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32  Summary. The mechanical properties of tissues, which are determined primarily by their
33 extracellular matrix (ECM), are largely stable over time despite continual turnover of

34 ECM constituents ". These observations imply active homeostasis, where cells sense
35 and adjust rates of matrix synthesis, assembly and degradation to keep matrix and

36 tissue properties within the optimal range. However, the regulatory pathways that

37  mediate this process are essentially unknown®. Genome-wide analyses of endothelial
38 cells revealed abundant microRNA-mediated regulation of cytoskeletal, adhesive and
39  extracellular matrix (CAM) mRNAs. High-throughput assays showed co-transcriptional
40  regulation of microRNA and CAM genes on stiff substrates, which buffers CAM

41  expression. Disruption of global or individual microRNA-dependent suppression of CAM
42  genes induced hyper-adhesive, hyper-contractile phenotypes in multiple systems in vitro,
43  and increased tissue stiffness in the zebrafish fin-fold during homeostasis and

44  regeneration in vivo. Thus, a network of microRNAs and CAM mRNAs mediate tissue
45  mechanical homeostasis.

46

47

48

49 Cells sense physical forces, including the stiffness of their ECM, through

50 mechanosensitive integrins, their associated proteins, and actomyosin. These factors
51 transduce physical forces into biochemical signals that regulate gene expression and

52  cell function®®. Tissues maintain nearly constant physical properties in the face of

53  growth, injury, ECM turnover, and altered external forces (e.g. from blood pressure,

54 tissue hydration or body weight)"*°. These effects imply tissue mechanical homeostasis,
55 in which cells sense mechanical loads, due to both external and internal forces, and

56 adjust their rates of matrix synthesis, degradation and organization to keep tissue

57  properties constant. Cell contractility is critical in this process, as it is a key component of
58 both the stiffness-sensing regulatory pathways and of the matrix assembly process that
59  governs resultant matrix properties, including stiffness?®.

60 Mechanical homeostasis requires that integrin mechanotransduction pathways
61 mediate negative feedback regulation of the contractile and biosynthetic pathways to

62  maintain optimal tissue stiffness. That is, too soft/low force triggers increased matrix

63  synthesis and contractility, while too stiff/high force triggers the opposite. However, in
64  vitro studies have mainly elucidated positive feedback (or feed forward) circuits, where

65  rigid substrates or high external forces increase actin myosin contraction, focal
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adhesions and ECM synthesis’. This type of mechanotransduction signaling often
characterizes fibrotic tissues, where sustained contractility and excessive ECM
compromise tissue function. Very little is known about negative feedback pathways that
are therefore critical to establish proper stiffness/contractility in normal, healthy tissues.

MicroRNAs (miRNAs) regulate gene expression at the post-transcriptional level &
1% and often function to reduce fluctuations in protein levels caused by changes in
transcriptional inputs or extracellular factors. miRNAs therefore participate in regulatory
feedback loops that contribute to homeostasis in multiple contexts "', Studies of
miRNA regulation of biological processes often focus on a single or a few miRNA-target
gene interactions' . However, miRNAs appear to function within larger networks that
are likely critical for cellular functions'"'®.

miRNAs regulate target MRNAs via homologous base pairing. After transcription,
miRNAs are processed via the ribonucleases DROSHA/DRG8 and DICER? into mature
20-21 nucleotide (nt) hairpins that recognize abundant and conserved 7-8 nt miRNA
responsive elements (MREs) within mMRNAs. MREs reside mainly in the 3’ untranslated
regions (3’'UTR) of mMRNAs and base-pair with the 5" miRNA mature sequence (SEED
region)?'. The miIRNA-MRE pairs are recognized by the Argonaute2 (AGO2) protein
complex, resulting in mRNA destabilization and/or reduced protein expression®.

To investigate a potential role for miRNAs in mechanical homeostasis, we
analyzed miRNA-mRNA interactions transcriptome-wide using an AGO2- HITS-CLIP
approach?’. AGO2-bound miRNAs/mRNAs were isolated from two unrelated human
endothelial cells (EC) lines, which are known to respond to mechanical forces, including
ECM loads®** We exposed cultured human umbilical artery ECs (HUAECs) and human
venous umbilical ECs (HUVECSs) to UV light to cross-link protein-RNA complexes.
Subsequently, we immunoprecipitated AGO2-RNA complexes, digested unbound RNA
(schematic in Fig. 1a), and prepared cDNA libraries containing small (~30 nt AGO2-
miRNA) and large RNAs (~70 nt AGO2-target mRNA) (Fig. 1b). To identify conserved
AGO2 binding sites, we performed high throughput sequencing of three libraries for each
cell type and selected sequence reads shared in all six samples. We aligned these
AGO2 binding sites to human miRNA and genome databases, and identified 30-70 nt
interval (peaks) significantly enriched above background (p-value < 0.05, Fig. 1c and
methods). This analysis uncovered 316 AGO2-binding peaks within the 3’UTRs of 127
human genes. These peaks were preferentially located right after the stop codon or right

before the polyadenylation site (Fig. 1d and e, Supplementary Table 1), consistent with
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100  the enrichment of regulatory miRNA binding sites that destabilize mRNAs 2*. Importantly,
101  the human AGO2-binding peaks within these 30-70 nt sequences showed high

102  conservation across hundreds of species (Fig. 1e), suggesting functional significance.
103 Gene ontology (GO) analysis of AGO2-bound transcripts revealed that 73 of the
104 127 target mRNAs encode actin- and microtubule-associated proteins, focal adhesion
105 proteins, ECM proteins and functionally related regulatory proteins (Fig. 1f,

106  Supplementary Fig. 1a). We termed this group the cytoskeleton-adhesion-matrix (CAM)
107  genes. The dramatic enrichment of CAM transcripts in the AGO2 complex is not

108 accounted for by their abundance; indeed, the most transcriptionally active genes in
109  cultured ECs pertained to cell division (Supplementary Fig. 1b), which were under-

110 represented in the identified AGO2-binding transcripts. No significant GO terms were
111  associated with the remaining genes identified from the AGO2-HITS-CLIP.

112 We then searched for specific MRE sequences in AGO2-peaks localized in the
113  3'UTRs of the CAM transcripts. We identified 122 miRNA families from AGO2-HITS-
114  CLIP (Supplementary Table 2) that recognize one or more AGO2-CAM MREs (Fig. 1g,
115 Supplementary Table 3). Cytoscape software revealed a highly interconnected network
116  of miRNAs binding to CAM transcripts (Fig. 1g). Altogether, these data reveal pervasive
117 miRNA-mediated post-transcriptional regulation of multiple CAM genes in ECs.

118 CAM proteins are highly conserved and play crucial roles in virtually every cell
119 type, as determinants of ECM organization and tissue stiffness %. This important

120 function led us to hypothesize that the CAM mRNA-miRNA regulome is

121  mechanosensitive. To test this, we plated ECs on substrates of varying stiffness and
122  used a Sensor-Seq strategy26 to assess post-transcriptional regulation mediated by 97
123  selected MREs within 51 different CAM 3'UTRs (Supplementary Table 4). For this

124  purpose, we created an “MRE-sensor library”. Each AGO2-3'UTR-peak containing at
125 least one MRE was cloned downstream of an mCherry reporter in a bidirectional

126 lentiviral vector®’ that co-expressed a GFP transcript lacking a 3’UTR (schematic in Fig.
127  2a). miRNAs that target the MRE thus reduce mCherry levels and decrease the

128 mCherry/GFP ratio. ECs infected with this sensor library at low levels (to avoid multiply
129 infected cells) were seeded for 48 hours on substrates with rigidity of 3 kPa

130 (kilopascal) or 30 kPa, which approximate “soft” and “rigid” tissues®®, respectively (Fig.
131  2a, Supplementary Fig. 2a). miRNA activity on the MRE sensors was compared with the
132  steady state level of CAM proteins, CAM RNAs and miRNAs expression in the same
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133 cellular settings. Thus, proteomics, RNA and miRNA sequencing were assessed in

134  parallel (Fig. 2a).

135 To assess CAM-MREs sensor reporters, ECs were separated by fluorescence-
136  based sorting into bins according to the mCherry/GFP ratio, using an empty-Sensor as a
137  negative control (not suppressed) and a miR-125-Sensor as a positive control (strongly
138  suppressed). Thus, bins were defined as strongly suppressed, suppressed, mildly

139  suppressed, and not suppressed relative to these internal standards (Fig. 2b). Wild-type
140 ECs infected with our CAM-MREs Sensor library showed a broad distribution between
141 the suppressed and not suppressed bins, on both soft and stiff substrates (Fig. 2b).

142  Importantly, CRISPR/Cas9-mediated disruption of AGO2 diminished the miRNA levels in
143 CAM-MREs Sensor ECs (Supplementary Fig. 2b and c), and significantly increased the
144  population of ‘not suppressed’ cells (Supplementary Fig. 2d). Thus, miRNAs are required
145  for post-transcriptional inhibition of CAM-MRE Sensors.

146 Sensor vectors from sorted cells were then isolated from each bin and barcoded
147  using PCR primers that recognized each cloned CAM MRE and were compatible with
148  high throughput sequencing (Sensor-Seq). Combining global miRNA profiling and MRE-
149 reads from Sensor-Seq revealed strong correlations between suppression of CAM MRE
150 sensors and the level of the respective matching miRNAs (Fig. 2c). Notably, both miRNA
151 levels and CAM reporter suppression were present on soft substrate at baseline and
152  elevated in cells on stiff substrates (Fig. 2c). Interestingly, the levels of most CAM mRNA
153  and respective proteins were also generally higher in stiff conditions (Fig. 2c). These
154  results suggest transcriptional co-regulation between miRNAs and CAM mRNA targets
155  on stiff substrates. Thus, the CAM MRE-miRNA network has the characteristics of a

156  mechanoregulatory buffer of structural protein coding genes.

157 To evaluate the function of this miRNA regulatory network, we first examined
158 ECs lacking AGO2 or DROSHA, which have diminished miRNA levels (Supplementary
159  Fig. 2 b and ¢ and *°). We used immunofluorescence to detect F-actin, the focal

160  adhesion marker paxillin, and the mechanosensitive transcription factor YAP*®, and also
161 assayed for traction stresses using elastic substrates with embedded beads®'. Relative
162  to control cells, AGO2 mutant cells showed increased actin stress fibers, focal

163  adhesions, Yap nuclear localization and traction stress on both 3 or 30 kPa substrates
164  (Fig. 3a), as well as on polyacrylamide substrates over a wider range of stiffnesses

165 (Supplementary Fig. 3a and b). Consistent with these observations,

166 immunofluorescence analysis revealed that cell spreading and YAP nuclear activation
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were inversely correlated with AGO2 levels (Supplementary Fig. 3c¢). Furthermore,
proteomic analysis of AGO2 mutant cells showed increased levels of several CAM
proteins, reminiscent of the increased CAM levels in ECs plated on 30 kPa versus 3kPa
substrates (Fig. 3b and Supplementary table 5). Importantly, human dermal fibroblasts
deficient in AGO2 protein had similar hyper-adhesive and contractile behaviors, as did
ECs lacking DROSHA (Supplementary Fig. 3d and e). Together these data suggest that
the loss of miRNA-mediated suppression of mMRNAs increases CAM protein levels and
enhances cell contractility and adhesion in different cell types.

To further validate the function of the miRNA-CAM mRNA network, we disrupted
individual CAM-miRNA interactions. We chose nine of the mechanosensitive CAM
MREs (stars in Fig. 2c, and Supplementary table 6) in which the MRE was within 20 nt of
a protospacer sequence (PAM) and thus targetable by a guideRNA (gRNA) and Cas?9.
Genome-wide analyses of CAM MREs in ECs treated with gRNA/CRIPSR/Cas9
revealed insertions and deletions within the desired MRE region (Fig. 3c and
Supplementary Figs. 4 and 5). We found that mutation of individual CAM MREs de-
repressed CAM protein levels, as predicted for impaired miRNA-mediated suppression®,
and increased, to varying extents, cell area, YAP nuclear localization and/or traction
stresses (Fig. 3d, Supplementary Fig. 6a).

While multiple genes clearly contributed to each effect, the gene whose MRE
mutation gave the most consistent effects across multiple assays was Connective
Tissue Growth Factor (CTGF). CTGF is a matrix protein that modulates the interaction of
cells with the ECM®, suggesting that it is a component of a protein-based regulatory
network and likely functions via receptor-mediated signaling to control these functions.
Blocking CTGF miRNA-repression in ECs via a target protector RNA oligonucleotide or
MRE mutation had similar effects (Fig. 3d, Supplementary Fig. 6 a and b), providing
independent support. Notably, no single MRE mutation reproduced the strong phenotype
observed after AGO2 downregulation, suggesting that a network of miRNA-CAM mRNA
interactions mediates mechanical homeostasis in cells.

