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miR-195b is required for proper
cellular homeostasis in the elderly

Maria del Mar Muiioz-Gallardo?, Carlos Garcia-Padilla’?, Cristina Vicente-Garcia3,
Jaime Carvajal®, Amelia Arenega’* & Diego Franco***

Over the last decade we have witnessed an increasing number of studies revealing the functional

role of non-coding RNAs in a multitude of biological processes, including cellular homeostasis,
proliferation and differentiation. Impaired expression of non-coding RNAs can cause distinct
pathological conditions, including herein those affecting the gastrointestinal and cardiorespiratory
systems, respectively. miR-15/miR-16/miR-195 family members have been broadly implicated in
multiple biological processes, including regulation of cell proliferation, apoptosis and metabolism
within distinct tissues, such as heart, liver and lungs. While the functional contribution of miR-195a
has been reported in multiple biological contexts, the role of miR-195b remains unexplored. In this
study we dissected the functional role of miR-195b by generating CRISPR-Cas9 gene edited miR-195b
deficient mice. Our results demonstrate that miR-195b is dispensable for embryonic development.
miR-195b~"~ mice are fertile and displayed no gross anatomical and/or morphological defects.
Mechanistically, cell cycle regulation, metabolism and oxidative stress markers are distinctly impaired
in the heart, liver and lungs of aged mice, a condition that is not overtly observed at midlife. The

lack of overt functional disarray during embryonic development and early adulthood might be due

to temporal and tissue-specific compensatory mechanisms driven by selective upregulation miR-15/
miR-16/miR-195 family members. Overall, our data demonstrated that miR-195b is dispensable for
embryonic development and adulthood but is required for cellular homeostasis in the elderly.

Non-coding RNAs are broadly classified according to their length into two distinct categories. Small non-coding
RNAs, including piwiRNA, snoRNA and microRNAs, are shorter than 200 nucleotides while long non-coding
RNAs, including therein lincRNAs and circRNAs, are longer than 200 nucleotides'. Among the small non-
coding RNAs, microRNAs represent the most abundantly expressed and functionally characterized subgroup.
MicroRNAs are encoded in the nucleus, by transcription of precursors microRNAs molecules that are normally
transcribed by RNA polymerase II%. In certain genomic localization, microRNAs are clustered in such a way that
the primary transcript contains multiple microRNA precursors and this transcript is dubbed pri-miRNA. Pri-
miRNAs are then processed by RNAses such as Drosha and Dgcr8 to generate distinct pre-miRNA molecules,
that are subsequently exported to the cytoplasm by the exportin-5/Ran protein complex®. Within the cytoplasm
the pre-miRNA is processed into a mature microRNA duplex by Dicer RNAse and loaded into the RISC complex
in which one strand is degraded. The mature single-stranded microRNA molecule within the RISC complex is
able now to scan other RNA molecules for sequence homology of its seed sequence provoking RNA target cleav-
age, translation repression and/or RNA deadenylation?. Importantly, microRNAs are highly conserved during
evolution, ranging from C. elegans to humans®.

Over the last decade we have witnessed an increasing number of studies revealing the functional role of non-
coding RNAs in a multitude of biological processes, including cellular homeostasis, proliferation and differen-
tiation among others*. Impaired expression of non-coding RNAs can cause distinct pathological conditions,
including herein those affecting to the gastrointestinal tract”® and the cardiorespiratory system®'° among others,
while pathological conditions are also associated with non-coding RNA dysregulation''.

Functional contribution of microRNAs to embryonic development and homeostasis have been extensively
reported using gene targeting approaches'?. Several microRNAs such as miR-1-1, miR-133 and miR-126 are
essential for cardiovascular development'*!4, respectively, while miR-9 regulates neurogenesis®. Similarly, distinct
microRNAs have been reported to play essential roles in adulthood, such as miR-7 regulating B-pancreatic cell
function’®, miR-22 modulating cardiac contractile function'” and miR-184 regulating epidermal differentiation'®.
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Importantly, several microRNAs share the same seed sequence and thus can potentially regulate the same tran-
script targets, such as miR-15/miR16/miR-195 microRNA family. miR-15, miR-16 and miR-195 have been
broadly implicated in multiple biological processes, such as regulating cell proliferation!*?°, apoptosis**> and
metabolism?, within distinct tissues, such as the heart**?, liver***” and lungs?*-*°. Importantly, two distinct miR-
195 isoforms are found in the mouse genome; (a) miR-195a located in chromosome 11 adjacent to miR-497a and
miR-497b, and (b) miR-195b on chromosome 2 and located in a gene desert. While the functional contribution
of miR-195a has been reported in multiple biological contexts'-*’, particularly in gain-of-function models,
the role of miR-195b remains unexplored. In this study we aim to dissect the functional role of miR-195b by
generating CRISPR-Cas9 gene edited miR-195b deficient mice. Our results demonstrate that genetic deletion of
miR-195b is dispensable for embryonic development. miR-195b knockout mice are fertile and displayed no gross
anatomical and/or morphological defects during adulthood. Molecular analyses demonstrated nonetheless, that
cell cycle regulation, metabolism and oxidative stress is distinctly impaired in the heart, liver and lungs of aged
mice, a condition that is not overtly observed at midlife. Mechanistically, the lack of overt functional disarray
during embryonic development and early adulthood might be due to temporal and tissue-specific compensa-
tory mechanisms driven by selective upregulation of miR-195a, miR-15 and miR-16 expression. Overall, our
data demonstrated that miR-195b is dispensable for embryonic development and adulthood but is required for
cellular homeostasis in the elderly, particularly in the liver.

Materials and methods

Ethics statement

Experiments using animals were performed under protocols approved by the Universidad Pablo de Olavide Ethi-
cal Committee (Sevilla, Spain; protocol 22/09/2015/329) and by the Universidad de Jaén Ethical Committee (Jaé,
Spain; protocol 18/11/14/155) in accordance with Spanish Royal Decree 53/2013, European Directive 2010/63/
EU, and other relevant guidelines. This study is reported in accordance with ARRIVE guidelines (https://arriv
eguidelines.org).

Animals (gene expression analyses)

CD1 mice were bred and embryos were collected at distinct embryonic day (E) ranging from E10.5 to E16.5.
Pregnant females were euthanized by cervical dislocation. Subsequently, embryos were isolated, dissected and
stored in liquid nitrogen until used. Similarly, adult CD1 mice (6 months) were euthanized by cervical disloca-
tion and distinct tissues were isolated, dissected and stored in liquid nitrogen until used.

Gene-editing, miR-195b deficient mice breeding

miR-195b deficient mice were obtained by CRISPR-Cas9 gene editing. Two CRISPR guide RNAs (sgRNAs)
were designed using CRISPRSCAN?! at either side of miR-195b to provide a deletion encompassing the whole
gene (Supplementary Fig. 1A). They were synthesized by in vitro transcription from DNA templates generated
by fill-in PCR, as reported elsewhere’!. Briefly, for each sgRNA, two complementary oligos were used. One of
them was sgRNA-specific and contained the sequence for the T7 promoter, the CRISPR target sequence and
15 additional nucleotides complementary to the second oligo, which was universal and contained the constant
sgRNA scaffold sequence. Each oligo pair, one per sgRNA to be generated, were subjected to PCR amplification
to generate 117-bp PCR products using the following protocol: 3 min at 95 °C, 30 cycles of 30 s at 95 °C, 30 s
at 58 °C and 20 s at 72 °C, and a final step of 5 min at 72 °C. Next, PCRs products were purified using the High
Pure PCR Product Purification kit from Roche and then used as templates for in vitro transcription using the T7
Transcription kit from Roche, following the manufacturer’s instructions. The newly synthesized sgRNAs were
treated with DNAseA to remove DNA contaminants, purified by ethanol precipitation and resuspended in DEPC
H,O. Quantification was performed using Nanodrop and confirmed running serial dilutions of the samples in
parallel with serial dilutions of brewer’s yeast tRNA (Roche) of known concentrations. Finally, sgRNA activity
was evaluated using in vitro digestion assays IDAs*?. Briefly, DNA templates containing the CRISPR-Cas9 target
sites at either side or miR-195b were PCR-amplified. Then, PCR products were purified using the High Pure
PCR Product Purification kit from Roche, and incubated for 3 h at 37 °C with Cas9 protein (20 ng/pL, Addgene
vector #47327) and the corresponding sgRNA (2.5 ng/uL) in digestion buffer (20 mM HEPES pH 7.5, 150 mM
KCI, 0.5 mM DTT, 0.1 mM EDTA, 10 mM MgCI2). Digestion products were run in a 1% agarose gel stained
with ethidium bromide to assess cleavage efficiency. The sequence of the oligos used for sgRNAs generation, and
for IDAs and genotyping are the following: miR-195b_5'guide (taatacgactcactataGGTAGATAAAGTAGCTTC
TTgttttagagctagaa), mir-195b_3'guide (taatacgactcactataGGAGAAAATGCTGTCTTGGAGgttttagagctagaa), uni-
versal_guide (aaaagcaccgactcggtgccactttttcaagttgataacggactagecttattttaacttgctatttctagctctaaaac), mir-195b_genotF
(tggttgacctgectctaaca) and mir-195b_genotR (tgaggcatccttatttgggta). IDA templates were generated with the
same primers used for genotyping.

