, and CTGF were all significantly up-regulated by TGF-p in NC-transfected cells.
The induction of SERPINE1 and TGFB/was attenuated by miR-1343. Conversely, the
increase in SERPINEI and TGFB/ expression was enhanced by loss of miR-1343,

indicating a direct role of the miR in their regulation. Interestingly, miR-1343
overexpression had no apparent effect on /GFBP3 stimulation by TGF-B, yet this induction
was abolished by loss of the miR. This result suggests that the effects of miR-1343 deletion
on gene expression may be further enhanced by stimulation with TGF-B. Induction of CTGF
by TGF-B, in contrast, was increased by miR-1343 overexpression and decreased by
deletion of the miR.

To confirm that changes in the transcript levels of miR-1343 target genes were evident in
their encoded proteins, we next performed western blots on protein lysates from cells treated
as before and separated by SDS-PAGE. Blots were probed with antibodies specific for
TGFBR2, TGFBR1, and Plasminogen activator inhibitor type 1 (PAI-1, the protein encoded
by SERPINEI) and normalized to GAPDH as a loading control (Fig. 2g-h, Suppl. Fig. 3a-c).
Stimulation with TGF-p decreased levels of TGFBR2 and increased TGFBR1 and PAI-1
abundance in cells treated with NC miRNA, and consistent with the RT-gPCR data, these
levels were attenuated by miR-1343. Also in agreement with transcript expression, TGFBR2
levels were slightly reduced, TGFBR2 levels were unchanged, and PAI-1 levels were
increased in miR-1343deletion clones compared to non-clonal A549 cells. Overall, these
results confirm our previous report on the impact of miR-1343 on protein expression and
reveal the potent effects of miR-1343 in reducing activity of canonical TGF- signaling.
Further, they demonstrate an important role for miR-1343 in A549 cells, and identify several
key genes involved in fibrosis that are regulated downstream of the TGF--miR-1343 axis.

Utilizing extracellular vesicles for miR-1343 delivery

Since our results reinforced an important function for miR-1343 in lung epithelial cells, our
next goal was to determine mechanisms whereby it could be used as a therapeutic against
fibrotic lung disease. The absence of miR-1343 and low conservation of its seed sites within
target genes in rodents excludes a small animal model for these experiments. Hence we
concentrated on protocols for use in human tissue culture or ex vivo-based methods. As a
first step, we examined whether miR-1343 was amenable to use in a common microRNA
delivery platform: extracellular vesicles, specifically exosomes. It is known that microRNAs
can act as signaling molecules, often traveling between distant cell types and exerting their
negative regulatory effects independently from the cell they were synthesized within
(reviewed in (Zhang et al. 2015). Since our previous data indicated that miR-1343 is most
highly expressed in human neutrophils (Stolzenburg et al. 2016), we first tested whether this
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cell type could generate and release the miR via exosomes. We chose the HL-60 neutrophil-
like cell line for these experiments, since it was shown previously to produce exosomes
(Huan et al. 2013). A miR-1343 expression vector (in which ~300 bp encompassing the
miR-1343 stem-loop is driven by the cytomegalovirus (CMV) promoter (0CMV-MIR-1343,
Origene)) or the pCMV-MIR empty vector (vector control, VC) were electroporated into
HL-60 cells. After a 48 hour incubation of these cells in exosome-depleted media, secreted
exosomes were purified by membrane affinity spin column. Exosome lysates were separated
by non-reducing SDS-PAGE and probed with an antibody specific for CD81, an exosomal
marker (Fig. 3a). CD81 was detected in exosomes released by both vector control and
miR-1343 over-expressing cells. Next, RNA was extracted from the exosomes and the
donating HL-60 cells, DNase I digested, and miR-1343 expression was measured by an RT-
gPCR TagMan assay specific for the mature form of the miR. Data were normalized either
against a standard curve (Fig. 3b), or relative to the geometric mean of miR-186 and
miR-423, which are exosome-associated miRs that show stable expression levels (Fig. 3c).
In both analyses, pPCMV-MIR-1343-transfected HL-60 cells and exosomes released by them
contained substantially more miR-1343 than did VC cells and their exosomes. The two
analysis methods differ in the observed relative levels of the miR, but both indicate that
HL-60 cells can process and release high levels of mature miR-1343 into exosomes.
Notably, overexpression of miR-1343 had no measurable effect on transcript levels of the
target genes 7TGFBR1 or TGFBRZ2 within the transfected HL-60 cells, suggesting that its
function was directed to an extracellular compartment (Fig. 3d).