As a first approach to determine if the miRNA-mediated network functions at the
tissue level, we examined primary mouse dermal fibroblasts grown in a 3-dimensional
(3D) matrix. Cells suspended in attached fibrin gels contract and replace the fibrin with
their own matrix over about 5 days (Fig. 4a), providing a 3D model of cell behavior.
Transduction of these cells at passage 0 with a CRISPR/Cas9/gRNA virus targeting
AgoZ2 reduced Ago2 protein levels by ~50-60% (Supplementary Fig. 7a). Ago2-depleted
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fibroblasts grown in 3D matrix generated tissue constructs with reduced diameters but
no significant change in cell numbers (Fig. 4b). Immunostaining transverse sections of
these constructs confirmed the decreased diameter, based on staining with the
cytoskeleton protein Vimentin (Fig. 4c). We observed elevated staining for
phosphorylated myosin light chain, demonstrating that reduced Ago2 levels led to
increased myosin activation and contractility* (Fig. 4c). These data suggest that
reducing miRNA-dependent regulation stimulates contractility in fibroblasts in a 3D
setting.

We next tested whether miRNAs regulate mechanical homeostasis in vivo using
the zebrafish fin fold regeneration model*>. The fin fold is a non-vascularized appendage
comprised of a few layers of epidermis and fibroblast-like cells*®. Wounding triggers a
healing response mediated by a conserved and rapid matrix remodeling- and
actomyosin-based process that involves formation of a provisional matrix, inflammatory
cell invasion, cell migration, proliferation and resolution®’.

To investigate miRNA-dependent regulation of mechanical homeostasis in
zebrafish, we first examined embryos that carry a maternal zygotic homozygous
mutation in ago2 (mz ago2 -/-)*, which show reduced levels of Ago2 and of miRNAs
(Supplementary Fig. 7b). To evaluate miRNA activity in the fin fold of mz ago2 -/-
embryos, we co-injected an miRNA-sensitive GFP mRNA, containing three perfect miR-
24 MREs within the 3’UTR39, with an miRNA-insensitive mCherry control mMRNA. As
expected, mz ago2 mutants showed elevated levels of GFP, but not mCherry, when
compared to wild-type (WT) embryos, confirming reduced miRNA-mediated suppression
(Supplementary Fig. 7c). We then quantified tissue stiffness using atomic force
microscopy (AFM)-based nanoindentation on the central region of the fin fold. The
appearance of this tissue was indistinguishable between genotypes (Fig. 4d), ruling out
obvious developmental defects. However, the elastic modulus was ~30% higher in mz
ago?2 -/- than WT embryos, indicating increased mechanical rigidity (Fig. 4d).
Importantly, normal tissue stiffness was restored upon injection of in vitro transcribed
MRNA encoding human AGO2 (hsAGO2 mRNA), demonstrating that the stiffness of this
tissue is dependent upon the level of Ago2 (Fig.4d). Following amputation, mz ago2
mutants exhibited slower repair than WT embryos and mz ago2 -/- embryos expressing
hsAGO2 mRNA (Fig. 4e). WT and mz agoZ2 -/- wounds did not display differences in cell
cycle progression, detected by Proliferating Cell Nuclear Antigen (PCNA) staining®, or in

apoptosis, detected by TUNEL assay (Supplementary Figs. 8 a and b and 9a). These
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results support that miRNA-dependent suppression is required mainly to restrain tissue
stiffness and contributes to tissue healing in vivo.

Wounding triggers increased contractility and matrix rigidity as a rapid, first
response. According to our notion of mechanical homeostasis, these changes should
activate negative feedback mechanisms that restore mechanical equilibrium®. We
therefore examined matrix, actomyosin activation and the mechanosensitive
translocation of Yap® before and after wounding the zebrafish fin fold in WT vs. mz ago2
mutant. As expected®’, WT embryos showed increased staining for pMyosin, Ctgfa and

Fibronectin®**

in the wound area between 0.5 and 2 hours post amputation (hpa), (Fig.
5a and b, Supplementary Figs. 8 ¢ and 9a). In comparison, mz ago?2 -/- wounded fins
showed strikingly elevated and persistent pMyosin staining at both 0.5 and 2 hpa, and
higher Ctgfa and Fibronectin at 2 hpa (Fig. 5a and b, Supplementary Figs.8c and 9a).
Consistent with the increase in tissue stiffness (Fig.4d), mz agoZ2 -/- showed higher basal
Yap nuclear localization compared to WT embryos that further increased at 0.5 hpa and
persisted at 2 hpa after wounding (Fig.5¢c and Supplementary Fig. 9b). Thus, loss of
miRNA-mediated suppression leads to an exaggerated mechanical response and
impaired mechanical resolution during wound healing.

To correlate these effects to regulation of individual CAM genes, we generated
zebrafish embryos carrying mutations in the two 3’'UTR MREs of the ctgfa gene
(Supplementary Fig. 8 d and e). These MREs are conserved in the human CTGF 3’
UTR, and their mutation had the largest effect in vitro (Fig. 3d, Supplementary Figs. 4
and 6). Accordingly, a GFP sensor mRNA bearing a ctga 3’'UTR fragment showed
reduced expression in WT relative to mz ago2 -/- embryos (Supplementary Fig. 8 d),
which required the MRE sites (Supplementary Fig. 8 d). These results support miRNA-
dependent inhibition of ctgfa via the MREs in zebrafish. We found that zebrafish with
mutated ctgfa MREs showed persistent p-myosin activation compared to WT by 2 hpa
(Fig. 5b), consistent with the induction of Ctgfa at 2 hpa in the mz ago2 mutant (Fig. 5a).
However, no other differences were detected in the ctgfa MRE mutant embryos (Fig. 5a-
¢, and Supplementary Figs.8 a-c and 9). These results support that post-transcriptional
regulation of ctgfa contributes to specific Ago2-mediated mechanical effects within the
MiRNA-CAM mRNA network.

Discussion
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We report that an unbiased analysis of miRNAs and their target genes in
endothelial cells, together with functional assays in several biological systems, reveal the
existence of a mechanosensitive miRNA-based program that counteracts cell adhesion,
cytoskeletal, contractile and matrix protein expression. This system is highly conserved,
functioning in several cell types, across multiple species, and with evidence of high
evolutionary conservation. Importantly, most of the protein-coding genes for synthesis
and assembly of stiff ECM are targeted by miRNAs on stiff substrates. Thus, a “buffer” is
generated, in which increased matrix stiffness not only upregulates cytoskeleton-
adhesion-matrix gene transcription, but also upregulates miRNA-mediated suppression
of cytoskeleton-adhesion-matrix transcripts. This miRNA-regulome has the molecular
and functional characteristics of a homeostatic mechanism in which changes in cell
contraction and matrix are counteracted to maintain normal tissue stiffness (Fig. 5c¢).

A network-mediated mechanism for stiffness homeostasis, rather than regulation
of one or a few CAM genes, would be expected to increase the robustness of the
system. Multiple miRNAs can regulate a large cohort of CAM genes via different MREs,
while different cell types can do so by controlling expression and processing of tissue
specific mature miRNAs*"*3. We speculate, however, that these miRNA networks are
likely to be sub-elements within a larger and more robust network of negative and
positive circuits, connected by multiple nodes, that mediate tissue homeostasis over the
multiple decades of human life*. Such nodes could develop within a hierarchy of
epigenetic factors in which, for example, the activation of YAP/TAZ and its direct target
gene CTGF, may be one of the upstream components.

A role for miRNAs in tissue mechanical homeostasis is supported by the
widespread de-regulation of miRNAs in lung, renal, cardiac and liver fibrosis, including
miRNAs that target ECM proteins*>*’. Idiopathic lung fibrosis is also linked to reduced
levels of miRNAs that target ECM, cytoskeletal and TGFp pathways genes “**°. All of
these studies reported reduced levels of miR-29 species, in contrast to our finding that in
normal cells, miR-29 species are increased on stiff substrates. These results are
consistent with the notion that fibrotic disease involves disruption of normal stiffness
miRNA-dependent homeostasis®'.

miRNA-dependent post-transcriptional regulation of structural proteins provides
a concrete molecular mechanism that can explain how healthy tissues sustain optimal
mechanical properties. These findings are therefore an important step toward

understanding the initial pathological alterations resulting in fibrotic and related diseases.
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Characterizing the stiffness-dependent RNA metabolism of cytoskeleton and matrix
transcripts, their possible regulation under other physical forces, and elucidating the
complete regulatory network that mediates long-term mechanical robustness are the

essential tasks for future studies.

10
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Methods
Cell Culture

Human umbilical vein endothelial cells (HUVECs) and human umbilical artery
endothelial cells (HUAECs) were purchased from Cell Applications Inc. (Cat # 200-05n
and Cat #202-05n). Endothelial cells were cultured on tissue culture dishes coated with
0.2% wl/v gelatin (10 min at room temperature in PBS, Sigma) in endothelial cell growth
medium (EGM Bullet Kit, LONZA). For HITS-CLIP assays, cells were used at P3 (split
1:3 and 1:5) before UV crosslinking. For other assays, cells were split 1:3 twice per week
and used until passage 5. Human dermal fibroblasts (HDFs) from normal donors were
purchased from ATCC (Cat #PCS-201-010, Lot# 63014910) and cultured on 0.2% w/v
gelatin-coated dishes in fibroblast growth medium (Fibroblast Growth Kit-Low Serum,
ATCC, PCS-201-041). HDFs were split 1:10 twice per week and used until passage 6.

Primary fibroblasts

Primary dermal fibroblasts for 3D fibrin gel assays were obtained from 5 to 8
week old C57BL/6 mice (Envigo, UK). All procedures were in accordance with UK Home
Office regulation and UK animals (Scientific Procedures) Act of 1986 for the care and the
use of animals. Mice were sacrificed by a schedule 1 procedure by trained personnel.
Mouse hair was removed with a hair clipper and skin dissected in Hank’s buffer
supplemented with antibiotic and antimycotic solution (Sigma). Fat and excess
connective tissues were removed, the dermis was minced with a scalpel and digested in
buffer containing 0.25% trypsin without EDTA (Gibco), collagenase IV (4mg/mL
(Worthington) and calcium chloride (0.3mg/mL, Sigma) for 3 hours at 37°C with frequent
agitation during the last hour. After mechanical dissociation, cells were passed through a
cell strainer (100 pm, Fischer Scientific) to remove debris and hairs. Cells were
centrifuged at 1800 rpm for 5 minutes, resuspended in DMEM supplemented with 10%
Fetal Bovine Serum (Sigma), Penicillin (100U/mL), Streptomycin (100 ug/mL) (Gibco)
and 1% L-glutamine, and seeded in 75cm? tissue culture flasks. Medium was changed at

3 hours and subsequently changed once a day.

AGO2-HITS-CLIP

HITS-CLIP experiment was performed as previously described 2. Three

independent replicas were analyzed for each cell line (HUVEC and HUAEC). For each

replica, five 10 cm dishes of sub-confluent endothelial cells (ECs) in EGM Bullet Kit
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supplemented media (LONZA) were UV crosslinked two times with 400mJ/cm? in
Stratalinker (model 2400, Stratagene), lysed and treated with DNase (1:1000 Promega
RQ1 DNase) and RNase T1 (1:100, Thermo Fisher). Cell lysates and Protein A
Dynabeads (Invitrogen) complexed with Ab-panAGO-2A8 (MABE56 Millipore) were
incubated at 4°C for 4 hours. Beads were subsequently washed and ligated with 3’ -P32
radiolabeled linker (RL3: 5-PGUGUCAGUCACUUCCAGCGG-3’). SDS-PAGE was
performed using NuPage 4-12% Bis-Tris Gel (NP0321 Invitrogen), and proteins were
transferred onto Pure Nitrocellulose membrane (BioTrace) using NUPAGE transfer buffer
according to manufacturer’s instructions. High performance autoradiography film was
exposed overnight at -80°C. The bands corresponding to AGO2-miRNAs (~110 kDa),
and AGO2: RNA (~130 kDa) were cut and treated with proteinase K (Roche) to degrade
proteins. RNAs were extracted and purified via phenol-chloroform, then a 5’-linker
oligonucleotide (RL5: 5-AGGGAGGACGAUGCGG-3’) was ligated to the ends. cDNA
libraries were generated using DNA oligos complementarity to RL3 and SuperScriptlll
reverse transcriptase (Invitrogen) according to manufacturer’s instructions. Products
were then PCR amplified using specific primers (DP5: AGGGAGGACGATGCG, DP3:
GCCGCTGGAAGTGACTGACAC) and purified via agarose PAGE 1% using a Gel
extraction kit (Qiagen). A second round of PCR was performed, using custom lllumina
Hi-Seq primers with three different barcodes to multiplex the libraries (DSFP5 5’ to 3’
sequence: AATGATACGGCGACCACCGACTATGG, DSFP3-Index1:
CAAGCAGAAGACGGCTATCGAGATTGGTCAGTGACTGGAGTTCACCGCTGGAAGT
GACTGACAC, DSFP3 5’ to 3’ sequence -Index4:
CAAGCAGAAGACGGCTATCGAGATCGTGATGTGACTGGAGTTCACCGCTGGAAGT
GACTGACAC

DSFP3 5’ to 3’ sequence -Index8
CAAGCAGAAGACGGCTATCGAGATTCAAGTGTGACTGGAGTTCACCGCTGGAAGT
GACTGACAC). Products were PAGE purified using the Gel extraction kit, and libraries
were analyzed by the YCGA Sequencing facility using a customized lllumina primer
(SSP1 5 to 3’ sequence: CTATGGATACTTAGTCAGGGAGGACGATGCGG).

