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Upregulated expression of microRNA (miR)-221 is associated
with downregulation of p27 and subsequent increased cell pro-
liferation in a variety of human cancers. It is unknown whether
miR-221 mimics could trigger neoplastic cellular proliferation.
In vitro, we demonstrated miR-221 significantly downregulates
the expression of P27 and increases proliferation of H9c2 and
cardiac fibroblasts. The knockdown of PUM1 but not PUM2
abolished such effects by miR-221, as verified by RT-qPCR
and western blot, direct binding of p27 30 UTR by luciferase re-
porter assay and cell proliferation by Ki67. In vivo expression of
P27 in the rat liver, heart, kidney, spleen, and muscle were not
affected by miR-221 at 1 and 4 mg/kg and concurrently full-
length (FL) PUM1 (140 kDa) was not detected. Instead, iso-
forms of 105 and 90 kDa were observed and generated through
alternative RNA slicing verified by cDNA cloning and
sequencing and cathepsin K cleavage confirmed by studies
with the inhibitor odanacatib. This is the first study to address
the possible pro-proliferative effects of miR-221 mimic thera-
peutics in cardiovascular applications. Loss of FL PUM1
expression is a key factor abrogating miR-221-mediated p27
regulation, although other concurrent mechanisms cannot be
excluded. Our findings provide essential insights into the
context-dependent nature of miRNA functionality.

INTRODUCTION
RNA interference (RNAi) is a fundamental mechanism for post-tran-
scriptional regulation of gene expression. MicroRNAs (miRNAs or
miRs), small non-coding RNAs of �22 nucleotides (nt), are impor-
tant endogenous RNAi. miRNA mimics are promising therapeutics.
Base pairing between the miRNA seed region (2–8 nt) and binding
site (BS) in the corresponding 30-untranslated region (30 UTR) of
target gene mRNA initiates translational repression and/or mRNA
degradation. The relatively short nt complementary binding sequence
endows miRNA and miRNA mimics with multi-targeting proper-
ties.1 Synergistic multi-target effects of miRNA mimics offer unique
therapeutic opportunities. Unwanted off-target effects might pose
challenges in clinical applications, as observed for small interfering
RNA (siRNA) prototype therapeutics. However, as an evolutionarily
preserved endogenous gene regulation mechanisms with multi-
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layered regulations, miRNA therapeutics may be less prone to such
unwanted effects.

miR-221 has been demonstrated to have cardioprotective and anti-
fibrotic effects in the settings of ischemic challenges. miR-221
promotes cell survival through1 anti-apoptotic mechanisms by direct
targeting of p53, Bak1, Puma, and Pten, the negative regulator of Akt
signaling pathway,2–4 as well as2 anti-autophagy effects through tar-
geting Ddit4 and Tp53inp1.5 In vivo treatment with miR-221 mimic
reduces myocardial infarct size, improves cardiac function, and in-
creases survival rate in a rat model of myocardial infarction (MI).3

Clinical studies reveal that miR-221 expression in the human failing
heart is inversely correlated with the severity of cardiac fibrosis.6 We
recently demonstrated the anti-fibrotic mechanism of miR-221 is
mediated via direct targeting of thrombospondin-1, a key factor in
latent transforming growth factor b (TGF-b) activation.7 Addition-
ally, miR-221 has been reported to ameliorate vascular remodeling
and inflammation in endothelial cells, smooth muscle cells, macro-
phages, and adipose tissue.8–10

Despite the promise of miR-221 mimics in the treatment of cardiac
infarction and heart failure, miR-221 is a known oncomiR, raising
concerns with respect to safety. Upregulation of miR-221 is associated
with tumor progression and poor prognosis.11–13 Functional studies
of miR-221 have been performed in cancer cell lines in vitro and in
tumor xenograft model in vivo.14,15 The oncogenic mechanism of
miR-221 is mediated via direct targeting of cyclin-dependent kinase
inhibitor 1B (also known as Cdkn1b, p27Kip1, or p27), a cell cycle in-
hibitor, which normally prevents uncontrolled cell proliferation.13,16

The upregulation of miR-221 and associated downregulation of P27
have been reported in multiple cancers.16–18 This raises the question
of whether miR-221 mimic therapeutics could be pro-oncogenic.
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p27 is a highly conserved target of miR-221. Its 30 UTR contains two
miR-221 BSs in human and mouse and three in the rat. A seminal
study in 2010 demonstrated that pumilio 1 (PUM1) is a co-factor in
miR-221-induced p27 downregulation.19 p27 30 UTR contains two
conserved PUM response elements (PREs), RNA sequences specif-
ically recognized by the PUM1 RNA-binding domain (RBD). One
of the PREs is adjacent to a miR-221 BS and directly forms a hairpin
by internal base pairing. This secondary structure of p27 30 UTRblocks
access of miR-221 to its BSs unless PUM1 is bound to the PRE of p27
mRNA opening up the hairpin structure. In quiescent cancer cells, co-
existent high levels of miR-221 and P27 results in neither downregu-
lation of P27 nor cell proliferation, due to lack of PUM1.19