Cas9 mRNA (100 ng/pL, SBI) and sgRNA (10 ng/uL) were co-injected into the cytoplasm of CBA/C57Bl6
fertilized eggs and transferred to pseudopregnant CD1 females using standard methods. After weaning, FO pups
carrying deletions encompassing the miR-195b gene were detected by performing PCR with the same primers
used for IDA template generation. Genomic DNA was obtained from ear biopsies. Deletions were confirmed
by sequencing after TA cloning into pCR2.1 (Invitrogen) of PCR products (data not shown). Next, mutant FO
carriers were crossed with wild-type CBA/C57BI6 hybrids to generate distinct miR-195b deficient mouse lines
and to minimize potential off-target effects. miR-195b heterozygous were likewise genotyped to identify the
specific deletion allele transmitted. Further, they were intercrossed with CBA/C57Bl6 wild type, establishing
three distinct lines. Deletions included in all cases the miR-195b premiRNA sequence with distinct flanking
sequences; total deletion length ranging from 450 to 600 bps, respectively (Supplementary Fig. 1B, C). Mice
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were bred to adulthood and processed for anatomical and histological examination. No increased mortality was
observed in any of the three distinct miR-195b null transgenic mice. Therefore, we selected only one single line
for further characterization of miR-195b deficiency. Three distinct conditions of miR-195b deficient mice were
subsequently obtained, control miR-195b** with no disruption of the miR-195b locus, heterozygous miR-195b
mice (miR-195b*") and homozygous miR-195b null mice (miR-195b7"); i.e. the deletion was maintained in
heterozygosity and homozygosity in a CBA/C57BI6 hybrid background.

miR-195b deficient mice tissue sample collection

Control miR-195b", heterozygous miR-195b mice (miR-195b*/~) and homozygous miR-195b null mice (miR-
195b*'*) adult mice were obtained at distinct time points ranging from postnatal 30 days to 420 days. Adult mice
were euthanized by cervical dislocation and gross anatomical examination was performed. Subsequently, tissue
samples from distinct organs were collected and processed for molecular analyses by liquid nitrogen snap frozen,
or for histological analyses by fixation in 4% PFA at room temperature followed by graded ethanol dehydration
and paraffin embedment.

In situ hybridization ISH (whole-mount and tissue sections)

Embryos were collected at distinct embryonic stages as previously described, randing from E10-5 to E16.5, fixed
for 2 h at 4 °C in 4% PFA, dehydrated in graded ethanol steps and stored at—20 °C. Embryos were processed
for whole-mount LNA-ISH was processed as previously described®*. miR-195 LNA-labeled microRNA probe
(miRCURY LNA™ Detection probe 5'-DIG and 3'-DIG labeled, Exiqon) was used to performed whole-mount
LNA ISH. For ISH on tissue sections the embryos, previously embedded in paraffin, were sectioned (10 pm)
and mounted into 3-aminopropyltriethoxysilane(AAS)-coated glasses. The Mlc2a (Myl7) riboprobe was used
as positive internal hybridization control, as previously reported®, following the ISH protocol described by
Lopez-Sanchez et al.*.

Cell cultures and transfections assays

Immortalized murine atrial myocardial HL- 1%°, immortalized embryonic endocardial MEVEC?Y, 3T3 fibroblasts
(ATCC), Hep-G2 (ATCC) and epicardial EPIC?® cells were used for miR-195b gain and loss of function assays,
respectively. All cell lines were cultured in DMEM medium supplemented with 10% fetal bovine serum, 100
U/mL penicillin, 100 pg/mL streptomycin and 200 nM of L-glutamine in 100 cm? culture disks at 37 °C in a
humidified atmosphere of 5% CO,, respectively, except atrial HL1 cells that were culture in Claycomb medium
and supplemented with 2 nM norepinephrine. Cells were fed every 2-3 days. microRNA 195 mimic (pre-miRNA
195) and microRNA 195 inhibitor (anti-miRNA 195) (Thermo-Fisher) transfections were carried out with Lipo-
fectamine 2000 (Invitrogen), following the manufacturer’s guidelines. Briefly, 50 nM of pre-miRNA and/or
anti-miRNA were applied to the different cell cultures (6 x 10* cells per well) in antibiotic-free medium for 24 h,
respectively. Subsequently, cells were collected by centrifugation and stored at -80 °C until used.

Mitotracker and ROS labeling

The Hep-2G cell line was used to evaluate in vitro mitochondrial function and ROS activity, respectively. The
number of active mitochondria was measured using Mitotracker Green FM labelling (Thermofisher #M7514),
while ROS levels were measured using CellROX™ Deep Red labelling (Thermofisher # C10422), following in
both cases, the manufacturer’s guidelines, respectively. Hep-2G cells (6 x 10* cells per well) were transfected
with microRNA 195b inhibitor (Thermo Fisher) as previously described and analyzed using a Leica TCS SP5 II
confocal scanning laser microscope. Images were subsequently quantified using Image] software.

Histochemistry and Immunohistochemistry

Tissue samples were collected from 30, 60, 120, 240 and 420 day-old mice corresponding to distinct genotypes
(miR-195b*/*, miR-195b*/~ and miR-195b~'"), rinsed in PBS for 10 min at room temperature, and fixed with
4% PFA overnight at 4 °C. After fixation, the samples were rinsed three times (10 min each) in PBS at room
temperature and then dehydrated in graded ethanol steps. Subsequently, dehydrated samples were paraffin
embedded and cut into 10 um sections which, in turn, were permeabilized with 1% Triton X-100 in PBS for
30 min at room temperature. Histological sections were routinely stained with H&E and picrosirius red. For
immunohistochemical analyses, histological sections were incubated in PBS containing 5% goat serum and
1% bovine serum albumin (Sigma) overnight at 4 °C to block nonspecific binding sites. As primary antibody,
monoclonal rabbit recombinant Anti-Ki67 (ab16667, Abcam) was used, diluted (1:200) in PBS, and applied to
each section overnight at 4 °C. Subsequently, the sections were rinsed three times (for 1 h each) in PBS to remove
excess primary antibody and incubated overnight at 4 °C with Alexa-Fluor 546 anti-rabbit (1:100; Invitrogen)
as secondary antibody. After incubation with the secondary antibody, the sections were rinsed as described
above and incubated with DAPI (1:1,000; Sigma) for 7 min at room temperature and rinsed three times in PBS
for 5 min each. Finally, the sections were mounted with Hydromount medium and stored in PBS in darkness
at 4 °C until analyzed using a Leica TCS SP5 II confocal scanning laser microscope. Negative controls, lacking
primary antibody incubation, resulted in all cases is no detectable signal. Images were subsequently quantified
using Image]J software.

SA-B-galactosidase staining and confocal analyses
The 3T3 cell line (ATCC) was used to analyze senescence associated (SA)-p-galactosidase activity in vitro as pre-
viously described®. 3T3 cells were transfected with anti-miR-195b (Thermofisher) or with a plasmid containing
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expression constructs for p-galactosidase as positive control, in antibiotic free medium for 24 h with Lipo-
fectamine 2000 (Invitrogen), following the manufacturer’s guidelines. Additionally, oxygen peroxide (H,O,)
administration was also applied as internal positive control for induced senescence. Blue-stained senescent cells
were observed by light microscopy and manually counted.