Data Analysis
Human AGO2 peaks were called using Piranha peak caller (version 1.2.1)%,

Prior to aligning sequencing reads, the raw data were analyzed for quality steps to

reduce artifacts: adapters were removed from raw reads, filtered according to quality
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scores and exact sequence duplicates were collapsed. Remaining reads were aligned
using STAR RNA-seq aligner (version 2.4.1a)*® using UCSC hg19 reference human
genome. A minimum of 10 bases matched was enforced, only unique reads were used,
and a maximum of 3 mismatches were allowed. Replicates were merged using Samtools
(version 1.2) * and the aligned reads were analyzed with Piranha using a bin size of 30
bp. All identified peaks with p-value less than 0.05 were mapped to Gencode version 22
annotation.

Conservation between artery and vein samples was calculated for each identified
peak using PhastCons 100 conservation scores. Using Piranha peaks with a 30bp bin
setting, a Wilcoxon rank sum test was performed to compare the difference in
distribution of conservation score across samples.

For microRNA identification, reads were aligned using Novoalign (Novocraft,
http://www.novocraft.com/products/novoalign/) against human microRNA sequences
from miRBase (release 21)*°. The miRNA expression levels were quantified as the
number of reads mapped to individual miRNA genome sequence and normalized to the
total number of mapped reads in miRbase per million (RPM). Endothelial microRNAs
identified in AGO2-HITS-CLIP were divided into families based on 8mer SEED regions.
Using TargetScan software *°, these microRNA SEED families were associated to the
AGO2-HITS-CLIP peaks based on the putative MRE.

To test expression of CAM vs. other genes in cultured ECs, we examined
previously published microarray data performed in freshly isolated versus cultured
HUVEC and HUAEC (GEO ID: GSE43475) . Standard microarray analysis for
differential gene expression (DEG) was performed using Bioconductor library of
biostatistical packages (http://www.bioconductor.org/) and specific packages simplyaffy

(http://bioinformatics.picr.man.ac.uk/simpleaffy/) and limma *°.

CRISPR/Cas9 strategy to generate mutant primary cells
To mutate AGO2 in HUVECs and HDFs, a pLentiCRISPR vector containing an

AGO2 or a non-targeting guide RNA (control, which doesn’t target know mouse or

human genome sequences) was used (AGO2(Fw): 5'-
CACCGGGGGCCGGCTCCCGAGTACA-3’, AGO2(Rv):5'-
CACCGGCGTTACACGATGCACTTTC-3’) (NT(Fw): 5-GCGAGGTATTCGGCTCCGCG,
NT(Rv): 5-CGCGGAGCCGAATACCTCGC-3’). Lentiviruses were generated by
transfecting Lenti-X 293T cells (Clontech) (10cm dishes) with packaging vectors (2.5ug
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VSV; 5ug pxPAX2, Addgene) and the pLentiCRISPR DNA vector (7.5ug) using
lipofectamine 2000 (Invitrogen). Virus containing supernatant was collected 36 and 60
hours post transfection. In Supplementary Fig. 2b shows a schematic of approach. Cells
were infected with pLentiCRISPR virus containing AGO2 gRNAs or non-targeting
gRNAs in the presence of polybrene (8 ug/ml). To generate cells with mutant MREs,
similar vectors were generated to target the selected MRE sequences identified in the
AGO2 HITC-CLIP experiment and confirmed via Sensor-seq. The complete lists of
genes and gRNAs are reported in Supplementary Table 6. Cells were cultured for 7-10
days (up to a maximum of passage 5) prior to seeding on gels for immunostaining or
traction force microscopy. Reduced AGO2 expression was confirmed by Western blot at
7 and 10 days post-infection. Cells were lysed in RIPA buffer with protease and
phosphatase inhibitor cocktail (Roche) on ice. Samples were loaded onto 8% or 4-12%
SDS-PAGE gels and run 2h at 130 V. Transfer was performed using Tris-
Glycine/Methanol buffer on Immun-Blot PVDF membrane (Biorad). Membranes were
blocked with 10% milk for 2 hours and incubated with rabbit anti-AGO2 (Cell Signaling)
and mouse anti-gActin (Santa Cruz) in 2% milk overnight at 4°C. After washing,
membranes were incubated with secondary antibody anti-mouse-HRP and anti-rabbit-
HRP (Santa Cruz) for 1h. For blots of other proteins following MRE mutation, target
protector or knockdown, membranes were blocked with 5% w/v BSA in PBS 0.1%
Tween for 1 hour and incubated with primary antibody for RhoB (1:200, sc-8048, Santa
Cruz), CTGF (1:1000, ab6992, Abcam), Vinculin (1:2500, V9131, Sigma-Aldrich),
STMN1 (1:10000, ab52630, Abcam), DROSHA (1:5000, ab183732, Abcam), or GAPDH
(1:4000, 2118, Cell Signaling) overnight at 4°C. After washing, membranes were
incubated with secondary antibody anti-rabbit-HRP or anti-mouse-HRP (1:4000, 7076P2
and 7074S, Cell Signaling) for 1 hour at room temp in 5% BSA TBS-T. After washing,
blots were developed with super signal west pico chemiluminescent substrate (Thermo)
using a SYNGENE G-Box imager.

For single CAM MRE mutations, T7 Endonuclease | assay®® was first used to
verify the occurrence of indels in the MRE sequence as described in manufacturer’s
protocol (New England BioLabs)(data not shown). Then, single amplicons of ~300 bp
were generated using primes equidistant from the putative region of mutation. PCR
amplicons were combined and sent to Yale Sequencing Facility for MiSeq 2x250
analysis. After lllumina sequencing, single amplicons were demultiplexed and single

reads were used for msa (Multiple sequence alignment) against the wild-type sequence
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444  using R msa packageBO. The frequency of each mutation was calculated as total reads
445  for each CAM gene mutation divided the sum of all the reads aligned to specific CAM
446 gene, and plot as bar plot.

447 To mutate Ago2 in mouse fibroblast, pLentiCRISPRV2 (Addgene) vectors

448  containing Ago2 or non-targeting guide RNAs (control, as above) were used. PO

449  fibroblasts at 80% confluence were infected with lentivirus containing either non-

450 targeting or Ago2 guide RNA in the presence of 4mg/mL polybrene for 16 hours. Culture
451 medium was changed and cells were incubated for 72 hours. Infected cells were

452  selected in medium with 0.5 ug/mL puromycin for 48 hours (this concentration efficiently
453  Kkills all control cells) and then cultured for another 96 hours before use in matrix

454  constructs. Reduced Ago2 expression in mouse fibroblasts was confirmed by Western
455  blot of protein extracts from the matrix constructs at 5 days. Matrix constructs were

456  washed with cold PBS and immediately immersed in liquid nitrogen. Frozen constructs
457  were then homogenized with metallic beads in a Bullet Blender (Strom 24, Next

458  Advance) in protein extraction buffer (1.1% Sodium dodecyl sulphate, 0.3% sodium
459  deoxycholate, 25mM dithiothretol, in 25mM ammonium bicarbonate with Complete anti-
460 protease and anti-phosphatase, Roche). Protein samples were loaded in a 4-12% Nu-
461  Page pre-casted gel (ThermoScientific) for electrophoresis (200V, 50 minutes). Transfer
462  was performed using Tris-Glycine/Methanol buffer on nitrocellulose membrane (Biorad).
463 The membrane was then blocked for 1 hour with Odyssey PBS blocking buffer (LiCor
464  biosciences) and incubated overnight with 2 primary antibodies against Ago2 (Cell

465  Signaling) and beta-actin (Abcam) at 1/5000. After extensive rinsing in PBS-Tween, the
466 membrane was incubated with 2 secondary antibodies: AlexaFluor 680 anti-mouse to
467  detect a-actin and AlexaFluor 800 anti-rabbit to detect a-Ago2 (both from

468  Thermoscientific, 1/15000). The membrane was scanned with an Odyssey CLX NIR
469 scanner (Licor biosciences) and fluorescence intensity of the bands quantified with the

470 Image Studio software (Licor biosciences).

471
472  shRNA knockdown of DROSHA and miRNA Target Protector for CTGF
473 Knockdown of DROSHA was performed using Dharmacon shRNA

474  SMARTvectors (GE Healthcare). Lentivirus was prepared in Lenti-X 293T cells as

475  before using a non-targeting negative control shRNA (5'-CCTAAGGTTAAGTCGCCCT-
476  3') and two shRNAs directed at DROSHA (shDRO#1, 5'-ACCAATGCCTTGTCCTAAT-
477  3) (shDRO#2, 5'-GCAAAGGCATGATTGTTAC-3'). Experiments were performed with
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shDRO#2 since it achieved ~95% knockdown at 5 days post infection. DROSHA
knockdown was verified by immunoblot as before with DROSHA antibody (Abcam,
ab183732, 1:5000 in 5% BSA).

Disruption of the miRNA-MRE interaction with the CTGF gene was performed
using a miScript Target Protector (Qiagen) directed at the MRE within the human CTGF
gene. The CTGF target protector (CTGF_1_TP, Cat#MTP0079186, 5'-
AACTAGAAAGGTGCAAACATGTAACTTTTG-3'") or the Negative control target protector
(Cat#MTP0000002) were transfected into P2 HUVECs at 20nM using Lipofectamine
RNAiMax (Invitrogen) in OPTI-MEM (Gibco) with 4% FBS (Sigma). CTGF increases
post transfection were verified by immunoblot as before with a CTGF antibody (Abcam,
ab6992, 1:1000 in 5% BSA).

PDMS and Polyacrylamide Substrates

Polydimethylsiloxane (PDMS) substrates were cast in the bottom of 10cm tissue
culture dishes or #1.5 cover-glass bottomed 35mm Mattek dishes (for imaging studies).
Soft (3kPa) gels were made using a 1:1 ratio (by weight) of PDMS component A and B
(CY 52-276 A and B, Dow Corning), degassed for 30 minutes in a vacuum desiccator,
and cured for 24 hours at room temperature. Stiff (30kPa) gels were made using a 40:1
ratio (by weight) of Sylgard 184 components B and C (SYLGARD 184, Dow Corning),
degassed for 30 minutes and cured for 3 hours at 70°C. Prior to seeding, gels were
washed with PBS, sterilized with UV for 20 minutes, and coated with bovine plasma
fibronectin (10pug/ml in PBS) overnight at 4°C.

Polyacrylamide gels were prepared using a protocol modified from previously
published methods in ref ®'. Briefly, 30-mm glass bottom dishes were activated with
glacial acetic acid, 3-(trimethoxysilyl) propyl methacrylate, and 96% ethanol solution
(1:1:14 ratio, respectively) for 10 minutes in room temperature. For fibronectin protein
conjugation (1mg/ml) on the polyacrylamide gel, acrylic acid N-hydroxysuccinimide ester
was partially mixed as a substitute of acrylamide. Each stiffness was prepared with the

ratio in the table below which was previously reported by ref ¢'.