miR-1343-containing exosomes can be transferred between cell types

We next asked whether miR-1343-containing exosomes from over-expressing HL-60 cells
could be transferred to A549 lung epithelial cells or primary lung fibroblasts, as we showed
previously that these cells were highly responsive to miR-1343 (Stolzenburg et al. 2016).
HL-60 cells were electroporated with pCMV-MIR-1343 or empty VC plasmids and
incubated for exosome release as above. Three hours prior to purification, the culture media
was labeled with a membrane-intercalating dye, BODIPY TR Ceramide. Media without
HL-60 cells was also labeled as a negative control. Exosomes were then purified, excess dye
was removed, and A549 cells were directly treated with the labeled exosomes for 2 hours.
Cells were simultaneously counterstained with Calcein AM and Hoechst 33258 to label the
cytoplasmic and nuclear compartments, respectively, and then washed, fixed, and examined
by fluorescence microscopy (Fig. 4a-c’”). The A549 cells treated with both VC and
miR-1343 exosomes exhibited abundant BODIPY TR Ceramide labeling throughout the
cytoplasm (Fig. 4b”,c”), which is the expected cellular compartment for exosome uptake.
Confocal images show the Ceramide staining to be localized within the cell, particularly in
the same plane as the nucleus, indicating that exosomes were taken up by the cell and not
simply retained on the cell surface (Fig. 4d). In addition, an absence of staining was evident
in the negative control cells (Fig. 4a”), indicating the BODIPY TR Ceramide labeling was
due to uptake of exosomes and not unincorporated dye.

Next, to determine whether miR-1343 from exosomes could be transferred to recipient cell
types, HL-60 cells were electroporated and exosomes purified as above. Exosomes were
then serially diluted (to 1/125 fold) and incubated with A549 cells for 48 hours. RNA was
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isolated from the recipient cells, and levels of miR-1343 were measured via TagMan assay
(Fig. 4e). We found that miR-1343 expression strongly correlated with exosome dose (r2 =
0.974), with the highest dose exhibiting ~600-fold more miR-1343 compared to VC
exosomes. Similarly, primary lung fibroblasts treated with miR-1343-containing exosomes
also showed high levels of miR-1343 compared to the VC exosomes (Fig. 4f). These results
indicate that miR-1343 can be transferred between cell types via exosome secretion and
subsequent uptake.

Exosomes containing miR-1343 can repress fibrotic processes in recipient cells

To determine whether exosomal-miR-1343 is functional in recipient cells, we next assayed
Ab549 cells and primary lung fibroblasts for changes in miR-1343 targets following exosome
treatment. Exosomes were purified from VC- or pCMV-MIR-1343-electroporated HL-60
cells as above, and then dialyzed in phosphate buffered saline (PBS). This buffer exchange
was necessary to circumvent an observed down-regulation of TGFBR2 protein expression
associated with the exosome elution Buffer XE (Suppl. Fig. 4a), and did not result in
significant loss of exosomes (Suppl. Fig. 4b) or miR-1343 levels (Suppl. Fig. 4c). Following
dialysis, exosomes were immediately added to A549 cells in exosome-free medium and
incubated for 48 hours prior to RNA or protein extraction. RT-qPCR assays for 7TGFBR1
and 7GFBRZ, two known miR-1343 target genes (Stolzenburg et al. 2016), did not show
significant decreases in transcript levels (Fig. 5a). Similarly, miR-1343 exosomes had no
significant effect on TGFBR2 levels compared to VC exosomes in either cell type when
lysates from exosome-treated A549 cells and primary lung fibroblasts were separated by
SDS-PAGE and western blots probed with antibodies against TGFBR2 or GAPDH as a
control (Fig. 5b,b”).