Evaluation of SA-B-galactosidase expression in vivo was carried out by immunohistochemistry. A primary
antibody against -galactosidase (ThermoFisher Catalog # 200-901-036) was used, diluted (1:500) in PBS, and
applied to each tissue sections overnight at 4 °C. Subsequently, sections were rinsed three times, for 1 h each,
in PBS to remove excess primary antibody and incubated 3 h at room temperature with Alexa-Fluor 546 anti-
chicken (1:100; Invitrogen, Catalog # A-11040) as secondary antibody. After secondary antibody incubation,
the sections were rinsed as described before and incubated with DAPI (1:1,000; Sigma) for 7 min at room tem-
perature and rinsed three times in PBS for 5 min each. Finally, the sections were mounted with Hydromount
medium and stored in PBS in darkness at 4 °C until analyzed using a Leica TCS SP5 II confocal scanning laser
microscope. Negative controls, lacking primary antibody incubation, resulted in all cases is no detectable signal.

3'UTR cloning and luciferase assays

Ccndl, Cend2, Cend3, Stim1 and Atf6 3'UTR constructs were PCR-amplified and cloned into the pMIR-REPORT
vector. Primer sequences are provided in Supplementary Table 1. 3T3 fibroblasts (ATCC) were co-transfected
with 100 ng of Ccndl, Cend2, Cend3, Stim1 and Atf6 pMIR-Report luciferase vector, respectively, and 300 ng of
pcLux vector control for internal normalization. Luciferase activity was measured 18 h after transfection using
Pierce Gaussia Luciferase Flash Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA) and normalized to
pcLux vector control, using Pierce Cypridina Luciferase Flash Assay Kit (Thermo Fisher Scientific, Rockford, IL,
USA). In all cases, transfections were carried out in triplicate and internal controls were measured on each assay.

RNA isolation and cDNA synthesis

Total RNA was isolated using Trizol (Roche) according to manufacturer’s guidelines and DNase treated using
RNase-Free DNase (Roche) for 1 h at 30 °C. In all cases, at least three distinct pooled samples were used to
perform the corresponding RT-qPCR experiments.

For mRNA analyses, first strand cDNA was synthesized at 50 °C for 1 h using 1 pg of RNA, oligo-dT primers
and Superscript III Reverse Transcriptase (Invitrogen) according to manufacturer’s guidelines. Negative controls
to assess genomic contamination were performed for each sample, without reverse transcriptase, which resulted
in all cases in no detectable amplification product. For microRNA expression analyses, 20 ng of total RNA was
used for retro-transcription with Universal cDNA Synthesis Kit IT (Exiqon) and the resulting cDNA was diluted
1/80, following manufacture’s guidelines.

RT-qPCR analyses (MRNA and microRNA)

SyBR Green-based RT-qPCR was performed in a Mx3005Tm QPCR System with an MxPro QPCR Software 3.00
(Stratagene). Reactions were performed in 96-well plates with optical sealing tape (Cultek) in 20 pL total volume
containing SYBR Green Mix (Finnzymes) and the corresponding cDNA.

For mRNA analyses, two internal controls, mouse Gusb and Gapdh mRNAs, were used in parallel for each
run and represented as previously described’. Amplification conditions were as follows: denaturalization step
of 95 °C for 10 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s; with final elongation
step of 72 °C for 10 min. All primers were designed to span exon-exon boundaries using online Primer3 software
Primer3input (http://bioinfo.ut.ee/primer3-0.4.0/). Primer sequences are provided in Supplementary Table 1.

For microRNA expression analyses, 20 ng of total RNA was used for retrotranscription with Universal cDNA
Synthesis Kit I (Exiqon) and the resulting cDNA was diluted 1/80. Real time PCR experiments were performed
with 1 pL of diluted cDNA, ExiLENT SYBR Green master mix (Exiqon) and corresponding primer sets.

No amplifications were observed in PCR control reactions containing only water as the template. Each PCR
reaction was performed at least three times to obtain representative averages. The Livak method*' was used to
analyze the relative quantification RT-PCR data and normalized in all cases taking as 100% the wild-type (con-
trol) value, as previously described*~.

miR-195b Tagman RT-qPCR analyses

Absolute quantification of miR-195b was performed using miR-195b Taqgman probes (A25576, ThermoFisher)
and related to cel-miR-39_3p calibration curve obtained also with Tagman probes (4,427,975, ThermoFisher).
5 ng of total RNA was used for retrotranscription with Tagman MicroRNA Reverse Transcription Kit (Applied
Byosystems). Real time PCR experiments were performed with 1 pL of diluted cDNA, Tagman Fast Advanced
Master Mix (Applied Byosistems)and corresponding Tagman probes. U6 was assessed as an internal positive
control. Four distinct dilution series were assayed (1 to 1:1000) and the Ct values of the corresponding dilution
series were used to generate the cel-miR-39_3p calibration curve. miR-195b Ct values were then extrapolated.

Heatmap representations
Normalized qPCR data were graphically plotted as heatmaps using Morpheus software (https://software.broad
institute.org/morpheus/, accessed on 3 March 2020).

Statistical analyses
For statistical analyses of datasets, unpaired Student’s t-tests were used. Significance levels or p values are stated
in each corresponding figure legend. p <0.05 was considered statistically significant.
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Results

Expression pattern of miR-195 during embryonic development

We analyzed the expression pattern of miR-195 by in situ hybridization at two distinct developmental stages
in mouse embryos. Whole-mount in situ hybridization at E10.5, demonstrated a wide expression of miR-195
along the entire embryo, including the central nervous system, the cardiopharyngeal area, the heart and the
gastrointestinal tract (Fig. 1A, B). Tissue section analyses in E12.5 embryos demonstrate that expression is
observed primarily in the hepatoblasts within the fetal liver (Fig. 1C-F), while within the heart, expression is
overtly observed in all three layers, epicardial, myocardial and endocardial cells, with less abundant expression
in the endocardial cushions. Overall, these data demonstrate that miR-195 is widely expressed in all embryonic
tissues. Tagman assays further validated these findings revealing a ~ fourfold increased levels in liver tissues at
30 days (1.7 pg) as compared to 420 days (0,39 pg).

Tissue distribution of miR-15/miR-16/miR-195 family members

Since the in situ hybridization probe for miR-195 does not distinguish between distinct isoforms, i.e. miR.195a
vs miR-195b, we subsequently analyzed the tissue distribution of different members of the miR-15/16/195 fam-
ily (Fig. 1G) that allowed us to distinguish between these isoforms, i.e. miR-195a_5p, miR-195a_3p, miR-195b,
miR-15a_5p, miR-15b_3p and miR-16_5p at embryonic (E16.5) and adult stages. Embryonic expression of miR-
195a_5p is primarily observed in the lungs, followed by the brain, heart and skeletal muscle, with lower expres-
sion levels in the gut and liver (Fig. 1H). On the other hand, miR-195a_3p is also robustly expressed in the lungs,
followed by the liver, gut, heart and skeletal muscle, with lowest expression levels in the brain (Fig. 1H). Given that
both mature microRNAs are derived from the same pre-miR-195a, but they display overt differences in expres-
sion in distinct tissues, e.g. skeletal muscle and kidney, these data suggest that additional post-transcriptional
mechanisms govern microRNA abundance within the same tissue. miR-195b is expressed in the lungs, brain and
liver, with just barely detectable levels in the gut, heart, and skeletal muscle (Fig. 1H). miR-15a_5p is primarily
expressed lungs, liver and brain, with almost no detectable levels in gut, heart and skeletal muscle (Fig. 1H). miR-
15b_5p is expressed in all tissues analyzed, ranging from those with higher expression levels such as lungs, liver,
heart and brain to those with lower expression levels, i.e. gut and skeletal muscle (Fig. 1H). Finally, miR-16_5p
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Figure 1. miR-195 expression analyses. In situ hybridization of miR-195 expression (panel A, E and F) and
negative controls (B, C and D) in E9.5 (panels A, B) and E12.5 (panels C-F) mouse embryos. ' and e” are

close ups of panel (E). f’ and " are close ups of panel (F). Sequence comparison of the pre-miRNAs of miR-15/
miR-16/miR-195 family members (panel G), highlighting in red the seed sequence of each mature microRNAs.
RT-qPCR analyses of miR-15/miR-16/miR-195 family members in E16 embryonic (panel H) and 6 months old
adult (panel I) mouse tissues. Note that miR-195a, and to a lesser extend miR-195b, are widely expressed in both
embryonic and adult tissues. n=6 in all in situ hybridization experiments. n=3 in all RT-qPCR experiments.
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is similarly expressed in all tissues, with highest expression in lungs, liver and brain and lower expression levels
in gut, heart and skeletal muscle (Fig. 1H). Overall these data demonstrate a wide embryonic distribution of all
distinct miR-15/16/195 family members in most of the tissues analyzed.