Stiffness 40% aa | 2% bis-aa | 60% NHS | Citric buffer (pH 4) | APS TEMED
(Pa) (ul) (ul) acrylate (ul) (ul) (ul) (ul)

490 45 7.5 33 394 20 1

1551 56.3 10 42 372 20 1

5083 84 11 62 323 20 1
13380 84.4 25 63 308 20 1
17765 85 40 63 292 20 1
30027 135 37.5 100 208 20 1
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RNA, miRNA and Sensor-seq library preparation

Total RNA was extracted from three replicates of cultured HUVEC cells seeded
on 3kpa or 30kpa PDMS using TRIzol reagent (Life Technologies) according to the
manufacturer’s protocol. For mRNA libraries, total RNA was treated with DNA-free
DNase (Ambion) and 500 ng of treated RNA was used to prepare Lexogen QuantSeq 3'
MRNA-Seq FWD libraries for lllumina deep-sequencing according to the manufacturer’s
protocols using the i7 barcode indices. Libraries were amplified with 12 PCR cycles.
miRNA libraries were prepared from 1ug of total RNA using the NEBNext® Small RNA
Library Kit (NEB) following the gel size selection method in manufacturer’s protocol and
submitted for lllumina sequencing. For Sensor-Seq library, a customized oligonucleotide
library was synthetized by Integrated DNA Technologies (IDT). The sequence of each
individual oligonucleotide was obtained from the piranha analysis (see Supplementary
Table 4) extending the genomic coordinate of each peak by 20 nucleotides at the 3 and
5 prime region. 97 peaks with at least 1 predicted MRE, representative of 51 CAM genes
were selected. In addition, all the sensor oligonucleotides contained restriction enzyme
sites, Ascl and Nhel, to allow for PCR base amplification and cloning. The library of
oligonucleotides was resuspended in 480 ul of water, diluted 1:100 and PCR amplified
as follows: in a 50 ul reaction, 10 ul 5X Phusion HotStart || HF Buffer, 1 ul 10 mM dNTP,
2.5 ul 10 mM Ascl forward (5’ - GGCCATCTGGCGCGCC ) and Nhel reverse primers
(5- GGCCGATAAGCTAGC), 1 ul of diluted library, 1 ul DMSO, 0.5 ul Phusion HotStart
Il Polymerase. Cycling parameters were: 98°C for 2 min, 20 cycles of 98°C for 20 sec,
63°C for 20 sec, 72°C for 20 sec and 72°C for 2 min. PCR-amplified libraries were
purified using a PCR purification kit (Qiagen) and double digested for 2 h at 37°C.
Sensor-seq backbone?’ containing a bidirectional promoter for UbC upstream of copGFP
and mCherry genes, was kindly provided by Dr. Jun Lu, Yale University. After sensor
backbone digestion with Ascl and Nhel, the MRE oligo library was cloned into the 3’UTR
of mCherry. Ligation was performed in 20 ul reactions containing 50 ng vector, 3 ng
insert, 2 ul 10x T4 Ligation Buffer, 2500 U T4 DNA Ligase (Promega), incubated 16 h at
16°C. After transformation into DH5a., colonies were collected, and a pool of plasmids
was prepared using a Maxi prep kit (Qiagen).

Lentiviruses for expression of the CAM-MRE Sensor library were generated by

transfecting Lenti-X 293T cells (10cm dishes) with packaging vectors (2.5ug VSV; 5ug
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541 pxPAX2) and the DNA vector library (7.5ug) with lipofectamine 2000 (Invitrogen). For
542  FACS analysis additional control lentiviruses expressing GFP alone, mCherry alone,
543  miRNA sensor lacking a MRE (Empty-Sensor plasmid, negative control), and miRNA
544  sensor with a synthetic MRE for miR125 (miR125-Sensor plasmid, positive control) were
545  used.

546
547 RNA and miRNA seq data analysis
548 Data analysis for RNA and miRNA seq was performed using STAR alignment

549  software and R software environment for statistical computing (http://www.r-project.org/).

550 Total RNA and microRNA were aligned against the human genome version GRCh38
551 using the GENCODE 22 transcript annotation, using STAR alignment software with
552  same parameters used for the ENDOCE project (www.encodeproject.org)

553  After alignment, differential gene expression (DEG) of RNAs or miRNAs between ECs
554 seeded on 30 and 3 kPa substrates was computed using the negative binomial

555  distributions via edgeR using standard parameter Genes®®. The levels (log 2 Fold
556 Change) of CAM RNAs and SEED matching miRNAs to CAM-MRE sensors, were
557  combined and represented in the CIRCOS plot.

558
559 FACS and Sensor-Seq Analysis
560 For FACS experiments, cells were infected with low levels of the library or control

561 lentivirus in the absence of polybrene to avoid multiply infected cells (10-20% of cells
562 infected). After 48 h, cells were trypsinized and seeded onto soft (3kPa) or stiff (30kPa)
563 fibronectin-coated PDMS dishes at low density (150k cells per 10cm dish) for 2 days.
564  After 2 days on PDMS gels, cells were washed once with PBS, trypsinized, centrifuged
565 for 5 min at 300xg, and re-suspended in PBS at 500k cells per ml immediately before
566 FACS analysis. Infected cells were sorted on a BD FACSAria Il and analyzed with

567 FACSDiva 7. Four sorting gates were set based on the 2 control plasmids (Empty-

568 Sensor and miR125-Sensor). The upper limit bin (Not Suppressed) was designed to
569  contain 90% or more events/cells infected with the Empty-Sensor and less than 0.5% of
570 events for the miR125-Sensor. Conversely, the lower two bins (Strongly Suppressed and
571  Suppressed) were designed to contain 90% of events coming from cells infected with
572  miR125-Sensor, in a ratio close to 3:2 (~60% of events in Strongly Suppressed bin and
573  ~40% of events in Suppressed). The 3rd bin (Mildly Suppressed) was set between the

574  Not Suppressed and the Suppressed bins. For clarity, the contour plot represents the
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total percentage of event in each single bins, grouped in “island” of 15% probability were
shown for the Empty-Sensor, miR125-Sensor, Sensor-Library at 3 kPa and Sensor-
Library at 30 kPa.

After sorting of cells into each bin, genomic DNA was isolated using the DNeasy
Blood & Tissue Kit (Qiagen) and the MREs were PCR amplified using specific forward
primers to barcode each bin:
strongly suppressed 5’- AGCACTCGAGCTGTACAAGTAGTG- 3,
suppressed 5-TCGGAACGAGCTGTACAAGTAGTG- 3,
mildly suppressed 5’- CCAGTACGAGCTGTACAAGTAGTG- 3’ and
not suppressed 5- GACATCCGAGCTGTACAAGTAGTG - 3’, and the reverse primer
5- TGTAATCCAGAGGTTGATTATCG. The PCR protocol used was: in 50 ul reaction,
10 ul 5X Phusion HotStart || HF Buffer, 1 ul 10 mM dNTP, 1 ul 10 mM 5’and 3’primers,
100 ng genomic DNA, 0.5 ul Phusion HotStart Il Polymerase. Cycling parameters were:
98°C for 2 min, 35 cycles of 98°C for 20 sec, 59°C for 20 sec, 72°C for 20 sec and 72°C
for 5 min. Library were purified on a 1% agarose gel using gel extraction kit (Qiagen).
The primers used contain barcodes for multiplexing (underline sequences) and were
designed to hybridize with Illumina sequencing.

Computational analysis of Sensor-seq was performed using R software
environment for statistical computing, using customized pipeline. First, the number of
reads for each sensor-MRE were normalized by dividing by the total number of reads in
the entire experiment. This was then multiplied by one million to get the Reads Per
Million (RPM) for each sensor. To calculate the frequency of sensor-MREs in each bin,
the RPM was divided by the total RPM for all 4 bins of the experiment for that
sensor. This gave frequency values for each MRE in each bin at each stiffness. MREs
that showed a dominant bin (with frequency values above 0.375, i.e. non-random) were
compared at 3 vs. 30 kPa. In Figure 2c CAM MREs were then plotted based on the
reproducible tendency to be enriched in the same bin at a given stiffness but not the
other for 3 independent experiments. MREs that shifted towards a more suppressed bin
on 30kPa compared to 3kPa were plotted as CAM-MRE 30kPa (bottom left of plot).
MREs that that shifted towards a more suppressed bin on 3kPa compared to 30kPa
were plotted as CAM-MRE3kPa (upper right of plot). RNA-seq (red) and Proteomics
(green) data for each of these proteins was also plotted and linked with the miRNA-seq
(for miRNAs predicted to bind to these particular MREs). The regulation of CAM-MREs
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by miRNAs (stars in the Figure 2c) was further validated by individual MRE mutagenesis

followed by functional assays.

Mass spectrometry sample preparation and analysis

Cells were lysed in 25 mM ammonium bicarbonate (AB) buffer containing 1.1 %
sodium dodecyl sulfate (SDS, sigma), 0.3 % sodium deoxycholate (Sigma), protease
inhibitor cocktail (Sigma), phosphatase inhibitor cocktails (Merck). Six 1.6 mm steel
beads (Next Advance Inc.) were added to the tube and samples were homogenized with
a Bullet Blender (Next Advance Inc.) at maximum speed for 2 minutes. Resulting
homogenates were cleared by centrifugation (12 °C, 10000 rpm, 5 minutes).
Immobilized-trypsin beads (Perfinity Biosciences) were suspended in 150 uL of digest
buffer (1.33 mM CacCl,, Sigma, in 25 mM AB) and 50 pL of cell lysate and shaken
overnight at 37 °C in a Thermocycler at 1400 rpm. The resulting digest was then
reduced by the addition of 4 uL of 500 mM dithiothreitol (DTT, Sigma, in 25 mM AB; 10
min. shaking at 1400 rpm at 60 °C) and alkylated by the addition of 12 yL 500 mM
iodoacetamide (Sigma, in 25 mM AB; 30 min. shaking in the dark at room temperature).
Immobilized trypsin beads were removed by centrifugation at 10,000 rpm for 10 min.
Supernatant containing reduced, alkylated peptides were transferred to 1.5 mL ‘LoBind’
Eppendorf tubes and acidified by addition of 5 yL 10 % trifluoroacetic acid (Riedel-de
Haén) in water, and cleaned by two-phase extraction (3 x addition of 200 uL ethyl
acetate, Sigma, followed by vortexing and aspiration of the organic layer). Peptides were
desalted, in accordance with the manufacturer’s protocol, using POROS R3 beads
(Thermo Fisher) in accordance with the manufacturer’s protocol and lyophilized. Peptide
concentrations (measured by Direct Detect spectrophotometer, Millipore) in injection
buffer (5 % HPLC grade acetonitrile, Fisher Scientific, 0.1% trifluoroacetic acid in
deionized water) were adjusted to 200 ng uL™" prior to MS analysis.

Digested samples were analysed by LC-MS/MS using an UltiMate® 3000 Rapid
Separation LC (RSLC, Dionex Corporation, Sunnyvale, CA) coupled to a Q Exactive HF
(Thermo Fisher Scientific, Waltham, MA) mass spectrometer. Peptide mixtures were
separated using a multistep gradient from 95% A (0.1% FA in water) and 5% B (0.1% FA
in acetonitrile) to 7% B at 1 min, 18% B at 58 min, 27% B in 72 min and 60% B at 74 min
at 300 nL min™', using a 75 mm x 250 pym i.d. 1.7 yM CSH C18, analytical column
(Waters). Peptides were selected for fragmentation automatically by data dependent

analysis.
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642

643  Mass spectrometry data processing and protein quantification

644 Spectra from multiple samples were automatically aligned using Progenesis Ql
645  (Nonlinear Dynamics) with manual placement of vectors where necessary. Peak-picking
646  sensitivity was set to 4/5 and all other parameters were left as defaults. Only peptides
647  with charge between +1 to +4, with 2 or more isotopes were taken for further analysis.
648  Filtered peptides were identified using Mascot (Matrix Science UK), by searching against
649 the SwissProt and TREMBL mouse databases. The peptide database was modified to
650 search for alkylated cysteine residues (monoisotopic mass change, 57.021 Da), oxidized
651 methionine (15.995 Da), hydroxylation of asparagine, aspartic acid, proline or lysine

652  (15.995 Da) and phosphorylation of serine, tyrosine or threonine (79.966 Da). A

653  maximum of 2 missed cleavages was allowed. Peptide detection intensities were

654  exported from Progenesis Ql as Excel (Microsoft) spread sheets for further processing.
655  Peptide identifications were filtered via Mascot scores so that only those with a

656  Benjamini-Hochberg FDR < 0.05 remained. Raw ion intensities from peptides belonging
657  to proteins with fewer than 2 unique (by sequence) peptides per protein in the dataset
658  were excluded from quantification. Remaining intensities were logged and normalized by
659 the median logged peptide intensity. Missing values were assumed as missing due to
660 low abundance, an assumption others have shown is justified®. Imputation was

661 performed at the peptide level following normalization using a method similar to that

662  employed by Perseus® whereby missing values were imputed randomly from a normal
663  distribution centered on the apparent limit of detection for this experiment. The limit of
664  detection in this instance was determined by taking the mean of all minimum logged

665  peptide intensities and down-shifting it by 1.60, where o is the standard deviation of

666  minimum logged peptide intensities. The width of this normal distribution was set to 0.30
667  as described in®. Fold-change differences in the quantity of proteins detected in different
668 time-points were calculated by fitting a mixed-effects linear regression model for each
669  protein with Huber weighting of residuals as described in®*using the fitgime Matlab (The
670  MathWorks, USA) function with the formula:

Yipt = Bo + Xpﬂp + X¢B: + Eipt

671  Where y;,, represents the log(intensity) of peptide p belonging to protein i, under
672  experimental treatment t. Bs represent effect sizes for the indicated coefficients. Peptide

673 effects were considered as random effects whereas treatment was considered as a fixed
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effect. B, denotes the intercept term and ¢, denotes residual variance. Standard error

estimates were adjusted with Empirical Bayes variance correction according to °°.
Conditions were compared with Student’s t-tests with Benjamini-Hochberg correction for

false positives.