Since miR-1343 delivered in exosomes could have a more subtle effect on target gene
expression than transfection of non-physiological levels of the miR, we predicted that
stimulation with TGF-B might be required to measure an effect. To investigate this
possibility, primary lung fibroblasts were treated with dialyzed exosomes as described above
and, approximately 20 hours later, TGF-B was added to the culture. Following 1 hr of TGF-$
treatment, cell lysates were resolved by SDS-PAGE and probed with antibodies specific for
pSMAD3 or total SMAD2/3 (Fig. 5¢,c”). Levels of pPSMADS relative to total SMAD3 were
significantly diminished in fibroblasts treated with TGF-p and miR-1343 exosomes
compared to the VC exosomes. Similarly, cell lysates treated with exosomes and TGF-f for
48 hrs were resolved by SDS-PAGE and probed with antibodies specific for TGFBR2 or
aSMA (Fig. 5d,d”). Induction of aSMA relative to GAPDH was significantly reduced
following TGF-p and miR-1343 exosome treatment. TGFBR2 levels trended toward an
increase with TGF-B and miR-1343 exosome treatment, though this did not reach statistical
significance. Though pSMAD3 and aSMA were not reduced to the same extent compared to
miR-1343 transient overexpression, these data are consistent with our results reported
previously (Stolzenburg et al. 2016), and suggest that miR-1343 delivered by exosomes can
diminish TGF-B signaling and induction of fibrotic phenotypes in recipient cells.
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DISCUSSION

The role of miR-1343 in reducing TGF- signaling and phenotypes associated with fibrosis
was demonstrated previously (Stolzenburg et al. 2016). However, previous experiments
relied on synthetic miR-1343 to study its function, and the contribution of the endogenous
miR was not investigated. Through deletion of the m/iR-13431ocus in A549 cells, we
demonstrate by RNA-seq that endogenous miR-1343 directly regulates multiple genes
involved in TGF- signaling and fibrosis. These include 7GFBR1, which is repressed by
miR-1343 overexpression (Stolzenburg et al. 2016) and increased by miR-1343 deletion and
conversely /GFBP3and CTGF, which are both upregulated by overexpression (Stolzenburg
et al. 2016) and decreased by deletion. As a direct target of miR-1343, the 7GFBR1 result is
consistent with predictions (Stolzenburg et al. 2016). Mutations in 7TGFBRI are evident in
Loeys-Dietz syndrome, which presents with skin, cardiovascular, and connective tissue
defects that are the reverse of fibrotic phenotypes (Loeys et al. 2005). IGFBP3 functions by
binding to insulin-like growth factors to regulate their activity, either promoting or
restricting cell growth based on context (Martin and Baxter 1986). Its expression is known to
be induced by TGF-p and is upregulated in Crohn’s disease and idiopathic pulmonary
fibrosis (Pilewski et al. 2005; Flynn et al. 2011; Schedlich et al. 2013). Our finding that
IGFBP3 stimulation by TGF-p is abolished in the absence of miR-1343 suggests a more
extensive role for the miR in regulating this gene, which likely occurs through indirect
mechanisms. CTGF is also induced by TGF-p and has a broad spectrum of roles in fibrosis
(Duncan et al. 1999; Xie et al. 2004; Brigstock 2010). Though CTGF is critically important
in development, as evidenced by the failure of null mice to survive, its overexpression
promotes fibrotic disease in a variety of organ systems (lIvkovic et al. 2003; Sonnylal et al.
2010). Contradictory to our predicted function of miR-1343 in reducing fibrosis and our
RNA-seq data, we find the miR to upregulate C7TGF expression by RT-gPCR. Data showing
that C7GF stimulation by TGF-p is mediated through the ERK and JNK pathways (Xie et
al. 2004) suggests that this effect may be due to parallel pro-fibrotic pathways that are
upregulated in response to downregulation of SMAD signaling.