Subsequently, we also analyzed the expression of the miR-15/16/195 family members in adult tissues. miR-
195a_5p displayed enhanced expression in kidney, heart and brain while lower expression levels are detected in
lungs, gut, stomach, liver and skeletal muscle (Fig. 1I). On the other hand, miR-195a_3p is enriched in heart,
liver, skeletal muscle and brain, while barely detectable expression is observed in kidney lungs, gut and stomach
(Fig. 11). In line with previous results in embryonic tissues, these data suggest that additional post-transcriptional
mechanisms govern microRNA abundance within the same tissue. miR-195b is abundantly expressed in liver,
lungs, gut, and skeletal muscle, with moderate expression levels in kidney and brain while just barely detectable
levels are observed in heart and stomach (Fig. 1I).

miR-15a_5p is primarily expressed in liver and brain, with just barely detected expression in all the other
tissues, i.e. kidney, lungs, stomach, heart and skeletal muscle (Fig. 1I). miR-15b_5p displays enhanced expression
in kidney, liver and brain with lower expression levels in lungs, gut, stomach, gut and heart while just detectable
levels are observed in skeletal muscle (Fig. 1I). Finally, miR-16_5p is prominently expressed in liver and brain,
with lower expression levels in kidney, lungs, gut, stomach and heart, an just barely detectable levels in skeletal
muscle (Fig. 1I). Overall, these data demonstrate that all distinct miR-15/miR-16/miR-195 family members are
expressed in most of the adult tissues analyzed displaying distinct tissue specific expression levels.

Generation of miR-195b null mice

The functional role of miR-195, particularly miR-195a, has been reported by both gain- and loss-of-function
assays®~*>. However, the role of miR-195b has not been described. We therefore generated miR-195b deficient
mice by CRISPR/Cas9 gene editing providing a deletion of ~ 150 bp flanking the miR-195b precursor sequence as
depicted in Supplementary Fig. 1A. Founder mice were viable and fertile. To generate distinct miR-195b deficient
mice and to minimize the plausible effect of off-targets, founder mice were crossed with wild-type CBA/BLS6.
miR-195b heterozygous were genotyped and intercrossed, establishing three distinct lines. Mice were bread to
adulthood and processed for anatomical and histological examination. No increased mortality was observed in
any of the three distinct miR-195b null transgenic mice. Therefore, we selected only one single line for further
characterization of miR-195b deficiency.

miR-195b null mice displayed no overt anatomical or histological alterations

Macroscopic analyses of miR-195b*"*, miR-195b*~ and miR-195b~"~ mice displayed no gross anatomical sig-
nificant differences in any major system, including the cardiovascular, gastrointestinal and urogenital systems at
different developmental stages, ranging from perinatal stages up to almost 2 years, i.e. 600 days (data not shown).
Analyses of the heart to body weight in males and females of miR-195b*"/*, miR-195b*'~ and miR-195b™"~ mice
displayed no significant differences (Supplementary Fig. 2A). Similarly, no differences were observed in liver/
body weight ratio (Supplementary Fig. 2B). We subsequently analyzed at histological levels all major organs of
miR-195b**, miR-195b*~ and miR-195b™"~ at five different postnatal stages (30, 60, 120, 240 and 420 postnatal
days, respectively). In line with the anatomical analyses, no gross histological alterations were observed, including
absence of increased fibrosis in any of the tissues analyzed (Supplementary Fig. 2C), as detailed in the following
paragraphs.

miR-195b deficiency significantly impairs liver homeostasis in elderly mice

Several reports have previously demonstrated a regulatory role for miR-195 in cell proliferation, apoptosis and
metabolism in different biological settings*>~*. Since no gross anatomical and histological alterations were
observed in hepatic preparations during the lifespan of these mice (Fig. 2A, Supplementary Fig. 2C), we inves-
tigated if other miR-15/miR-16/miR-195 family members might be compensating miR-195b loss of function
in the liver of miR-195**, miR-195b*~ and miR-195b~/~ mice ranging from 30 to 420 post-natal days. Our data
demonstrate that miR-195b was significantly down-regulated in the liver of miR-195b™'~ mice to almost no
detectable levels, while miR-195b*'~ mice displayed a significant but milder down-regulation in all postnatal
stages analyzed (Fig. 2B), as expected.

At 30 days, we detected that miR-195a_3p, miR-195a_5p, miR-15a_5p, miR-15b_5p and miR-16_5p were
similarly down-regulated as miR-195b (Fig. 2C-G). Curiously, while a moderate up-regulation for miR-16_5p,
miR-195a_5p, miR-15a_5p and miR-15b_5p was observed in miR-195b*/~ at 240 days but not in miR-195b"" liv-
ers, none of these increases are beyond the level of controls in the rest of postnatal stages and conditions, dem-
onstrating that no compensatory events are occurring at these stages, except for 240 days in miR-195b*'~ livers
(Fig. 2C-G).

We subsequently analyzed the expression profile of distinct key transcription factors involved in endoderm/
liver development such as Foxa2, Hnfp1, Prox1 and Ppary, since their expression levels are frequently altered
in distinct hepatic pathophysiological conditions***’. Our data demonstrate that Foxa2, Hnf31 and Prox1 are
downregulated at 240 days and 420 days postnatal stages in the liver of miR-195b*'~ and miR-195b™'~ mice. On
the other hand, Ppary is significantly upregulated in miR-195b*/~ and miR-195b™"~ at 240 days postnatal stage
as well as in miR-195b™~ but not in miR-195b*livers at 420 days postnatal stage (Fig. 2H, I, Supplementary
Fig. 3). Thus, these data demonstrated that these transcription factors are severely impaired in the liver of elderly
stages in miR-195b~/~ mice.

Similarly, RT-qPCR analyses of key elements regulating liver metabolism, i.e. fatty acids, steroids and glyc-
erolipids, such as Fatp, Acaca, Srebf] and Gpam displayed no significant differences (Srebfl and Gpam) or mild
upregulation at 240 days postnatal stage in miR-195b~/~ mutants, while they were severely down-regulated at
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Figure 2. Histological and molecular characterization of miR-195b deficient liver. Hepatic histological sections
of miR-195b*/*, miR-195b*/~ and miR-195b~/~ stained with H&E and picrosirius red, corresponding to 30 days
and 420 days postnatal livers (panel A). Observe that no gross histological differences are observed, including no
significant differences in collagen deposition. RT-qPCR analyses of miR-15/miR-16/miR-195 family members
in livers corresponding to miR-195b**, miR-195b*~ and miR-195b~'~ mice, respectively, at different postnatal
stages (i.e. 30, 60, 240 and 420 days postnatal) (panels B-G). Observe that miR-195b expression is severely
downregulated in miR-195b*/ livers and almost completely absent in miR-195b~/~ livers at all stages analyzed,
while the rest of the miR-15/miR-16/miR-195 family members display no overt significant up-regulation in
miR-195b*~ and miR-195b~"" livers in most stages analyzed, with the exception of a significant upregulation in
the liver of miR-195b*/~ at 240 days postnatal, but not for miR-195b™/~, at any of the stages analyzed. gRT-PCR
analyses of Foxa2, Hnf1, Prox1, Ppary, Fatp, Acaca, Serbfl and Gpam in livers of miR-195b*/*, miR-195b*/~
and miR-195b~'~ mice at two distinct postnatal stages, i.e. 240 days and 420 days (panel H-I). Observe that

a global up-regulation of these hepatic developmental and metabolic markers is observed in miR-195b*/~ at