Cells Immunostaining and Quantification

Cells seeded on fibronectin-coated PDMS were fixed with 4% paraformaldehyde
(Electron Microscopy Sciences) in PBS. Cells were then washed and permeabilized with
0.05% Triton X-100 in PBS supplemented with 320 mM sucrose and 6 mM MgCl,. Cells
were washed 3 times with PBS and blocked for 30 minutes with 1% BSA in PBS. Cells
were incubated overnight at 4°C with anti-YAP antibody (1:200, no sc-101199, Santa
Cruz Biotechnology), anti-RhoB (1:250, 19HCLC, Thermo Fisher), anti-Vinculin (1:200,
V9131, Sigma-Aldrich), anti-STMN1 (1:200, ab52630, Abcam), anti-CTGF (1:200,
ab6992, Abcam) and anti-paxillin (1:800, RabMAb Y113, ab32084, Abcam) diluted in 1%
BSA in PBS. Cells were washed 3 times with PBS and incubated at room temperature
for 1 hour with secondary antibodies (alexa-488 anti-rabbit, alexa-647 anti-mouse,
1:1000, Molecular Probes) and alexa-565 conjugated phalloidin (1:1000, molecular
probes). Cells were washed again 3 times with PBS and mounted with DAPI in
Fluoromout-G (SouthernBiotech). Cell areas were quantified using ImageJ by
background subtracting, thresholding to generate cell masks, and using the analyze
particles function (n=51-150 cells / group, experiment replicated 3 times for each cell
type). YAP staining was quantified by taking the average nuclear YAP signal (in the
area of the DAPI stain), divided by the average cytoplasmic YAP signal (in the area of
the non-nuclear cell mask). Focal adhesions were analyzed using the focal adhesion
analysis server ®” with the minimum adhesion size set to 0.5 ym? and the default settings

for only static properties.

Traction Force Microscopy

PDMS TFM substrates were fabricated as described °®. Briefly, cover-glass
bottom dishes were spin-coated to obtain a ~40um thick layer of polydimethylsiloxane
(PDMS; Sylgard 184 by Down Corning mixed at various B/C ratios, 67:1 3kPa, 40:1
30kPa) and cured at 70°C for 3 hours. Gels were then treated with 3-aminopropyl
trimethoxysilane for 5 min and incubated for 10 min at room temperature with 40nm

Alexa Fluor 647 beads (Molecular Probes) suspended in a 100ug/ml solution of 1-Ethyl-

22


https://doi.org/10.1101/359521

bioRxiv preprint doi: https://doi.org/10.1101/359521; this version posted July 3, 2018. The copyright holder for this preprint (which was not

708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

3-(3-dimethylaminopropyl) carbodiimide (Sigma) in water to covalently link the beads to
the gel surface. Elastic moduli for each batch was measured using a microfluidic device
as described °® and is reported as the Young’s modulus (E).

TFM gels were coated with fibronectin (10ug/ml) in PBS overnight at 4°C and
washed 3 times with PBS. HUVECs and HDFs were seeded on the gels in EGM or low
serum fibroblast growth medium, respectively, 24h before analysis at low density (~3000
cells per cm?). Cells and florescent beads were imaged on a spinning disk confocal
microscope (UltraVIEW VoX, Perkins Elmer) attached to a Nikon A-1 microscope
equipped with a temperature and CO; controlled incubation chamber and 60x 1.4NA
lens. Florescent images of Alexa Fluor 647 beads and DIC images of cells were
acquired before and after cell lysis with 0.05% SDS. Images were drift corrected and
bead displacements were quantified using a previously developed open source traction
force microscopy software in MATLAB 2015a ®. Force fields and traction stresses were
calculated using FTTC force reconstruction with the regularization parameter set to
0.007. Total force per cell was calculated as the average stress under the cell multiplied

by the area.

3D matrix constructs

A method to generate three-dimensional cell-derived uniaxial matrix constructs
(3D matrix constructs) based on the “tendon construct” developed by Karl Kadler’s group
was used’®. Six well plates were coated with a 2 mm layer of SYLGARD 184 and
incubated overnight at 65°C to induce polymerization. After cooling, the (hydrophobic)
SYLGARD layer was incubated 15 minutes with Pluronic® F-127. Custom-made
rectangular Teflon molds (15x10x2mm) were sterilized with Virkon (10 minutes) then
Ethanol 70% (15 minutes). Inside the molds, two 8mm segments of size 0 silk sutures
were pinned to the PDMS using insect pins exactly 10mm apart. Inside each mold, we
added 12 uL of thrombin stock solution (200U/mL, Sigma). Primary fibroblasts were
detached with 0.05% trypsin, centrifuged at 1800 rpm and counted. For each matrix
construct, 2x105 cells were resuspended in 300 uL of DMEM containing 8mg/mL
fibrinogen (Sigma) and 0.2 mM of L-ascorbate-2- phosphate. Cell suspensions were
injected inside the molds and placed at 37°C for 15 min in incubator for polymerization.
After polymerization, the Teflon mold was removed and one additional insect pin added
to maintain the suture thread. Matrix constructs were cultured with DMEM/F12

supplemented with 10% fetal bovine serum (Sigma), Penicillin (100U/mL), Streptomycin
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(100 ug/mL, Gibco), 1% L-glutamine and 0.2mM of L-ascorbate-2- phosphate. The 3D
matrix constructs were cultured for 5 days and the culture medium changed every other
day. After 5 days, photographs of the constructs were taken with a Nikon reflex camera
equipped with a 50mm macro-objective at a focal distance of 1:1. Constructs diameter
was obtained by averaging the diameter at 3 different locations (each extremity and the
middle).

Immunostaining matrix constructs

Matrix constructs were rinsed in cold PBS and fixed overnight at 4°C in 4%
formaldehyde (Pierce 16% formaldehyde, methanol free) in PBS. Fixation constructs
were dehydrated, embedded in paraffin and 5 um transverse sections cut with a Leica
microtome. For immunostaining, we performed a rehydration protocol followed by
antigen retrieval for 30 minutes at 96°C in a citrate buffer (pH 6). Sections were blocked
with Odyssey PBS blocking buffer (LiCor biosciences) for 1 hour and incubated
overnight with primary antibodies diluted in blocking buffer: vimentin (1/400, Cell
Signaling), phospho-myosin light chain (1/400, Abcam). After extensive rinsing in PBS
Tween 0.1%, slides were incubated with AlexaFluor 647 anti-rabbit secondary antibody
(1/500, ThermoScientific) for 1 hour at room temperature, thoroughly washed with PBS
Tween 0.1%, and slides mounted in FluoromountG-DAPI (Southern Biotech). Slides

were imaged with an Olympus slide scanner microscope equipped with a 20x objective.

Zebrafish Fin Fold Regeneration

Zebrafish were raised and maintained at 28.5°C using standard methods and
according to protocols approved by Yale University Institutional Animal Care and Use
Committee (# 2015-11473). Wild-type (AB) and mz ago2 -/- mutants®® were used. To
generate the ctgfa MRE mutant, zebrafish AB were injected with 125 ng/ul Cas9 mRNA
and 75 ng/ul gRNAs, designed as previously described®®. The gRNA sequence used to
target the conserved MRE within the 3'UTR human CTGF gene was (5’-
GGTGAAAACATGTAACATTT-3’). Genomic DNA was isolated from a clutch of 15
injected and uninjected control embryos at 24 hpf using the Qiagen DNeasy Blood and
Tissue Kit. Genomic DNA (250 ng) and the Phusion HotStart Il Kit (ThermoFisher) used
to PCR amplify an approximately 300 bp region surrounding the intended MRE target
(Fwd: 5-TTGGGAAAGAGCCAGTATCC-3’, Rev: 5-TGGTGCCATTATTGTGTGGT-3").

T7 Endonuclease | assay was used to detect mutations as described in the
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manufacturer’s protocol (New England BioLabs). PCR and T7 products were run on 3%
agarose gels to verify the occurrence of indels in the MRE sequence. The remaining
embryos were grown to 48 hpf and used for the fin fold regeneration experiments (see
below).

The zebrafish miR-124 and ctgfa sensor assay and mRNA injection were
performed as described®. For the fin fold regeneration assay, we use 14 AB fish, 14 mz
ago2 mutant -/- embryos and 15 mz ago2 -/- fish injected at the one cell stage with 200
pg of in vitro transcribed MRNA encoding the human AGO2 protein. At 2 days post
fertilization (dpf), the fin fold was cut at the edge of the fin using a 25G needle. Bright
filed images were captured at 0.5, 2, 4, 24, 48 and 72 hours post amputation (hpa) using
a Leica M165 FC stereomicroscope and Leica Application Suite V4 software. The length
of the fins over time was measured using FlJI-lmageJ "' and normalized for the length
of the fin before cutting. Analysis and graph were generated using Graphpad Prism7

statistical software.

Zebrafish immunofluorescence assay

For the fluorescent images: 20 embryos for each genotype (AB, Ago2 mutant (-/-)
and ctgfa 3° UTR mutant) were cut and then, at 0.5, 2, 4, 24 hpa were fixed in PFA 4%
overnight at 4°C. Embryos were washed 4-5 times with PBS 0.1%Tween, then incubated
2 hours in blocking solution (0.8% Triton-X, 10% normal goat serum, 1% BSA, 0.01%
sodium azide in PBS Tween). Zebrafish were stained following the protocol as in™ using
the primary antibody mouse anti-Phospho-Myosin Light Chain 2 (1:200; Cell Signaling),
mouse anti-Proliferating Cell Nuclear Antigen (1:200; PCNA, Dako), rabbit anti-
Fibronectin (1:200; Cell Signaling), DAPI (1:1000; Sigma), rabbit anti-Connective Tissue
Growth Factor A (1:150; Abcam), and mouse anti-YAP (1:200; Santa Cruz
Biotechnology) and the secondary antibody Alexa Fluor 488 anti-mouse (1:250,
ThermoFisher) and Alexa Fluor 596 anti-rabbit (1:250, ThermoFisher). After staining,
images were captured using a Leica Microsystems SP5 confocal microscope using a
40X objective. Max projections were generated with the Leica application suite or Perkin
Elmer Volocity software. Intensity was quantified using FlJI-lmage. For each protein
staining, a line profile of 80 ym in diameter within the wound was calculated for the first
50 ym from the fin fold edge. The intensity profile of 4 to 6 fish was calculated using R
statistical software. To determine the ratio of Nuclear and Cytosolic YAP in before and

during the fin fold regeneration confocal images were split by channel and a threshold
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was used on the DAPI channel to generate a binary mask for the nuclei. Using the
Image Calculator function of ImageJ, the binary mask was subtracted from the YAP
channel to generate the cytosolic YAP image. After inverting the binary mask and
subtracting it from the YAP channel, the nuclear YAP image was generated. Each were
measured and normalized to the area. For TUNEL assay to detect apoptotic cells
embryos were fixed in 4% PFA overnight and stored in 100% methanol at -20 °C. The
TUNEL assay was performed using the ApopTag Red In situ Apoptosis Detection kit
(Millipore).

Atomic Force Microscopy

Live zebrafish embryos (48 hpf) were anesthetized using 1x tricaine in egg water
and mounted on PDMS gels. The tips of the fish tails were probed using a DNP-10 D tip
(Bruker, nominal stiffness ~0.06 N/m) on a Bruker Dimension FastScan AFM immersed
in egg water containing 1x tricaine. Probe deflection sensitivity was calibrated by taking
indentation curves on glass and the nominal tip stiffness was calibrated by thermal
tuning (assuming a simple harmonic oscillator in water). Force vs. deflection curves
were collected for a ramp size of 1.5um at a rate of 750 nm/s for at least 2 locations per
fish, with 10-11 fish measured per group (n=27-49 total measurements per group). The
first 600nm of the extension curves were fit with NanoScope Analysis Software version

1.5 (Bruker) assuming a Poisson’s ratio of 0.5 and using the Sneddon fit model .

Statistical Analyses.