RNA-seq of miR-1343A clones only identified a fraction of the number of DEGs seen in our
previous overexpression experiment (Stolzenburg et al. 2016). It is likely that some off-
target effects arose during over-expression of the miR. However, the substantial variation in
expression profiles of the NT clones, necessitating an additional comparison to non-clonal
Ab549 cells, may have further reduced the number of DEGs. Of note, others have also shown
that most microRNA deletions have a more subtle phenotype, or none at all (Miska et al.
2007). The relatively low expression of miR-1343 in human cells and its low conservation
across species predict a modest effect for this miR. Molecular redundancy of microRNAs
(families sharing similar targeting sequences, for example) and their apparent function in
fine-tuning (rather than complete abolition) of complex regulatory networks may explain
this phenomenon (Park et al. 2010; Lai 2015). Nonetheless, many miRNA knockouts exhibit
phenotypes under stress, suggesting that network buffering may mask the phenotype (Li et
al.; van Rooij et al. 2007; Simone et al. 2009; Park et al. 2010). In agreement, we find that
stimulation with TGF-B was required to reveal certain functions of miR-1343, as measured
through effects on SERPINEI (PAI-1), TGFBI, IGFBP3, and CTGF expression. This result
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illustrates that useful study of the effect of m/R-1343 deletion requires an appropriate
stimulus. Additional studies utilizing TGF-p treatment and other stressors may be required
to determine the full impact of miR-1343A on a cell.

Consistent with the importance of this miR in a disease-relevant cellular process, we find
that mature miR-1343 is processed by HL-60 cells and can be delivered to distinct cell types
via exosomes. These data describe the cellular fate of many molecules, including
microRNAs, mRNAs, and peptides, following their synthesis. This concept was proposed by
Valadi and colleagues, who found that exosomes, containing RNA from as many as 1300
genes, were secreted by one cell type and taken up by another (Valadi et al. 2007). Many of
the exosomal-RNAs were not found in the donor cell cytoplasm and were only translated
upon uptake. Similarly, the trafficking of miR-1343 into exosomes could prevent its ability
to function as a gene regulator in HL-60 cells. Gaining a better understanding of the types of
molecules that are shuttled into exosomes in different cell types will facilitate their
development as a medical tool for assaying biomarkers of disease (Properzi et al. 2013;
Sandfeld-Paulsen et al. 2016). Furthermore, learning how to manipulate the contents and
destinations of exosomes could have additional consequences for future therapies, not only
for fibrosis, but a variety of diseases.

Expression of miR-1343 from the pPCMV-MIR vector did not appear to have an effect on its
previously documented targets, 7GFBRI and 7TGFBRZ2in the host HL-60 cells.
Furthermore, we did not initially observe a significant effect of the miR following exosome
delivery to A549 cells and primary lung fibroblasts under resting conditions. However, when
stimulated with TGF-B, we detected significant changes in markers of fibrosis ()SMAD3
and aSMA) in the lung fibroblasts, though this effect was more subtle than found through
transient overexpression (Stolzenburg et al. 2016). Several theories may explain this. First,
the abundance of miR-1343 expressed from pPCMV-MIR is substantially lower than is
achieved by transient overexpression of the pre-miR. Second, the pre-miRs synthesized by
Life Technologies are probably chemically modified to increase their stability and
functionality (though this information is proprietary), while miR-1343 in this study was
expressed in its native form. Lipid-based transfection tends to force RNA into a cell, while
vector-based expression and exosome-mediated delivery is a more gentle process that may
affect miR compartmentalization and signaling capabilities. Tapering the amount of
transfected microRNA may solve some of these problems, though our results demonstrate
that this method is largely not ideal for assessing /n vitro miR function. Further refinement
of the exosome production, purification, and treatment methods described in this study are
necessary to fully address these questions.