Pumilios, RNA-binding proteins of the PUF (Pumilio/Ferm-3mRNA-
binding factor) family, large sequence-specific RNA-binding proteins,
were initially discovered in Drosophila and later found to be highly
conserved across species.20 They contain evolutionally conserved
C-terminal RBDs that bind to a conserved 8-nt sequence UGUA-
NAUA, called PREs, on the 30 UTR of target mRNAs.21 Hundreds of
pumilio mRNA targets have been identified in human, based on the
presence of PRE and observed changes in RNA expression levels
upon Pum1/Pum2 knockdown.22 PUM proteins are also involved in
regulating multiple miRNA target gene interactions.23 Two classical
PUMs, PUM1 and PUM2, share 76% sequence homology in
Drosophila.24,25 They are believed to be ubiquitously expressed in
mammals and play a pivotal role in germline development and differ-
entiation.26 Their expression and translation in the heart are not well
understood. According to the Human Protein Atlas, Pum1 mRNA is
detected in heart tissue, while PUM1 protein is not. In contrast, both
Pum2 mRNA and protein are expressed in the heart (https://www.
proteinatlas.org/ENSG00000134644-PUM1/tissue). However, it is re-
ported that immunohistochemical staining indicates PUM1 protein
is expressed in cardiomyocytes. Whether alternative RNA splicing
and protein cleavage play a role in the discrepancy of Pum1 RNA
and protein expression in the heart has not been previously elucidated.

Here we report the effects of miR-221 mimics on P27 expression
in vitro and in vivo in primary cell cultures and cell lines and in
healthy rat heart, liver, kidney, spleen, lung, and muscle tissues versus
diseased rat heart. Pum1 and Pum2 mRNA and protein expressions
were measured and their functions ascertained via siRNA knock-
down, luciferase reporter assay, RNA splicing, and protein cleavage
studies. In summary, miR-221 downregulates p27 through binding
to its 30 UTR in vitro. This interaction is controlled by PUM1 but
does not require PUM2. miR-221 does not downregulate p27
mRNA and protein in the heart, liver, kidney, spleen, and muscle
due to lack of PUM1 full-length (FL) (�140 kDa) protein expression.
Instead, two novel PUM1 isoforms of 105 and 90 kDa are detected,
originating from RNA splice variations involving the skipping of
two exons and C-terminal cleavage respectively. The requirement
of FL PUM1 for miR-221-p27 interaction and its absence in vivo
may support the safe use of miR-221 mimics in therapeutic applica-
tions. The discovery of novel PUM1 isoforms and associated under-
lying mechanisms warrant further investigation.
RESULTS
miR-221 downregulation of P27 in vitro but not in vivo

As a well-known gene target of miR-221, p27mRNA and protein were
readily downregulated by miR-221 mimics in H9c2 under both
normal and hypoxia/re-oxygenation (H/R) conditions (Figures 1A
and 1B). miR-221 mimics significantly increased H9c2 proliferation
as indicated by the increases of ki67 staining, and cell count (Figure 1C
i–ii). Furthermore, overexpression of P27 in H9c2 abrogated the pro-
proliferative effect of miR-221 (Figure 1D i–iv). Similar experiments
were carried out in primary isolated adult rat cardiac fibroblasts
(cFBs), with comparable results (Figures S1A–S1D).

We then addressed whether miR-221 could downregulate P27 in vivo
in the rat. Following miR-221 mimic (1 mg/kg and 4 mg/kg) intrave-
nous (i.v.) injection, expression of miR-221 increased in the heart 6.8-
and 17.3-fold; the most in the liver and spleen at 33.4- and 506.5-fold,
and 86- and 223-fold, respectively; and in the kidney 2.2- and 3.5-fold,
respectively, with limited increases in skeletal muscle and the lung
(Figures 2A and S2A). In contrast, mimic control (MC) did not
induce any changes compared with PBS control. P27mRNA and pro-
teins levels in these tissues did not change except for a slight decrease
in the liver (Figures 2B, 2C, S2B, and S2C).
PUM1 but not PUM2 knockdown obliterates miR-221-induced