240 days postnatal, but not for miR-195b~'~ while at elderly stages, i.e. 420 days, a severe down-regulation of
these markers is observed at both miR-195b*/~ and miR-195b~'~ conditions, with the exception of SerbfI and
Foxa?2 that are mildly and significantly upregulated in miR-195b~'~ but not in miR-195b*/ livers, respectively.
RT-qPCR analyses of ROS markers in livers of miR-195b*'*, miR-195b*'~ and miR-195b~'~ mice at four distinct
postnatal stages, i.e. 30, 60, 240 and 420 days (panel J). Observe that expression levels of Sod1, Sod2, Gpx and Grs
are progressively increased in miR-195b~/~ livers with age, while Prx genes are severely downregulated at early
postnatal stages in miR-195b*/~ and miR-195b~'~ mice, while at later postnatal stages, there are no significant
differences (60 and 240 days) or they become significantly up-regulated (420 days). Mitochondria distribution
assessed by Mitotracker labelling (panels M and N) and quantified (panel K) in cell cultures transfected

with anti-miR-195 (panel N) as compared to controls (panel M). Note that anti-miR-195 leads to significant
upregulation of the mitochondria labelling. Cell oxidative capacity was measured by CellROX labelling (panels
O-P) and quantified (panel L) in cell cultures transfected with anti-miR-195 (panel P) as compared to controls
(panel O). Observe an increase in cellular oxidative capacity after miR-195 inhibition (panel L). Normalized
qPCR data were graphically plotted as heatmaps using Morpheus software (https://software.broadinstitute.org/
morpheus/, accessed on 3 March 2020). All experiments were performed in at least three distinct biological
samples. *p<0.05, ** p<0.01, ** p<0.001, **** p<0.0001.
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elderly stages (420 days), with the exception of SrebfI that is barely modified. Overall these data demonstrate a
progressive impairment on key developmental and metabolic regulators in the liver of miR-195b deficient mice
that are aggravated with aging (Fig. 2H, I, Supplementary Fig. 3), particularly those affecting fatty acids and
glycerolipids metabolism.

We subsequently tested if reactive oxidative stress (ROS) markers were impaired in the liver of miR-195b defi-
cient mice, such as those destroying superoxidase radials in distinct subcellular compartments, (SodI, Sod2) and
those transferring and/or reducing hydroperoxides (Gpx, Grs and peroxiredoxins, Prx2-Prx6). Analyses of Sod1
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«Figure 3. Cell cycle and senescence analyses in miR-195b deficient liver. RT-qPCR analyses of cell cycle
markers such as ccndl, cend2, ccnd3 (panel A), cdk4 and cdk6 (panel B) in livers of miR-195b*/*, miR-195b*/~
and miR-195b~/~ mice at four distinct postnatal stages, i.e. 30, 60, 240 and 420 days. Note that these cell
cycle markers are increased at early postnatal stages in miR-195b*'~ and miR-195b~/~ mice but are severely
downregulated at late postnatal stages. Immunohistochemical analyses of ki67 expression on hepatic histological
sections of miR-195b*"* (panel C), miR-195b*~ (panel E) and miR-195b~"~ (panel D) mice at 60 days old and
their quantitative analyses (panel F) demonstrated increased and decreased proliferation in miR-195b*'~ and
miR-195b~'~ mice, respectively, in line with RT-qPCR analyses. Luciferase assays of ccndI 3'UTR (panel J),
ccnd2 3'UTR (panel K) and ccnd3 3'UTR (panel L) demonstrating significant downregulation after miR-195
overexpression in 3T3 fibroblasts. SA-B-galactosidase positive cells in cell cultures of 3T3 fibroblasts (panel M)
and MEVEC endocardial cells (panel N) transfected with anti-miR-195, B-galactosidase expression vector or
treated with 100 mM and 300 nM of H,0,. Observe the distinct behavior of anti-miR-195 administration in 3T3
fibroblasts (panel M) as compared to MEVEC endocardial cells (panel N). SA-B-galactosidase positive cells on
hepatic histological sections of miR-195b*/* (panel O), miR-195b*'~ (panel Q) and miR-195b~"~ (panel P) mice
and their quantitative analyses (panel R) at 240 days, demonstrating increased senescence in miR-195b™"~ (panel
P) mice. SA-B-galactosidase positive cells on hepatic histological sections of miR-195b** (panel S), miR-195b*/~
(panel U) and miR-195b~'~ (panel T) mice and their quantitative analyses (panel V) at 420 days, demonstrating
increased senescence on miR-195b~'~ (panel T) mice. RT-qPCR analyses of ER stress markers such as Stim1,
Atf6 and Irel (panels W-X) in livers of miR-195b*/*, miR-195b*/~ and miR-195b™'~ mice at two distinct
postnatal stages, i.e. 60 (panel W) and 420 days (panel X). Luciferase assays of Stim1 3'UTR (panel Y) and Atf6
3'UTR (panel Z) demonstrating significant downregulation after miR-195 overexpression in 3T3 fibroblasts.

All experiments were performed in at least three distinct biological samples. *p <0.05, **p <0.01, ***p <0.001,
ook < 0,0001.

expression display down-regulation at 30 days (miR-195b*/~ and miR-195b~'") while it is up-regulated at 420 days
(miR-195b*~ and miR-195b~") with no significant differences at intermediate stages. Sod2 only displays signifi-
cant up-regulation at 30 days (miR-195b*/") and 420 days (miR-195b™"") in line with the similar observations for
Gpx and Gsr, at 30 days on miR-195b*'~ and miR-195b~'~ and 420 days on miR-195b~"~ (Fig. 2J, Supplementary
Fig. 4). RT-qPCR analyze of displayed no significant differences for Prx2 between distinct conditions except at
240 days (miR-195b*'~ and miR-195b~"") that is significantly downregulated and at 420 days (miR-195b™"") that
is significantly upregulated (miR-195b~'"). Prx3 levels are significantly and decreased at 30 days (miR-195b""),
240 days (miR-195b*~ and miR-195b~") and 420 days (miR-195b*/"). Prx5 was significantly upregulated at
30 days in miR-195b*/~ but not in miR-195b~'~ that is downregulated, as well as at 60 days (miR-195b*/~ and miR-
195b77), and 240 days (miR-195b*/~ and miR-195b~'") with no significant differences at 420 days (miR-195b™""),
while Prx6 was significantly up-regulated at 30 days (miR-195b~"") and 60 days (miR-195b*'") but down-regulated
at 240 days (miR-195b*/") and 420 days (miR-195b*/~ and miR-195b~"")(Fig. 2]). Overall these data demonstrate
that, although some ROS impairment is observed at mid postnatal stages, severe impairment is mostly observed
in the elderly stages (420 days), a period in which most ROS members are consistently up-regulated (i.e. Sod1,
Sod2, Gpx and Grs (Supplementary Fig. 4). To further support the functional role of miR-195 in ROS homeostasis,
Hep2G cells were transfected with anti-miR-195 and mitochondrial content (Mitotracker) and oxidative status
(CellROX) were evaluated. Silencing of miR-195 resulted in a significant increase of both markers (Fig. 2K-P),
demonstrating the functional role of miR-195 regulating ROS homeostasis.

Finally, we also analyzed cell cycle regulation, by measuring by RT-qPCR the expression of Cnndl, Cnnd2,
Cnnd3 cyclins and Cdk4 and Cdké6 cyclin-dependent kinases. Our analyses demonstrated that Cnndl and Cnnd2,
but not Cnnd3 are significantly upregulated in miR-195b*~ and mildly up-regulated in miR-195b~/~ at early
postnatal stages, i.e. 30 and 60 days, respectively, while Cdk4 and Cdk6 are downregulated (Fig. 3A, B). Surpris-
ingly, at later post-natal stages, Cnndl, Cnnd2 are not detectable within any experimental condition, Cnnd3 is
decreased at 240 days in miR-195b*/~ and miR-195b~/~ but not at 420 days, while Cdk4 and Cdké6 are significantly
downregulated at 420 days not but at 240 days in miR-195b*/~ and miR-195b~'~ downregulated (Fig. 3A, B). In
line with these findings, ki67 labelling in the liver of miR-195b*'~ mice is significantly upregulated while it is
significantly downregulated in miR-195b™~ mice (Fig. 3C-F). Mechanistically, miR-195b can influence cell cycle
progression, as Ccndl, Cecnd2 and Cend3 are direct targets, as revealed by luciferase assays (Fig. 3G-I).