Despite the current lack of a small animal model for studying the role of miR-1343 in
fibrosis, our data posit the miR as a compelling candidate for future therapeutic approaches.
Since miR-1343 is well-conserved in pigs (and was identified in exosomes from porcine
breast milk), a large animal model may be available to accurately study its role in TGF-p
signaling and pathways of fibrosis (Chen et al. 2012, 2014). Proper formulation of
miR-1343, as well as the identification of a robust delivery mechanism, will be required for
its use as a treatment. Several exosome- and nanoparticle-based delivery platforms are
currently under review in clinical applications (Alvarez-Erviti et al. 2011; Ohno et al. 2013;
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Wang et al. 2016). As these novel treatment technologies are advanced, miR-1343 stands out
as a promising candidate for both preventative and targeted therapies against diseases
involving overactive TGF-f signaling and fibrosis.
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Fig. 1. RNA-seq identifies pathways altered by miR-1343 deletion

a. Schematic showing PCR assays used to test for miR-1343 deletion and confirm PDHX
integrity following CRISPR/Cas9 genome editing. Two primer sets located external (1 + 4,
in red) and internal (2 + 3, in blue) to the guide RNAs (JRNAs, black bars) were used to
identify non-targeted (NT) and /miR-1343 deletion (miR-1343A) clones. PCR primers
spanning the deletion (5+6, in green) were used to confirm PDHX mRNA integrity. a’.
Clones 4, 9, and 12 show a product at 452 bp (and no wild type product at 623 bp) with the
external primers, and lack a product with the internal primers, indicating homozygous
deletion. RT-PCR reactions show normal splicing of PDHX exons 2 — 6 in all clones (figure
not to scale). b. miR-1343 expression levels measured by TagMan Advanced gRT-PCR assay
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in 3 NT clones and 3 miR-1343A clones. Values are normalized to the geometric mean of
miR-186 and miR-423 values. N.D.=not detected, *p<0.05 by unpaired Student’s #test. c.
Heatmap illustrating the relative expression of differentially expressed genes (DEGS) in NT
clones, miR-1343A clones, or non-clonal A549 cells. Each line represents a different gene.
d. Venn diagram of DEGs identified by RNA-seq between NT clones and A549 cells (light
grey), miR-1343A clones and A549 cells (medium grey), and miR-1343A clones and NT
clones (dark grey). The overlapping regions represent the number of DEGs shared between
groups. DEGs identified between NT clones and A549 cells were excluded from further
analysis. e.,f. DAVID gene ontology analysis of down-regulated genes (e) and up-regulated
genes (f) identified by RNA-seq following miR-1343 deletion.
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Fig. 2. Expression of genes downstream of TGF- are altered by loss of miR-1343
a-f’. Each pair of panels show gene expression levels in A549 cells measured by gRT-PCR

assays following treatment with TGF-p (5 ng/mL, +; grey bars) or vehicle control (—; black
bars) for 24 hours. The left panel (a-f) shows expression levels following transient
transfection of miR-1343 or negative control (NC) miRNA, n=3. The right panel (a’-f")
shows expression levels in A549 cells versus 3 independent miR-1343 deletion (miR-1343A)
clones, each assayed in triplicate (n=3). Ct values were normalized to beta-2-microglobulin
(B2M). (a,a’) TGFBR?Z. (b,b’) TGFBRI. (c,c’) SERPINEL. (d,c’) TGFBI. (e,e’) IGFBP3.
(f,f’) CTGF. For all panels, *p<0.05, **p<0.01, ***p<0.001, ****p=<0.0001, ns=not
significant by ANOVA and Tukey-Kramer post hoc test between TGF-p treatment groups. g.
Western blots of A549 lysates transiently transfected with miRs and treated with TGF-p as
above and probed with antibodies specific to TGFBR2, TGFBR1, and PAI-1 (protein
encoded by SERPINEI) or GAPDH as the loading control. h. Western blots of A549 cells
and 3 independent miR-1343A clones treated with TGF-f as above and probed with
antibodies as in (g).
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Fig. 3. miR-1343 is shuttled into exosomes produced by HL-60 cells
a. Western blot of lysates from HL-60 exosomes probed with an antibody specific for CD81.