All the of statistical analysis were performed using Prism version 7.01
(GraphPad) and R software environment for statistical computing, except for the peak
identification, which used piranha software® to measure the significance of read
coverage height for each mapped position using the zero-truncated negative binomial
model (ZTNB). To confirm changes in cell area, focal adhesion number, YAP localization
and traction force generation, t-tests were performed using Prism to assess the change
in the mean between Wild-type and AGO2 or MRE CRISPR/Cas9 mutant cells. These
data sets contained more than 30 individual measurements for each condition and
showed a log-normal distribution. For the in vivo analysis of zebrafish wild-type and
Ago2 mutants, changes in fin fold tissue were analyzed using t-tests; fin fold

regeneration was analyzed via 2 way ANOVA and Sidak's multiple comparisons test
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using Prism. The distribution of fluorophore intensity within 20 um from the edge of the

wound was calculated using Prism 4th order smoothing with 2 neighbors.

Data Availability

The accession number for all the sequence reads reported in this paper are:
HITS-CLIP: GEO: GSE99686; RNA-seq and sRNA-seq for HUVEC cells at 3 kPa and 30
kPa: GEO: GSE110211; Proteomics results are reported as excel file
Supplementary_table2
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Figures legend

Figure 1. miRNA-cytoskeleton-adhesion-matrix (CAM) interactions in endothelial
cells.

(a) Schematic of AGO2-HITS-CLIP approach. miRNA-RNA complexes were cross-linked
to AGO2 (green) via 254nm-UV light. RNAse treatment removed unbound RNA. P32-
radiolabeling allowed isolation of radioactive RNA from AGO2-immunoprecipitated
complexes (purple). (b) SDS-PAGE of RNA-AGO2 or control IPs with nonspecific IgG
were transferred to nitrocellulose and exposed to X-Ray film to reveal P32-RNAs bound
to AGO2 (dotted square). P32 RNAs were isolated (dotted line) from nitrocellulose
membranes and cDNAs generated with specific primers containing an lllumina barcode
for high throughput sequencing (Methods). AGO2-mRNA complexes appear as ~200 nt
bands (70 nt AGO-mRNA+ 120 nt lllumina primer), while AGO2-miRNAs are ~150 nt (30
nt miRNA+120 nt lllumina primer). DNA MW markers are indicated in the left lane of the
gel. (¢) Computational pipeline to identify reads from miRNAs and mRNAs in AGO2 IPs.
Three replicates for each cell type (HUAEC and HUVEC) were processed as described
in a and b. 68 million (M) total reads were analyzed. Upon removal of lllumina adapters
and duplicates from PCR-based library preparation, reads were mapped to the human
genome (UCSC hg19), resulting in 1M unique reads for each cell type. Reads were
mapped to miRBase to identify miRNAs and processed using Piranha software to
identify significant AGO2-binding sites (peaks) (methods). (d) Integrative Genomics
Viewer (IGV) display of HITS-CLIP reads. Reads accumulated within 30 to 70 nt
intervals (AGO2 peak) within the 3’'UTR region of the representative genes. Both
HUAEC and HUVEC share the most significant peaks (green) while reads mapping
outside the 3’UTR gene region (gray) accumulated below backgrounds (supplementary
table). (e) Top chart represents positional enrichment of AGO2 peaks within the human
3'UTR for HUAEC (light gray) and HUVEC (black). Lines indicate the nt positional
distribution of peak sequences within meta-gene analyzed 3'UTRs (methods). We
observed a positional bias for AGO2 peaks at the 5" and 3’ ends of 3'UTRs, which are
typically associated with increased miRNA functionality. Bottom chart shows difference
in conservation scores across samples scoring using PhastCons (Wilcoxon Rank Sum
Test). AGO2 peaks in HUAEC and HUVEC and binned human 3’'UTRs were compared
with binned 3’'UTRs of 100 species. Conservation score is represented as a boxplot.

AGO2 peak sequences showed a higher conservation score compared to randomly
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binned human 3’'UTRs. (f) The cytoskeleton-adhesion-matrix (CAM) AGO2-regulome.
AGO2-mRNA targets identified in a-c highlighted in green. Integrins, Talin1 and BMPR1
proteins (boxed in brown) are part of CAM’s GO term but were not detected in AGO2-
HITS-CLIP complexes. Arrows point to downstream regulators of CAM proteins targeted
by AGO2. CAM proteins and their regulators were identified by database searches
(Supplementary Fig. 1a) and manually curated for accuracy. (g) Interactome showing 25
of 73 AGO2-CAM genes in which a complementary MRE (7-8 nt) was identified using
Target Scan v.7.0 prediction software and miRNAs were identified from AGO2-HITS-
CLIP reads using miRbase (methods). Color-coded boxes indicate the number of MREs
identified in each of the selected CAM-gene 3’'UTRs. Interactions indicate interaction
between MRE and miRNA family members with similar SEEDs. The mRNA-miRNA
network shows high complexity in which numerous miRNAs bind one or more CAM-

3'UTRs, while most CAM genes are targeted by more than one miRNA.

Figure 2. AGO2-CAM-MREs are actively repressed.

(a) Schematic for Sensor-Seq assay of AGO2-CAM-MREs and miRNA activity. The
Sensor-Seq lentiviral library (see Methods) consisted of the mCherry sequence with a 3’
noncoding sequence containing 97 CAM-MREs, plus GFP lacking any MREs as an
internal control. Numbered MREs indicate different MRE positions in each clone from
one CAM 3'UTR, alternatively one MRE was cloned per CAM 3’'UTR (Supplementary
Table 4). Titration of virus infection was performed to allow single vector copy integration
and expression of physiological amounts of each GFP/mCherry transcript per cell.
HUVECs were seeded on 3 and 30 kPa PDMS substrates for 48h and analyzed as
described. (b) Intensity of mCherry and GFP in HUVECs infected with the lentiviral
Sensor-Seq library; a negative control vector with no MRE, and a positive control vector
with 3 perfect MREs for miR-125, which is abundant in HUVECs", were included.
Density plots, show relative intensity of cells distribution using contour lines. Each
contour line represents 15% of probability (from higher- lighter grey- to lower-darker
grey-) to contain cells in each bin over total cells (10,000 cells). Based on mCherry/GFP
expression in controls, Sensor-seq library infected HUVECs at 3 kPa and 30 kPa were
sorted into 4 bins as indicated. Cells in each bin were isolated and genotyped using
specific lllumina primer for sequencing (Methods). The bar graph shows the percentage
of cells from 4 experiments (¢) CIRCOS’ graphical representation of CAM miRNA-MRE
interactions. The right half of the plot shows the ECs miRNA with putative SEED
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matching to CAM MREs sensors differential gene expression (DEG) between 3 kPa and
30 kPa, divided in two groups: expressed at 3 kPa compared to 30 kPa (black line, top
right) and expressed at 30 kPa compared to 3 kPa (black line, bottom right). The left half
of the graph shows CAM-MRE Sensors most suppressed at 30 kPa compared to 3 kPa
(black line, bottom left) and vice versa (black line, top left). Color-coded boxes indicate
the categorized bins in (b) at which cells were isolated and genotyped for a specific
CAM-Sensor MRE. Lines indicate match between individual miRNA (SEED) and CAM
MRE in each condition. Color code indicates the level of complementarity between
miRNA SEED and MRE nucleotides. The internal circles show the respective CAM-
RNAs (red) and proteins (green) log2 fold change at 3 kPa compared to 30 kPa (top
right) and 30 kPa compared to 3 kPa (bottom right).

Figure 3. miRNA interactions limit cell spreading, YAP signaling and contractility.
Representative immunofluorescence images and traction force maps of HUVECs (a)
after infection with AGO2 or non-targeting control pLentiCRISPR virus. Cells on
fibronectin-coated 3kPa PDMS gels were stained for F-Actin (phalloidin), focal
adhesions (paxillin), and YAP/TAZ. Quantification shows cell area (based on phalloidin
staining) (n=281-396 cells/group), number of paxillin adhesions per cell (n=49-51
cells/group), and nuclear to cytoplasmic ratio of YAP/TAZ (n= 43-54 cells / group).
Single cell maps of average traction stress and quantification of total force per cell (n=19
cells / group, bars indicate standard error, * p<0.05, **** p<0.0001,). (b) Scatter plot
representing difference in proteins expression between HUVEC seeded on 30 vs. 3 kPa
(x axis) or between HUVECs infected with AGO2 gRNA vs. control gRNA (y axis). Green
and red identify CAM proteins with coherent or incoherent differential expression,
respectively (Supplementary Table 6). (¢) Experimental strategy to mutate individual
MREs in CAM gene 3UTR’s to block miRNA binding (See methods and Supplementary
Figs 4 and 5). (d) Quantification of cell spreading (n=68-99 cells/group), YAP nuclear
translocation (n=68-99 cells/group) and traction stress (n=13-21 cells/group) in HUVECs
on 3 kPa PDMS gels for 48h after mutation of the indicated MREs (bars indicate

standard error).
Figure 4. AGO2 activity limits tissue contractility and stiffness.

(a) Representative 3D matrix constructs with control or Ago2-mutated mouse dermal

fibroblasts. (b) quantification of cell number and construct diameter within transverse
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sections (n=8, bars indicated standard error, ** p<0.01, ns= non significant). (c)
Transverse sections of control and Ago2 depleted matrix constructs stained for Vimentin
or pMyosin. (d) Bright filed images of fin fold tissues in the indicated genotypes. Elastic
modulus of 48 hpf zebrafish fin fold surfaces of Wild-Type, mz ago2 -/- and mz ago2 -/-
rescued with 200 pg of in vitro transcribed human Wild-Type AGO2 mRNA (hs AGO2
mRNA). Embryos were harvested and adhered to a soft surface of PDMS in egg water.
Elastic moduli were measured and AFM using NanoScope Analysis 1.5 software to fit
force-deflection curves using the Sneadon model. At least two fin fold regions within
each of 10-11 embryos were tested for each genotype (n=27-49 measurements per
region; bars indicate standard deviation, *p<0.05). (e) Bright field images of zebrafish fin
folds at the indicated stages and genotypes (head is to the left). Dotted black line
outlines the edge of the fin fold. Fin fold regeneration was assessed from the distance
between the wound edge and the embryo body. One cell stage Wild-Type, mz ago2-/-,
and mz ago2-/- embryos rescued with 200 pg of hs AGO2 mRNA. Values were
normalized for the size of the fin-fold prior to injury (n=14, bars = standard deviation,
*p<0.05, ** p<0.01; ***p<0.001; ****p<0.0001).

Figure 5. Wound healing in mz ago2 and ctgfa MRE fin fold mutants.

(a-c) Top, schematics representing the time course of fin fold regeneration. Boxes
identify the region of interest reported in the images below. Bottom confocal images of
whole mount fin folds within the boxed region from the cartoons at the top, at the
indicated stages. White and black dotted lines indicate the edge of the fin fold. White
arrows point to staining for the indicated markers. Graphs show box plot of the
respective measurements (methods and Supplementary Fig. 9a). Intensity profiles for
multiple embryos were combined (n= 6 embryos for each genotype, *p<0.05, n.s.= non
significant). For Yap the protein nuclear localization was represented. The
nucleus/cytosol ration was obtained using the DAPI channel to generate a binary mask
and subtract nuclear YAP-GFP intensity from the total YAP-GFP detected (methods and
Supplementary Figure 9b). (d) The cartoon represents a model for miRNA-post-
transcriptional regulation of structural proteins function in mechanical tissue
homeostasis. Increases in matrix stiffness and the resulting cell contractility increase
integrin and actomyosin-dependent CAM signaling, which upregulates miRNAs that

suppress CAM transcripts, thus restoring normal tissue mechanics.
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Supplementary Figures and Table.

Supplementary Figure 1. AGO2-peaks are positioned preferentially on
cytoskeleton-adhesion-matrix (CAM) genes. (a) Bar graph of the Log(FDR) for the
significant enriched Gene Ontology terms resulting from the HITS-CLIP assay and
identified by DAVID software. (b) Bar graph of the Log(FDR) for the significant enriched
Gene Ontology terms resulting from the microarray analysis of endothelial cells in culture

versus freshly isolated.