Additionally, we tested whether cell senescence was influenced by miR-195b deletion. SA-B-galactosidase
activity analyses in 240 and 420 day-old livers demonstrated that deletion of miR-195b significantly increased
SA-beta-galactosidase expression, both in miR-195b*/~ and miR-195b~/~ conditions at both postnatal stages
(Fig. 3L-S). To further support the plausible role of miR-195b in cell senescence, analyses of SA-p-galactosidase
expression were performed in 3T3 fibroblasts and MEVEC endocardial cells treated with antimiR-195. Our data
demonstrated that miR-195 inhibition significantly up-regulated SA-(-galactosidase expression to similar levels
as H,0, administration (Fig. 3], K), that served as positive control of senescence induction in 3T3 fibroblasts but
not in MEVEC cells, supporting a cell-type specific modulation.

Finally, we tested whether markers of endoplasmic reticulum (ER) stress were also altered. RT-qPCR analyses
demonstrated that Stim1, Atf6 and Irel were significantly increased in both miR-195b*~ and miR-195b~/~ condi-
tions at two distinct developmental stages analyzed, i.e. 60 days (Fig. 3T) and 420 days (Fig. 3U). Mechanistically,
impaired expression of these ER makers is directly mediated by miR-195 targeting as revealed by luciferase assays
for Stim1 and Atf6 3'UTRs (Fig. 3V).

Overall, these data demonstrate that miR-195b cannot be compensated by other miR-15/16/195 family mem-
bers in the liver, progressively leading to a progressive molecular dysfunction with age that compromises cell
cycle regulation, cell senescence, mitochondrial function and ROS and ER homeostasis, biological processes
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that are tightly interconnected between each other**-* and if impaired, frequently lead to distinct pathophysi-
ological alterations.

miR-195b deficiency mildly impairs heart homeostasis

Histological analyses of miR-195b*/~ and miR-195b~/~ hearts revealed no significant differences as illustrated in
Fig. 4A at different postnatal stages (30 and 420 days) as compared to controls (Supplementary Fig. 2C). We sub-
sequently investigated the functional consequences of miR-195b deficiency by monitoring the expression levels of
miR-15/miR-16/miR-195 family members in miR-195b*/*, miR-195b"/~ and miR-195b~'~ hearts, spanning from
30 to 420 postnatal days. It is important to highlight that significant upregulation of miR-195a_5p, miR-15b_5p
and miR-16_5p is observed in miR-195b~'~ hearts at 30 days postnatal. At 60 days, upregulation is observed for
miR-15a_5p and miR-15b_5p as well as at 420 days (Fig. 4B-F). Therefore, a sustained up-regulation of distinct
miR-15/miR-16/miR-195 family members is observed from early to aged postnatal stages, with the surprising
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Figure 4. Histological and molecular characterization of miR-195b deficient heart. Cardiac histological
sections of miR-195b*/*, miR-195b*'~ and miR-195b~'" stained with H&E and picrosirius red, corresponding

to 30 days and 420 days postnatal livers (panel A). Observe that no gross histological differences are observed,
including no significant differences in collagen deposition. RT-qPCR analyses of miR-15/miR-16/miR-195
family members in hearts corresponding to miR-195b*/*, miR-195b*/~ and miR-195b~'~ mice, respectively, at
different postnatal stages (i.e. 30, 60, 240 and 420 days postnatal) (panels B-F). Observe that several miR-15/
miR-16/miR-195 family members display a significant upregulation in miR-195b*/~ and miR-195b~"~ hearts in
elderly stages analyzed, particularly miR-15a_5p and miR-15b_5p. RT-qPCR analyses of cardiac developmental
markers such as Mef2c, Gata4, Nkx2.5, Tnnt2 and Tbx5 in hearts of miR-195b**, miR-195b*~ and miR-195b7"~
mice at four distinct postnatal stages, i.e. 30 days to 420 days (panel G). Observe that a global upregulation of
these cardiac developmental markers is observed in miR-195b*~ and miR-195b~'~ hearts from 60 days postnatal
onwards, respectively. SA-B-galactosidase positive cells on cardiac histological sections of miR-195b*'* (panel
H), miR-195b*~ (panel I) and miR-195b~"~ (panel J) mice and their quantitative analyses (panel K) at 240 days,
demonstrating no increased senescence on miR-195b~'~ (panel J) mice. SA-B-galactosidase positive cells on
cardiac histological sections of miR-195b*'* (panel L), miR-195b*/~ (panel M) and miR-195b~'~ (panel N) mice
and their quantitative analyses (panel O) at 420 days, similarly demonstrating no increased senescence on miR-
195b~'~ (panel N) mice. qRT-PCR analyses of ROS markers in hearts of miR-195b*/*, miR-195b*'~ and miR-
195b™"~ mice at four distinct postnatal stages, i.e. 30, 60, 240 and 420 days (panel P). Observe that expression

of ROS markers are similarly increased in miR-195b*/~ and miR-195b~/~ hearts with age. All experiments were
performed in at least three distinct biological samples. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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exception of 240 days. Thus, these data demonstrate a compensatory expression of distinct miR-15/miR-16/
miR-195 family members in miR-195b~/~ hearts, in contrast to the observations reported in miR-195b~/" liver.

We subsequently tested whether distinct cardiac-enriched transcription factors such as Mef2¢, Gata4, Nkx2.5
or Tbx5 are differentially regulated in miR-195b deficient hearts, as they are frequently deregulated in distinct
cardiac pathophysiological conditions®***. Our data demonstrate that these transcription factors are significantly
downregulated in miR-195b*~ and miR-195b™"~ hearts at 30 days while they are significantly upregulated in
miR-195b*/~ and miR-195b~'~ hearts at 60 days as well as in 240 and 420 days. Curiously, a more prominent
upregulation is observed in miR-195b*/~ hearts at these later stages (Fig. 4G, Supplementary Fig. 5).

Additionally, we also tested whether cell senescence was influenced by miR-195b deletion in the heart tissues.
SA-B-galactosidase analyses in 240 and 420 days postnatal hearts demonstrated a mild but significant increased
SA-B-galactosidase expression in miR-195b*/~ at 240 days while no significant differences were observed in miR-
195b*~ and miR-195b~"~ hearts at 420 days (Fig. 4H-O).

Finally, we analyzed whether oxidative stress markers were distinctly regulated in miR-195b/~ hearts dur-
ing postnatal stages. RT-qPCR analyses of Sod1, Sod2 and Gpx demonstrated no significant differences in early
postnatal stages, i.e. 30 days, while at 60 days, 240 days and 420 days significant upregulation was observed
in all ROS markers analyzed in miR-195b*~ and miR-195b~' hearts, respectively. Similarly, the expression of
peroxiredoxins (Prdx2, Prdx3, Prdx5 and Prxd6) display no significant differences at postnatal 30 days but are
consistently up-regulated in 60, 240 and 420 days postnatal in miR-195b*~ and miR-195b~'~ hearts (Fig. 4P,
Supplementary Fig. 6).

Overall, these data demonstrate that miR-195b can be partially compensated by other miR-15/16/195 family
members in the heart, leading progressively to a mild molecular dysfunction with age that partially compromises
cardiac hypertrophy markers and ROS homeostasis but without cell senescence induction.

miR-195b deficiency is partially rescued by miR-15/miR-16/miR-195 family members in the
lungs

In line with previous findings in the liver and heart of miR-195b~/~ mice, no significant histological differences
were observed in miR-195b*/~ and miR-195b™", as revealed by H&E and picrosirius staining (Fig. 5A; Sup-
plementary Fig. 2C) as compared to controls. We subsequently tested the expression levels of miR-15/miR-16/
miR-195 family members in miR-195b**, miR-195b*/~ and miR-195b~'~ lungs, spanning from 30 to 420 days
postnatal. At 30 days, no significant differences or downregulation of miR-15/miR-16/miR-195 family members
was detected in both miR-195b*~ and miR-195b~'~ lungs. However, at 60 and 420 days a significant upregula-
tion of miR-195a_5p, miR-15a_5p, miR-15b_5p and miR-16_5p was observed in both miR-195b*~ and miR-
195b~'~ lungs. Curiously, at 240 days, the expression of these miR-15/miR-16/miR-195 family members was
significantly downregulated in both conditions, i.e. miR-195b*~ and miR-195b7'~ lungs (Fig. 5B-F). Overall,
these data demonstrate that miR-195b deficiency in the lungs is compensated by upregulation of multiple miR-
15/miR-16/miR-195 family members in mid-term and aged lungs, in contrast to the observations in liver and
heart, where no compensation (liver) or just a mild and limited compensation (heart) is observed.