P27 downregulation

RNAi knockdown of PUM1 and PUM2 was performed to demon-
strate the direct regulation of P27 by miR-221. Dicer-substrate short
interfering RNAs (dsiRNAs) specifically knocked down Pum1mRNA
and protein, by 86% and 67%, respectively (Figure 3A i–iii). With spe-
cific PUM1 knockdown, miR-221 no longer downregulated P27 (Fig-
ure 3A iv). In contrast, siPum2 reduced Pum2mRNA and protein by
94% and 83%without affecting P27 regulation (Figure 3B i–iv). More-
over, 30 UTR luciferase reporter assay showed that PUM1 knockdown
abolished the binding of miR-221 to p27 30 UTR, but PUM2 knock-
down did not affect this binding (Figure 3C).
Discrepant Pum1 mRNA and protein expression in the heart,

liver, kidney, and muscle

Two different antibodies (Abs) recognizing epitopes of PUM1 1–80
amino acids (aa) and 225–275 aa were used to detect PUM1 protein
(Figure 4A). FL PUM1 protein was absent in heart, liver, kidney, skel-
etal muscle, and spleen compared with positive expression observed
in cultured HeLa and H9c2 cells and cFB. FL PUM1 was detected
in the lung. Interestingly, endogenous miR-221 expression is
extremely high in the lung. Therefore, mimic treatment did not in-
crease miR-221 level (Figures S2A and S2B). The observed molecular
weight (MW) of 140 kDa was slightly higher than predicted MW of
126.6 kDa, which is consistent with Ab information from HeLa cell
lysate (https://www.abcam.com/Pumilio-1-antibody-EPR3795-ab92
545.html). Surprisingly, Pum1 mRNA was expressed in all tissues
(Figure 4C). Using the Ab to PUM11–80 aa, a 105-kDa isoform
was detected in the liver, kidney, and spleen, while a 90-kDa isoform
was found in liver, heart, and lung (Figures 4B and S2E). Notably,
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Figure 1. miR-221 downregulates P27 and increases cellular proliferation in vitro

Rat ventricular myoblast H9c2 cells were transfected with 25 nMmiR-221 mimics (miR-221) or control (MC) for 24 h and subjected to 20 h hypoxia/2 h re-oxygenation (H/R).

The normoxia groups were incubated under normal culture conditions for an equal duration. p27 was measured by RT-qPCR (A) and western blot (B). (C) Cell proliferation

was measured by ki67 staining (i) and cell count (ii). (D) p27 cDNA plasmid was co-transfected with mimics for phenotype rescue. The effects of P27 overexpression were

validated by western blot (i), ki67 staining (ii), and cell count (iii). Data are expressed as mean ± SD. *p < 0.05, ***p < 0.001 versus MC, #p < 0.05 versus miR-221 by one-way

ANOVA with Bonferroni post hoc analysis. Experiments performed three times in triplicate.
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PUM1, as detected by the same Ab, has been previously reported as
present in the liver and kidney.27 Immunohistochemical staining
does not allow differentiation of full-length and shorter isoforms of
PUM1. To confirm the finding, we validated PUM1 expressions in
multiple mouse tissues as well, FL PUM1 is missing in the heart, liver,
kidney, muscle, bone marrow, and intestine, but expressed in the
lung, spleen, and stomach (Figure S3).
458 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
To explain the absence of FL PUM1 in the heart while it is expressed
in cFB, we undertook additional investigation. Primary cFBs were iso-
lated from adult rat heart and cultured for a few passages. Pum1
mRNA was expressed in all cell passages. Freshly isolated cFBs (p0)
had no FL PUM1 and a little of the 105-kDa isoform. However,
both were strongly induced after plating/attachment (p00) and pas-
sage 1 (p1). The abundance of the FL PUM1 gradually diminished



Figure 2. miR-221 does not downregulate P27

in vivo

Healthy adult rats received PBS, 1 mg/kg MC, 1 mg/kg or

4 mg/kg miR-221 mimics through tail vein injection. The

heart, liver, kidney, and skeletal muscle were harvested

after 48 h for RNA and protein extraction. (A) miR-221

levels were measured by stem-loop qPCR. p27 mRNA

and protein levels were measured by RT-qPCR (B) and

western blot (C). Data are expressed as mean ± SD. n = 3

each group.
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with increasing passage number, while the 105-kDa isoform re-
mained relatively stable over successive passages (Figures 4E and 4F).

Surprisingly miR-221 downregulated P27 in neonatal rat ventricular
myocytes (NRVMs) considering FL PUM1 is not expressed in the
adult heart (Figure S4A). It is pertinent to ask whether FL PUM1 is
expressed in the neonatal heart. We detected very low-level FL
PUM1 in the neonatal heart and in freshly isolated NRVMs and
nFBs (p0). FL PUM1 expression was significantly induced in nFB cul-
ture, consistent with our adult cFB results (Figure S4B). PUM1 phos-
Molecular Th
phorylation was reported to be associated with
functional regulation of the miR-221/P27 inter-
action.19 We found that p-PUM1 was not de-
tected in the heart tissue but was present in
H9c2, cFB, and NRVM (Figure S4C). The re-
sults indicate that FL PUM1 is expressed in
the neonatal but not adult heart.