Supplementary Figure 2. Validation of CRISPR/Cas9 targeting of AGO2 in
HUVECSs. (a) Quantification of elastic modulus of PDMS gels by compression testing on
an instron 5848 (a, mean + SEM, n=2 gels per condition). Gels were compressed with a
cylindrical indenter to 10% strain at 0.1%/s and allowed to stress-relax for 150 seconds,
modulus was measured at equilibrium. Quantification of Fibronectin staining intensity on
the two PDMS gels with representative images showing uniform Fibronectin deposition
on the gel surface (mean + SEM, n=14 fields of view per stiffness). (b) Schematics
showing the experimental approach to generate AGO2 CRISPR/Cas9 mutant cells in
primary human and mouse cells. (¢) Representative Western blot of three independent
replicates showing reduced AGO?2 levels in HUVECs with a lentivirus co-expressing
Cas9 and AGO2 gRNAs, or a no-target gRNA (control, has no homology to any known
mammalian gene). The bar graphs show quantification of the proteins normalized to
GAPDH (mean = SEM; n = 3). gRT-PCR analysis of endothelial specific miRNAs in
HUVECs infected with Cas9 and gRNA targeting AGO2 or DROSHA and no-target
gRNA (control) at 7 days post infection (dpi). Results are shown normalized to controls
(mean = SEM; n = 3). (c) Bar plot representing distribution obtained upon FACS analysis
of 10,000 wild-type or AGO2 gRNA mutant HUVECs infected with CAM MRE Sensors
and treated as indicated (mean + SEM; n = 3, * p<0.05)., mCherry/GFP ratio of CAM
MRE Sensors increase in AGO2 mutant ECs, as the cell distribution is shifted
significantly toward the Empty-Sensor control bin in both 3 and 30 kPa stiffness

conditions.

Supplementary Figure 3. Phenotype in cells with CRISPR/Cas9 targeting of AGO2
and DROSHA. (a) Cell spread area and nuclear/cytoplasmic YAP ratio using
fibronectin coated polyacrylamide gels over a wider range of stiffness display
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1052  results consistent with results from PDMS gel experiments (Fig. 3a) (mean +
1053 SEM, n=32-79 cells / group). (b) Bar plot representing HUVEC and HDF cell area for
1054  cells infected with AGO2 gRNA and non-targeting control seeded on fibronectin coated
1055  30kPa PDMS gels (mean + SEM, **** p<0.0001, HUVEC n=239-393, HDF n=201-
1056  273). (c) Left: Representative immunofluorescence images of HUVECS s after infection
1057  with pLentiCRISPR virus directed at AGO2 or a non-targeting control seeded on

1058 fibronectin coated 3kPa PDMS gels. Right: Quantification of AGO2 expression in ~100
1059 cells. Intensity of the staining in each cell is normalized for the average intensity of all
1060 AGOZ2 cells and transformed in %. Cell area based on F-ACTIN staining or nuclear to
1061 cytoplasmic ratio of YAP/TAZ are plotted as individual value per cell. Highlighted in red
1062 cells infected with gRNA targeting AGO2, in black with no-target gRNA and in blue with
1063  gRNA targeting AGO2 expressing ~50% expression of AGO2 compared to control cells.
1064 (d) Top, representative Western blot of three independent replicates showing reduced
1065 levels of AGO2 in human dermal fibroblasts (HDFs) infected with Cas9 and AGO2
1066 gRNAs or a no-target gRNA (control) at 7 days post infection (dpi). Bar plot indicates
1067  Western blot quantification of the AGO2 protein normalized for GAPDH at 7 dpi (mean +
1068 SEM; n = 3). Bottom, quantifications of HDFs after infection with pLentiCRISPR virus
1069 directed at AGO2 or a non-targeting control seeded on fibronectin coated 3kPa PDMS
1070  gels. Bar plot shows HDF cell area (n=229-309 cells/group) based on phalloidin staining,
1071  number of paxillin adhesions per cell (h=34-58 cells/group), and nuclear to cytoplasmic
1072  ratio of YAP/TAZ (n=34-58 cells/group). (mean + SEM, *p<0.05,

1073  **p<0.01,****p<0.0001). Single cell maps of average traction stress and quantification
1074  of total force per cell (mean +/- SEM, n=20-21 cells per group, * p<0.05). (e) Western
1075  blot for DROSHA after knockdown with shRNA delivered via lentivirus (5 days post
1076 infection, pPSMART Dharmacon) with quantification on 3kPa PDMS gels of cell spread
1077  area, YAP nuclear localization (mean +/- SEM, n=138-156 cells / group, **** p<0.0001),
1078  and total force per cell (mean +/- SEM, n=21 cells / group, *** p<0.001).

1079

1080 Supplementary Figure 4 and 5. Sequences of CAM MREs resulting from

1081 CRISPR/Cas9 mutagenesis. MiSeq 2x250 analysis of PCR amplicons derived from
1082  genomic DNA of HUVEC mutated with the indicated CAM MRE gRNAs. MREs are
1083  highlighted with red boxes, PAMs are highlighted with black boxes. Bar blot represent
1084  the % wild-type and mutated CAM 3UTR sequences. Only mutations with a frequency >
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1085  of 2% are represented. MSA= Multiple Sequence Alignment; nt= nucleotide. Numbers
1086 indicate the mutations as nt inserted (+) or deleted (A ).

1087

1088 Supplementary Figure 6. Effects of CAM MRE mutations in HUVECs. (a)

1089 Representative Western blot and immunofluorescence images showing the upregulation
1090  of the target CAM protein in human endothelial cells (HUVECSs) infected with Cas9 and
1091 gRNA targeting specific CAM MREs and no-target gRNA (control) at 7 days post

1092 infection (dpi). Bar plot indicates Western blot quantification of the CAM protein

1093 normalized to B-ACTIN at 7 dpi. (b) Bar plots representing the quantification of

1094  mechanical parameters as in Fig. 3a of HUVECSs transfected with miRTP (miRNA target
1095  protector) directed at CTGF 3UTR for 4 days. miRTP is a single-stranded, modified RNA
1096 oligonucleotide that blocks a miRNA interaction with an individual MRE. Negative control
1097 target protector (QIAGEN) has no homology to any known mammalian gene (mean +
1098 SEM, Area and YAP: n=99-101 cells / group, TFM: n=13-15 cells/ group). *p<0.05,
1099 **p<0.01,***p<0.0001.

1100

1101  Supplementary Figure 7. Reduced levels of Ago2 in Mouse Dermal Primary

1102 fibroblasts, and in mz ago2 -/- zebrafish embryos. (a) Representative blot showing
1103  reduced Ago2 levels in mouse skin fibroblast for 3D culture assay infected with gRNAs
1104 targeting Ago2 and no-target gRNA (control, has no homology to any known mammalian
1105 gene). Blots were obtained with Odyssey system from Licor to quantify near-IR

1106 fluorescence emitted by the secondary antibodies. Bar plots indicate densitometry

1107  measurements the AGO2 protein normalized for B-Actin at 7 dpi (mean £ SEM, n=2). (b)
1108 Top, Confocal lateral view of whole mount zebrafish embryos at 48 hours post

1109 fertilization (hpf). Wild-type and ago2 maternal zygotic homozygous mutant (mz ago2-/-)
1110  were stained with the Ab-panAGO2-2A8 and secondary only as a control of the total
1111  staining background. Bar plots indicate average of Ago2 fluorescence intensity

1112  normalized for the DAPI staining for each genotype (mean + SEM, n=10 embryos /
1113  group). Bottom, gPCR representing miRNAs level in wild-type vs mz ago2 -/- at 72 hpf
1114 (mean £ SEM, n=3). (c) Right panel, schematics representing the experimental

1115  procedure to test defective miRNA-mRNA interaction in the ago2-/- fin fold model. In
1116  vitro transcribed RNAs encoding for mCherry control and GFP coding sequence

1117  upstream of three perfect MREs for miR-24, a miRNA expressed in epidermis®. 25
1118  picograms (pg) of each mRNA was co-injected into wild-type and ago2-/- zebrafish
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embryos at the one cell stage post fertilization. Left panel, confocal whole mount image
of 48 hpf embryos expressing GFP and mCherry (head is to the left). GFP and mCherry
pixel intensities were quantified and the GFP/mCherry ratio was plotted for each

genotype (mean + SEM, n~5 embryo / group). *p<0.05, **p<0.001

Supplementary Figure 8. Fin fold regeneration model in zebrafish wild-type and
mutant embryos . (a-c) Top, Confocal lateral view of whole mount zebrafish embryos
treated as indicated. White dotted line shows the edge of the wound. Bottom,
quantification of each whole mount stained embryos as indicated. Pixel matrix of
intensity was reconstructed for 50 um within the wound edge to the fish body. Pixel
mean + SEM was calculated for 4-6 fish within each group. *p<0.05, n.s.= non-significant
(d) Alignment of human and zebrafish ctgfa 3UTR sequence containing the conserved
MREs. This 3’ UTR sequence was used to generate a wilt-type and mutated miRNA
sensor vector (as above). An in vitro transcribed mRNAs encoding for a GFP reporter
was under the post-transcriptional regulation of ctgfa 3UTR (wild-type), a mutated
version lacking the MREa sequence and co-injected with an mCherry mRNA with no
3UTR regulation as negative control. 75 picograms (pg) of each mRNA was co-injected
into wild-type and mz ago2-/- zebrafish embryos at the one cell stage post fertilization.
GFP and mCherry pixel intensities were quantified and the GFP/mCherry ratio was
plotted for each genotype (mean £ SEM, n~10 embryo / group *p<0.05). (e) Sequence
alignment of the ctgfa 3UTR of zebrafish wilt-type and ctgfa MRE embryos injected with
Cas9 and the gRNAs which PAM region was highlighted in black. Mutations are
represented as nucleotide (nt) inserted (+) or deleted (A) and were cloned from individual
embryos 24 hours post injection. Red boxes represent the MREs targeted.
Representative agarose gel for T7 Endonuclease | assay for Wild-Type and ctgfa MRE

mutant zebrafish. hpa= hour post amputation. ns= non significant.

Supplementary Figure 9. Spatial profiles of CAM proteins and YAP
Nuclear/Cytosol quantification. (a) Fluorescent intensity profiles for the indicated
proteins and treatments depicting the protein quantification per zebrafish fin fold
represented in Fig.5 a-c and Supplementary Fig. 7 a-c). Pixel matrix of intensity was
reconstructed for 50 um within the wound edge to the fish body. Pixel mean was
calculated and normalized for the maximum value to obtain pixel intensity profile. The

intensity profile of 4-6 fish was combined and the smooth distribution of intensity was
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calculated. Solid lines show the mean for each genotype, while the grey ribbons show
standard error. (b) Representative confocal lateral images of YAP immunostaining in the
uncut fin fold. A DAPI binary mask was used to generate the Nuclear YAP (Fig. 5 c) and
Cytosol YAP images.

Supplementary Table 1. AGO2-peaks localization.

The table shows the chromosome location and strand, gene name and Ensembl Gene
ID and the peak p-value calculated with the Piranha (Methods). The last two columns
show the number of genes associated with AGO2 and the number of peaks identified
from the AGO2-HITS-CLIP.

Supplementary Table 2. AGO2-miRNAs are clustered in 155 families.

The table lists the miRNAs associate with AGO2 complex in endothelial cells (HUVEC
and HUAEC). For each miRNA, the mature sequence and the miRbase ID are shown.
MiRNAs are grouped in families based on the 7-mer SEED region (column Family and
SEED).

Supplementary Table 3. miRNA-CAM-MRE interaction network.

The table represents the interaction network between the selected CAM-MRE and the
endothelial miRNA within the AGO2 complex. The network was generated using
TargetScan v. 7.0 (method) using CAM peaks listed in Table 1 and miRNA family listed
in Table 2. Site_type, UTR_start and UTR_end columns represent the seed interaction
type base (6mer < 7mer-1a < 7mer-m8 < 8mer-1a) and the localization of the interaction

site within the Sensor_MRE_sequence (Table 4).

Supplementary Table 4. CAM-MRE sequences.

The table lists the selected CAM sequence used for the Sensor-seq assay (method) and
reported in Fig. 2. Canonical Gene name, MRE identity, extended MRE sequence, and

length of the sequences cloned into the Sensor-Seq vector (method) are reported.

Supplementary Table 5. Proteomics results.
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The table lists the proteomics analysis performed on HUVEC cells seed on soft (3 kPa)
or stiff (30 kPa) PDMS gel, or infected with AGO2 gRNA or not-target gRNA. The fold

change values were used to generate the scatter plot in Figure 3b.
Supplementary Table 6. CAM-MRE gRNA.