We subsequently tested if ROS homeostasis is impaired in miR-195b~/~ lungs. Sod1, Sod2, Gpx and Gpr
expression is significantly upregulated at early post-natal stages in both miR-195b*/~ and miR-195b~'~ as com-
pared to control miR-195b*'* at 30 days. Gpx and Gpr, but not SodI and Sod2 are also upregulated at 60 days in
both conditions (miR-195b*/~ and miR-195b~/~) while at 240 days significantly differences are only observed in
miR-195b*/~ displaying, in this case, downregulation. Curiously at 420 days, only Sod1 and Grs are detectable in
control miR-195b*/* lungs, and they are significantly upregulated in miR-195b~'~ but not in miR-195b*'~ mice
(Fig. 5G). A similar temporal profile is observed also for Prdx2, Prdx3, Prdx5 and Prdx6. All peroxiredoxins
are upregulated in both miR-195b miR-195b*'~ and miR-195b~"~ lungs as compared to control miR-195b*'* at
30 days, displaying no significant differences or mild downregulation at 60 and 240 days postnatal, respectively.
Curiously, Prdx2 and Prdx6 are upregulated in miR-195b*~ and miR-195b~/~ as compared to control miR-195b*/*
at 420 days (Fig. 5H). Overall these data demonstrate that miR-195b deficiency mildly impacts the oxidative
stress homeostasis in the lungs.

Additionally, we also tested whether cell senescence was influenced by miR-195b deletion in the lungs.
SA-B-galactosidase activity analyses in 240 and 420 days postnatal lungs demonstrated a significant increased
SA-B-galactosidase expression in miR-195b*~ and miR-195b~/~ at both 240 and 420 days postnatal (Fig. 5I-P).

Finally, we addressed if cell cycle regulation is affected in the postnatal lungs by miR-195b deficiency. Our
data demonstrate that Ccnd2, but not Ccndl and Cend3 are significantly upregulated at early postnatal lung
stages (30 days) in both miR-195b*~ and miR-195b~'~ as compared to miR-195b** controls. On the other hand
these cyclins are either not modified or mildly downregulated at 60 days and 240 days, in miR-195b*~ and
miR-195b7"~ lungs as compared to miR-195b*/* controls, while at 420 days they are barely detectable even in
miR-195b*"* controls (Fig. 5Q, Supplementary Fig. 7). On the other hand, cycle-dependent kinases Cdk6, but not
Cdk4, is significantly upregulated in both miR-195b*~ and miR-195b™'~ as compared to miR-195b*/* controls at
30 postnatal days. However, none of them are barely modified at 60 and 240 postnatal days in miR-195b*'~ and
miR-195b7" as compared to miR-195b** controls, while at 420 days only Cdk6 is detectable displaying a sig-
nificant downregulation in miR-195b*/~ but not in miR-195b~/~ lungs (Fig. 5Q, Supplementary Fig. 7). Overall,
these data demonstrate that cell cycle regulation is only partially impaired at early lung postnatal development.

Thus, these data demonstrate that miR-195b can be compensated by other miR-15/16/195 family members
in the lungs, leading only to a progressive molecular dysfunction with age that mildly compromises cell cycle
progression, cell senescence and ROS homeostasis, biological processes that are tightly related*=, as previously
mentioned.
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Figure 5. Histological and molecular characterization of miR-195b deficient lung. Lung histological sections
of miR-195b*/*, miR-195b*/~ and miR-195b~/~ stained with H&E and picrosirius red, corresponding to 30 days
and 420 days postnatal lungs (panel A). Observe that no gross histological differences are observed, including
no significant differences in collagen deposition. RT-qPCR analyses of miR-15/miR-16/miR-195 family
members in lungs corresponding to miR-195b**, miR-195b*~ and miR-195b™'~ mice, respectively, at different
postnatal stages (i.e. 30, 60, 240 and 420 days postnatal) (panels B-F). Observe that several miR-15/miR-16/
miR-195 family members display a significant up-regulation in miR-195b*/~ and miR-195b~'~ lungs in elderly
stages analyzed, particularly miR-195a_5p, miR-15b_5p and miR-16_5p. RT-qPCR analyses of ROS markers in
lungs of miR-195b*"*, miR-195b"/~ and miR-195b~~ mice at four distinct postnatal stages, i.e. 30, 60, 240 and
420 days (panels G-H). Observe that expression of ROS markers are moderately increased in miR-195b*/~ and
miR-195b~~ hearts with age. SA-B-galactosidase positive cells on lung histological sections of miR-195b*/*
(panel I), miR-195b*'~ (panel J) and miR-195b~~ (panel K) mice and their quantitative analyses (panel L) at
240 days, demonstrating increased senescence on miR-195b*~ (panel J) and miR-195b~'~ (panel K) mice. SA-B-
galactosidase positive cells on lung histological sections of miR-195b*/* (panel M), miR-195b*'~ (panel N) and
miR-195b7"~ (panel O) mice and their quantitative analyses (panel P) at 420 days, similarly demonstrating no
increased senescence on miR-195b~'~ (panel P) mice. RT-qPCR analyses of cell cycle markers such as ccnd]l,
cend2, cend3, cdk4 and cdk6 (panel Q) in lungs of miR-195b*/*, miR-195b*/~ and miR-195b~/~ mice at four
distinct postnatal stages, i.e. 30, 60, 240 and 420 days. Note that ccnd2 cycle marker is increased only at early
postnatal stages in miR-195b*/~ and miR-195b~/~ mice while most of them are severely downregulated at late
postnatal stages (60-420 days postnatal). All experiments were performed in at least three distinct biological
samples. *p<0.05, **p<0.01, **p<0.001, ***p <0.0001.

miR-195 modulates miR-15/miR-16/miR-195 family members expression in a tissue-specific
manner

Molecular analyses of miR-195b deficiency in heart, lungs and liver demonstrate a tissue-specific mode of action
of this microRNA that is particularly evident on the expression levels of distinct members of the miR-195/
miR-15/miR16 family. Thus, to further support the tissue-specificity of such co-regulatory mechanisms, we
investigated whether miR-195 gain-of-function and loss-of-function in distinct cell types, i.e. HL1 atrial car-
diomyocytes, 3T3 fibroblasts, MEVEC endocardial cells and EPIC epicardial cells, can modulate the expression
of these microRNAs, i.e. all miR-195/miR-15/miR16 family members. Over-expression of pre-miR-195 leads to
up-regulation of miR-195a_5p in all cell types tested, i.e. HL1, 3T3, MEVEC and EPIC cells, while anti-miR-195
treatment lead to significant downregulation (Fig. 6A-F). Curiously, miR-195a-3p was not significantly altered in
HL1, MEVEC and EPIC cells after pre-miR-195 gain and loss-of-function treatments, respectively, while it was
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Figure 6. In vitro regulation of miR-15/miR-16/miR-195 family members. RT-qPCR analyses of miR-15/miR-
16/miR-195 family members in HL1 cardiomyocytes, 3T3 fibroblasts, MEVEC endocardial and EPIC epicardial
cells transfected with pre-miR-195 and anti-miR-195, respectively (panel A-F). RT-qPCR analyses of ROS
markers in HL1 cardiomyocytes, 3T3 fibroblasts, MEVEC endocardial and EPIC epicardial cells transfected
with pre-miR-195 and anti-miR-195, respectively (panel H-K). All experiments were performed in at least three
distinct biological samples. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