Cells were electroporated with either the pPCMV-MIR vector control (VC) or pCMV-
MIR-1343 (miR-1343) and exosomes were collected from the media after 48 hours. b.,c.
miR-1343 levels measured by TagMan gRT-PCR assay in HL-60 cells electroporated with
VC or pCMV-MIR-1343 and corresponding exosomes. n=3. Values are normalized to a
standard curve (see methods) in (b) or to the geometric mean of miR-183 and miR-423 in
(c). d. TGFBRI (black bars) and 7TGFBRZ2 (grey bars) gene expression levels measured by
gRT-PCR assay in HL-60 cells following electroporation with VVC or pPCMV-MIR-1343 for
48 hours. Ct values were normalized to beta-2-microglobulin (B2M). n=6. For all panels,
*p<0.05, **p<0.01, ****p<0.0001, ns=not significant by unpaired Student’s Ztest.
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Fig. 4. Exosomes from HL-60 cells can be delivered to A549 cells
a-c’”. Ab49 cells treated with labeled exosomes. HL-60 cells were electroporated with

pCMV-MIR vector control (VC) or pCMV-MIR-1343 (miR-1343). Media was collected
after 48 hours and stained with BODIPY TR Ceramide (a”,b”,c”; red) for 3 hours prior to
exosome isolation. A549 cells were incubated with labeled exosomes and counterstained
with Hoechst 33258 (a,b,c; nucleus, blue) and Calcein AM (a’,b’,c’; cytoplasm, green) for 2
hours. The Merge panels (a’”,b’”,c’””) show Hoechst, Calcein AM, and BODIPY TR
staining. Scale bar = 50 um. d. Representative confocal image of A549 cells treated with
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labeled exosomes (red, shown by white arrows) as described in (a-c’”). The top and right
panels show cross-sectional views. Scale bar = 100 um. Colors as in (a-c’”). e.,f. miR-1343
levels measured by TagMan Advanced qRT-PCR assay (e) in A549 cells treated with HL-60
exosomes. Following purification, exosomes were serially diluted with elution buffer
(1=undiluted, 1/2=50% diluted, 1/5=80% diluted, etc.), directly added to A549 cells, and
incubated for 48 hours. Values are normalized to the geometric mean of miR-186 and
miR-423. R-squared (r2) value indicates the correlation coefficient. n=3. (f) In primary lung
fibroblasts treated with an undiluted dose of HL-60 exosomes as in (g). n=2.
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Fig. 5. miR-1343-containing exosomes reduce TGF- signaling and markers of fibrosis
a. TGFBRI1 (black bars) and TGFBRZ (grey bars) mRNA measured by gRT-PCR in A549

cells treated for 48 hours with exosomes purified from pCMV-MIR (VC) or pPCMV-
MIR-1343 (miR-1343) electroporated HL-60 cells. Ct values were normalized to beta-2-
microglobulin (B2M). n=4. ns=not significant by unpaired Student’s #test. b. Western blot of
lysates from A549 cells (left) and primary lung fibroblasts (right) treated with VC or
miR-1343 exosomes as in (a). Blots were probed with antibodies specific for TGFBR2 or
GAPDH as the loading control. b’. Proteins were quantified relative to GAPDH and are
expressed as fold change compared to VC, n=2. c-¢’. Western blot of lysates from primary
lung fibroblasts treated with VC or miR-1343 exosomes as in (a) and treated with TGF-B; (5
ng/mL, +; grey bars) or vehicle control (—; black bars) for 1 hr. (c) Blots were probed with
antibodies specific for pSMAD3 (phosphorylated [active] SMAD3), total SMAD2/3
(SMAD?2 larger form and SMAD3 below) or GAPDH. (c’) Proteins were quantified relative
to total SMAD3 and shown as fold change compared to VC +TGF-B, n=4. **p<0.01 by
ANOVA and Tukey-Kramer post hoc test between TGF- treatment groups. d-d’. Blots as in
(cc’) treated with TGF-B4 for 48 hrs, and (d) probed with antibodies specific for TGFBR2,
aSMA, or GAPDH. (d’) Proteins were quantified relative to GAPDH and shown as fold
change compared to VC +TGF-B. n=4. *p<0.05, ns=not significant by ANOVA and Tukey-
Kramer post hoc test between TGF-f treatment groups.
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