The table lists the selected CAM-MRE sequence, and the gRNA used for destabilizing
the interaction with the miRNA (method).
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CTTGAGACATTTTAGAATCAGGAGGGAGACAGCGGAL-CAGIGGE-GCGCCTGEGACA--~~AGGYTGGGAGGAATCCACTCTTCCCCCCACCCCAGCCTTCTGT +2nt
CTTGAGACATTTTAGAATCAGGAGGGAGACAGCGGABGCG GG3GACCTGCCAGGYTGGFGAGGAATCCACTCTTCCCCCCACCCCAGCCTTCTGT 26 nt
CTTGAGACATTTTAGAATCAGGAGGGAGACAGCGGARACAGIIGGE~GCIGCCTGRGACA--~~AGGYTGGRGAGGAATCCACTCTTCCCCCCACCCCAGCCTTCTGT +3nt
CTTGAGACATTTTAGAATCAGGAGGGAGACAGCGGARC AGGJTGGEGAGGAATCCACTCTTCCCCCCACCCCAGCCTTCTGT A17 nt
CTTGAGACATTTTAGAATCAGGAGGGAGACAGCGGARC GGTGGFGAGGAATCCACTCTTCCCCCCACCCCAGCCTTCTGT A18 nt
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GCGCTGTGGGACACGGCGGGCCAGGAGGACTACGACCGC-CCTECGGECGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC +1nt
GCGCTGTGGGACACGGCGGGCCAGGAIGGACTACGACCGC-GCTGCGGECGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC +1nt
GCGCTGTGGGACACGGCGGGCCAGGAGGACTACGACCGC-ACTGCGGECGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC +1nt
< GCGCTGTGGGACACGGCGGGCCAGGAGGACTACGACCGCT-CTGCGGECGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC +1nt
@ GCGCTGTGGGACACGGCGGGCCAGGAGGACTACGACCGC-—-- -GGLCGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC A4 nt
£ GCGCTGTGGGACACGGCGGGCCAGGARGACTACGACCG--GCTdCGGRCGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC +0 nt
@ GCGCTGTGGGACACGGCGGGCCAGGAGGACTACGACCGC---~1 CGGECGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC A3 nt
© GCGCTGTGGGACACGGCGGGCCAGGAGGACTACGAC--~CCTGCGGLCGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC A2 nt
@ GCGCTGTGGGACACGGCGGGCCAGGABGACTACGACCGCCGCTYCGGLCGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC +2nt
& GCGCTGTGGGACACGGCGGGCCAGGAGGACTACGACCGCCCCTGCGGECGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC +2nt
& GCGCTGTGGGACACGGCGGGCCAGGAGGACTACGACCGC--- -ACCCGGACACCGACGTCATTCTCATGTGCTTCTC A16 nt
© GCGCTGTGGGACACGGCGGGCCAGGABGACTACGACCGC--~-FCGGLCGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC A2 nt
12 GCGCTGTGGGACACGGCGGGCCAGGAGGACTACG===-== CCTQCGGLCGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC B4 nt
GCGCTGTGGGACACGGCGGGCCAGGAGGACT GGl CGCTCTCCTACCCGGACACCGACGTCATTCTCATGTGCTTCTC A10 nt
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GAGGGAAAAAATAAATGACACEGGCOAGTACAGTCTTTGGATAT--TTAGGAAGGGGATGGGGAGAAAGTCAGT TCTCAGAACAAATTAG WT
GAGGGAAAAAATAARATGACACIIGGCORGTACAGTCTTTGGATAA-TTTAGGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG +1nt
GAGGGAAAAAATAAAATGACACIIGGCOAGTACAGTCTTTGGATAT - TTTRGGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG +1nt
GAGGGAAAAAATARAATGACACI'GGCOAGTACAGTCTTTGGATAT AGGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG A2 nt
GAGGGAAAAAATAAAATGACACI'GGCOAGTACAGTCTTTGGATA- [-GGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG Ad nt
2 GAGGGAAAAAATAAAATGACACI'GGCOAGTACAGTCTTTGGATTT AGGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACARATTAG A2 nt
) GAGGGAAAAAATAAAATGACACI'GGCOAGTACAGTCTTTGGATAT --~TIRGGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG Al nt

= GAGGGAAAAAATAAAATGACACIGGCOAGTACAGTCTTTGGATAC-TTTRGGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACARATTAG +1nt
& GAGGGRAAAAAATAAAATGACRCIIGGCOAGTACAGTCTTTGGATAG-TTTRGGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG +1nt
& GAGGGAAARAATAAAATGACRCGGCOAGTACAGTCTTTGT -~ -T-~-TRGGAAGGGGATGGGGAGARAGTCAGTTCTCAGAACARATTAG A4 nt
& GAGGGAAARRATAAAATGACACHGGCHAGTACAGTCTTTGGATTT -~ ~TRGGAAGGGGATGGGGAGAAAGTCAGT TCTCAGAACARATTAG STMN-1 A1 nt
S GAGGGAAAAAATAAAATGACRACIGGCOAGTACAGTCTTTGGATA: AGGGGATGGGGAGARAGTCAGTTCTCAGAACARATTAG A7 nt
S GAGGGAAARAATAAAATGACAC[IGGCOAGTACAGTCTTTGGATATATTTRGGAAGGGGATGGGGAGAAAGTCAGT TCTCAGAACAAATTAG +2nt

® GAGGGAAAAAATARAATGACACIIGGCOAGTACAGTCTTTGGATA-~-~~-] pAGGGGATGGGGAGARAGTCAGTTCTCAGAACARATTAG ASnt
g' GAGGGAAAAAATARAATGACACI'GGCOAGTACAGTCTTT TRGGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG A7 nt
b~ GAGGGAAARARATAARAATGACRC[ GGCOAGTACAGTCTTTGGATA-~~~-] AGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG A6 nt
GAGGGAAAAAATARAATGACACI'GGCOAGTACAGTCTTTGTAT-T TRGGAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG A2 nt
GAGGGAAAAAATAAAATGACACI'GGCOAGTACAGTCTTT-—-—-~ T===T PAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG A6 nt
GAGGGAAAAAATARAATGACACI'GGCOQAGTACAGTCTTTGGATA- AAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG A3 nt
GAGGGAAAAAATAARATGACACIIGGCAGTACAGTCTTT -~~~ AAGGGGATGGGGAGARAGTCAGTTCTCAGAACAAATTAG A8 nt
GAGGGAAAAAATAAAATGACACI'GGCOAGTACAGTCTTTGGATACGTTTRGGHAAGGGGATGGGGAGAAAGTCAGTTCTCAGAACAAATTAG +2 nt
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CCAGGATCACTTCTCCTTGGCTTCYTTC-TTTCTGTGCTTGCATLAGGTGGACTCCTAGAACGTGCGACCTGCCTCAAGARAATGCAG WT
CCAGGATCACTTCTCCTTGGCTTCYTTC----TCTGTGCTTGCATLAG]GTGGACTCCTAGAACGTGCGACCTGCCTCAAGARAATGCAG A3 nt

é CCAGGATCACTTCTCCTTGGCTTCQTTC--TTTICTGTGCTTGCATLAGTGTGGACTCCTAGAACGTGCGACCTGCCTCAAGAARATGCAG A1 nt
§ CCAGGATCACTTCTCCTTGGCTTCYTTC----+ ~-TGTGCTTGCATCAGTGTGGACTCCTAGAACGTGCGACCTGCCTCAAGAAAATGCAG A5 nt
(=
% CCAGGATCACTTCTCCTTGGCTTCYTTCTTTTCTGTGCTTGCATLAG]GTGGACTCCTAGAACGTGCGACCTGCCTCAAGARAATGCAG THBS1 +1nt
3
S CCAGGATCACTTCTCCTTGGCTTCTTC--=~ TTGTGCTTGCATLAG]GTGGACTCCTAGAACGTGCGACCTGCCTCAAGAARATGCAG Adnt
'_
CCAGGATCACTTCTCCTTGGCTTCYTTC-~-~TTCTGTGCTTGCATLAG]GTGGACTCCTAGAACGTGCGACCTGCCTCAAGARRATGCAG A2 nt
CCAGGATCACTTCTCCTTGGCTTCYTTCTATTTCTGTGCTTGCATLAG]GTGGACTCCTAGAACGTGCGACCTGCCTCAAGAAAATGCAG +1nt
0 5 10 15
- Percentage
AAGTCATAACCCACAGATAGATCAMCCTAAG-AATCCTGGCCCTTCTJCAC CTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA wT
AAGTCATAACCCACAGATAGATCAACCTA---AATCCTGGCCCTTCTYCAC|'CTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA A2 nt
AAGTCATAACCCACAGATAGATCAACCTAAGAAATCCTGGCCCTTCTYCACIICTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA +1nt
~ AAGTCATAACCCACAGATAGATCAACCTAAGA--TCCTGGCCCTTCTYCACIICTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA A1 nt
g AAGTCATAACCCACAGATAGATCANCCTAAG---TCCTGGCCCTTCTJCACICTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA A2 nt
;’ AAGTCATAACCCACAGATAGATCAACCT----AATCCTGGCCCTTCTYCACI'CTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA A3 nt
8 AAGTCATAACCCACAGATAGATCANCC====-- AATCCTGGCCCTTCTQCAC|'CTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA A4 nt
§ AAGTCATAACCCACAGATAGATCAACCTAA--AATCCTGGCCCTTCTJCACICTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA TPM4 A1 nt
g; AAGTCATAACCCACAGATAGATCAACCTAAGTAATCCTGGCCCTTCTJCACICTCCACCATGCAGGACARACATCTTCTCAAGCAGTCAA +1nt
S AAGTCATAACCCACAGATAGATCAACCTAAGCAATCCTGGCCCTTCTCAC CTCCACCATGCAGGACARACATCTTCTCARGCAGTCAR +1nt
= AAGTCATAARCCCACAGATAGATCAACCT-========~ GGCCCTTCTJCAC[FCTCCACCATGCAGGACAARACATCTTCTCAAGCAGTCAA A9 nt
AAGTCATAACCCACAGATAGATCANCCTA----~ TCCTGGCCCTTCTCAC CTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA Adnt
AAGTCATAACCCACAGATAGATCAN---=====~ TCCTGGCCCTTCTJCAC CTCCACCATGCAGGACARACATCTTCTCAAGCAGTCAA A8 nt
AAGTCATAARCCCACAGATAGATCAN-———===~ ATCCTGGCCCTTCTQCAC|'CTCCACCATGCAGGACAAACATCTTCTCAAGCAGTCAA A7 nt
0 5 10 15 20
Percentage
CCAGAACCAGATGAGTAAAGGAGTAAGAACKTTGCCT} -~-GAACATCCYTCCE TCCCACCCATCGCTGTGTGTTAGT TCCCAACATCGAATG wT
CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTG---+-CTGAACATCCYTCCETCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG A1 nt
CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGCCTE--TGAACATCCYTCCE TCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG +2nt
CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGCC-f-CTGAACATCCYTCCETCCCACCCATCGCTGTGTGTTAGT TCCCAACATCGAATG +1nt
2 CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGC--+---GAACATCCYTCCFTCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG A2 nt
g CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGCCTH~-TGAACATCCYTCCRTCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGRATG +1nt
% CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGCCTACTGAACATCCYTCCETCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG +3nt
§ CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGCC----GAACATCCYTCCFTCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG A1 nt
© CCAGAACCAGATGAGTARAGGAGTAAGAACLTTGC-~ ~AACATCCYTCCITCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG A3 nt
& CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGCC- FACTGAACATCCYTCCETCCCACCCATCGCTGTGTGTTAGT TCCCAACATCGAATG VCL +2nt
g_ CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGCCTFC-TGAACATCCYTCCETCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG +3nt
1O CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGCC ===~ CATCCYTCCETCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG Adnt
CCAGAACCAGATGAGTAAAGGAGTAAGAAC‘:TTGCCT EAATGAACATCCYTCCETCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG +4 nt
CCAGAACCAGATGAGTAARAGGAGTAAGAACLCTTGCCTHC-TGAACATCCYTCCETCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGAATG +3nt
CCAGAACCAGATGAGTAAAGGAGTAAGAACLTTGA-~f--=~- ACATCCTCCITCCCACCCATCGCTGTGTGTTAGTTCCCAACATCGRATG A4 nt
CCAGAACCAGATGAGTAAAGGAGTAAGAACLTT--~-{-CTGAACATCCYTCCETCCCACCCATCGCTGTGTGTTAGT TCCCAACATCGAATG A2 nt
0 5 10 15 20
- Percentage
TCAAATCACACAGCACCTTGTTAGTAGAATCTTTTTTATTCAGAAAAAAAAAA-CCCCAAAAAACAARAGTTTTCCHACCACACACGGGAGGGA WT
3
% TCAAATCACACAGCACCTTGTTAGTAGAATCTTTTTTATTCAGAAAAAAAAA--CCCCAAAAAACAARAGTTTTCCHAACCACACACGGGAGGGA A1 nt
8
3
g TCAAATCACACAGCACCTTGTTAGTAGAATCTTTTTTATTCAGAAAAAAAAAAACCCCAAAAAACAARAGTTTTCCHACCACACACGGGAGGGA +1nt
Q
]
TCAAATCACACAGCACCTTGTTAGTAGAATCTTTTTTATTCAGAAARAARAA~~--CCCCAAAAAACAARAGTTTTCCHACCACACACGGGAGGGA A2 nt
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