significantly downregulated in 3T3 fibroblasts in both conditions (Fig. 6A-F). miR-195b was not significantly
altered in HL1 and EPIC cells after pre-miR-195 and anti-miR-195 treatment, while it was up-regulated in 3T3
cells in both conditions but it was up-regulated and downregulated in MEVEC after pre-miR-195 and anti-
miR-195 treatment, respectively (Fig. 6A-F). miR-15a was upregulated in HL1 cells while it was downregulated
in 3T3 and MEVEC cells after both pre-miR-195 and anti-miR-195 administration, respectively. Curiously,
in EPIC cells, pre-miR-195 treatment increased miR-15a_5p expression while anti-miR-195 administration
lead to miR-15a_3p downregulation (Fig. 6A-F). A similar situation is observed for miR-15b_5p expression as
both treatments led to downregulation in 3T3 and EPIC cells, whereas in HL1 cells downregulation was only
observed after anti-miR-195 loss-of function while in MEVECs, gain of function leads to upregulation and loss-
of-function to downregulation (Fig. 6A-F). Finally, miR-16_5p was downregulated in all cell types analyzed after
both miR-195 gain and loss-of-function assays, except in EPIC cells that gain of function led to upregulation
and loss-of-function to downregulation (Fig. 6A-F). In sum, these data illustrate that exogenous administration
of pre-miR-195 and anti-miR-195 significantly alters the expression of miR-15, miR-16 and miR-195 family
members and thus further reinforce the notion that miR-195 expression co-regulates the expression of other
microRNAs family members, i.e. miR-15 and miR-16, in a cell-type specific manner.

miR-195 modulates ROS signaling in a tissue-specific manner
Given the cell type specific role of miR-195 regulating miR-15/miR-16/miR-195 family members, and given
that miR-195b deficiently distinctly alters ROS signaling in distinctly organs, we tested whether miR-195 loss-
of-function could influence ROS signaling markers in distinct cell types. We demonstrate herein that miR-195
inhibition upregulates SodI expression in all cells types analyzed, i.e. 3T3, MEVEC and EPIC, except HL1 cells
(Fig. 6G), while Sod2 was significantly upregulated in MEVEC and HLI cells, downregulated in EPIC cells
while no significantly differences were detected in 3T3 fibroblasts (Fig. 6H). On the other hand, Gsr was only
significantly upregulated in EPIC cells (Fig. 6I), while Gpx was only significantly downregulated in MEVEC cells,
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while no significant differences were observed in the other cell types (Fig. 6]). Thus, these data demonstrate that
miR-195 can regulate oxidative stress homeostasis in a cell type-specific manner.

Discussion

Multiple studies have demonstrated the pivotal role of distinct microRNAs in cell homeostasis and their contri-
bution to development of distinct physiopathological conditions. In this context, diverse studies have provided
evidence of the functional role of miR-195 in cardiomyogenic***-*® and hepatic*”*** cell proliferation and
differentiation. Furthermore, multiple evidences reported the involvement of miR-195 in distinct pathological
conditions, e.g. lung cancer®-%, kidney injury and carcinoma®-%, cardiac hypertrophy®>*” and fibrosis®*-"°. In
this study we provided compelling evidences that miR-195b is distributed in distinct embryonic and adult tis-
sues, supporting thus its involvement in multiple tissues. However, it is important to realize that most studies
reported either do not distinguish between the distinct miR-195 isoforms, i.e. miR-195a and miR-195b, or if
they do, they are exclusively based on miR-195a (i.e. miR-195a_5p and miR-195a_3p, respectively). Thus, in
this study we performed for the first time, miR-195b isoform specific deficient mice by CRISPR/Cas9 gene edit-
ing, that resulted in embryonic viable and fertile mice, despite its global and diverse expression in adult tissues.
Such an unexpected finding, might be attributed to plausible compensatory mechanisms. We provide herein
evidence that miR-195b deficiency distinctly up-regulated other miRNA family members in a tissue-specific
and time-dependent manner. In miR-195b deficient liver, only a transitory upregulation of miR-195a_3p, miR-
15a_5p and miR-15b_5p is observed in miR-195b*'~ mice but not in miR-195b™~ mice, resulting in enhanced
disruption of cellular homeostasis as compared to other tissues such as the heart and lungs where sustained
temporal upregulation of other miR-195/miR-15/miR-16 family members is observed. Thus, our data support
that co-regulatory mechanisms are operative between distinct microRNA family members, as suggested in other
biological settings”'~74, which deserves additional efforts to unravel how are they are mechanistically regulated.

Evidence on the functional role of miR-195 modulating cell cycle progression has been widely documented
in distinct biological contexts, including the heart®®”>7¢, the liver****’77® and the lungs’-**. Multiple cell cycle
regulators such as Check1”>7°, Cnnel”’, Cdk4”’, Ccnd13* and Ccnd377%! have been described as miR-195 direct
targets. We provide herein evidences that miR-195b deficiency distinctly impaired cell cycle regulators in distinct
tissues. In the liver, Ccnd2 and Ccnd3 are highly upregulated in early postnatal stages, in line with our findings
by luciferase assays that miR-195 can directly target them. Curiously, such upregulation is no longer observed
in aged miR-195b deficient livers, supporting therefore compensatory effects of other miR-15/miR-16/miR-195
family members.

Distinct pathologies are frequently associated with deregulation of metabolic routes and developmental
genes, such as hepatocellular carcinoma that downregulates Foxa2***° and cardiac hypertrophy that upregu-
lates Mef2c>**. Deregulation of miR-195 expression in liver®-#® and cardiac®*”’%%? pathophysiology has been
widely documented, however, its functional implication has been scarcely investigated®#”%. In our study we
demonstrated that miR-195b deficiency significantly altered key hepatic developmental transcription factors
such as Foxa2 and Hnff31 as well as lipid metabolism in the aged (420 days) deficient liver, a condition that is not
observed in early and mid-term (30-240 days) postnatal stages. Importantly, Foxa2 hepatocyte-specific dele-
tion leads to endoplasmic reticulum stress and impaired live homeostasis®. Similarly, deregulation of cardiac
developmental genes (Mef2¢, Gata4 and Nkx2.5) is also observed in miR-195b deficient hearts. Thus, our data
demonstrate that miR-195b deficiency significantly altered cardiac and hepatic cellular homeostasis, a condition
that is worsened in elderly stages.

While there are previous evidence of the functional role of miR-195 modulating cell proliferation and metabo-
lism, there is scarce information on its plausible role in other essential cellular processes such as redox homeosta-
sis and cellular senescence’>®?, even if they are intimately co-regulated®=°. In our study, we provide compelling
in vitro and in vivo evidences that miR-195 deficiency significantly impairs reactive oxygen stress related gene
expression and cell senescence in a tissue-specific and stage-dependent manner. It is important to realize that
in those tissues where limited miR-15/16/miR195 family members compensation is occurring, i.e. liver, there
is increased cellular senescence already at early postnatal stages, while in those with partial compensation, i.e.
heart and lungs, there is milder (lungs) or no (heart) cell senescence. Furthermore, we demonstrated that ER
stress markers are impaired in the liver in miR-195b deficient mice. Additionally, we demonstrated that Stim1
and Atf6 are direct targets of miR-195, as revealed by luciferase assays. Thus, these data support that multiple
pathways impair cellular homeostasis in miR-195b deficient mice (Fig. 7).

In summary, we have generated by CRISPR/Cas9 gene editing miR-195b deficient mice that are embryonic
viable an fertile but that displayed severe deregulation of key cellular homeostatic processes in the elderly. Impor-
tantly, cellular homeostatic dysfunction is selectively affects only in miR-195b deficient liver as compared to miR-
195b deficient hearts and lungs. We also demonstrated in vitro and in vivo that such tissue- and stage-specific
dysfunction might be attributed to compensatory mechanisms of miR-15/miR-16/miR-195 family members in
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Figure 7. miR-195b working model. Schematic representation of the distinct biological processes modulated by
miR-195b. miR-195b deficiency leads to tissue-specific regulation of miR-15/miR-16/miR-195 family members,
producing alterations in metabolic regulation, transcriptional control, cell proliferation, ROS homeostasis and
ER stress that ultimately lead to cell senescence in the elderly.

absence of miR-195b expression. In sum, our data demonstrated that miR-195b is dispensable for embryonic
development and adulthood but is required for cellular homeostasis in the elderly.
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Genotype sequencing data are available upon request to the corresponding author.
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