PUM1 expression was corroborated by western
blot. Both the PUM1 (1–80 aa) and PUM1
(225–275 aa) Abs successfully pulled down FL
PUM1 from HeLa cell lysate (Figure S5A). Pep-
tide sequences were identified from PUM1
(225–275 aa) pull-down by mass spectrometry
assessment. A total of 27 peptide hits aligned
with human PUM1. After excluding repeated
hits, 10 unique peptide sequences were identi-
fied (bold in Figure S5B). Unfortunately, immu-
noprecipitation (IP) of the shorter isoforms
from tissue samples did not yield sufficient pro-
tein for mass spectrometry assessment. These
results confirm the presence of FL PUM1
in vitro and validate the western blot data.

Pum1 alternative RNA splicing is

responsible for the generation of isoform

105 kDa

The expression of PUM1 105-kDa and 90-kDa
isoforms in tissues and cells has not been previ-
ously reported and the underlying mechanisms
are unknown. The Pum1mRNA exon structure
open reading frame (ORF) is illustrated in Figure 5A. cDNA was
cloned from heart, liver, kidney, and muscle tissue extracts, using
primers flanking start and stop codons, and inserted into a mamma-
lian expression vector, pcDNA3.1. Sequencing 10 colonies from each
tissue, six mRNA splicing variants (v1–v6) were identified (Figures 5B
and S6). With the exception of v2, which had GC-rich sequence at its
specific exon junction and failed primer designs, all variants of v1, v3–
6, were detected in four tissues with single-peak melt curves indi-
cating specific PCR products (Figure 5C ii). BLAST with database,
v2, and v4 could be mapped to predicted rat mRNA sequences and
erapy: Nucleic Acids Vol. 27 March 2022 459
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v5 and v6 were predicted mouse mRNA sequences.28 Variants v1–4
were predicted to encode smaller isoforms due to exon skipping.
Among them, v1 and v3, predicting translation of proteins with
MWs of 123 kDa and 105 kDa, have not been previously reported.
Variants v5–6 had premature stop codons (PSCs) from an alternative
splice site in exon 2 predicted to result in nonsense-mediated decay
(Figure 5B).

RNA variants v1–6-translated PUM1 isoforms were further verified.
The cDNA plasmids of Pum1 variants with an N-terminal FLAG tag
were overexpressed in HeLa cells. FL PUM1 overexpression was
consistent with the endogenous 140 kDa observed earlier, with a
slight shift due to FLAG tag. Only variants v2 and v3 generated pro-
teins, whereas v1, v4, v5, and v6 did not produce anything detectable
by anti-FLAG or PUM1 Abs (Figure 6A). PUM1 v2 was slightly
smaller than PUM1-FL, consistent with predicted size reduction
due to loss of two exons. However, endogenous PUM1 v2 has not
been observed in any of our tissue or cell samples (Figure 4A). The
105-kDa isoform observed in liver, kidney, and cultured cells was
confirmed to be PUM1 v3 as it was recognized only by PUM1 1–
80-aa Ab but not by the PUM1 225–275-aa Ab due to the loss of
translation of exon 6–7 (241–385 aa) (Figures 6A and 6B). Overex-
pression of PUM1 isoforms was repeated in H9c2 cells with similar
results (Figure S7). The PUM1 v3 translated 105-kDa isoform retains
RBD and may be a functional isoform. However, regulatory effect is
greatly reduced. With extremely high-dose miR-221 mimic, inducing
6,297-fold increase in the liver, P27 protein was downregulated (Fig-
ure S8). We suspect that this short isoform may induce conforma-
tional change that affects its interaction with p27 30 UTR. However,
even with this high dose of miR-221 mimic, p27 mRNA and protein
in the heart were not downregulated (Figure S8). We must point out
that both FL PUM1 and endogenous miR-221 were highly expressed
in the lung. With miR-221 mimic treatment, the increase of miR-221
was very limited and p27 was not downregulated (Figure S2B). FL
PUM1 expression is a key factor inmiR-221-mediated p27 regulation,
although other co-contributory mechanisms cannot be excluded.
PUM1 cleavage and proteasome degradation

PUM1 90-kDa isoform was repeatedly detected in the tissues,
cultured cells, and FL and v3 over-expressions. This isoform gradually
accumulated after the overexpression of PUM1-FL, indicating protein
cleavage (Figure S9). It was recognized by both PUM1 Abs and anti-
FLAG Ab, suggesting C-terminal cleavage. In silico proteolytic cleav-
age prediction indicated potential cathepsin K (CatK) cleavage sites of
PUM1 at amino acids 138, 776, and 919 (https://www.dmbr.ugent.be/
Figure 3. miR-221 downregulation of p27 is PUM1 dependent

Rat ventricular myoblast H9c2 were transfected with 25 nM dsiRNA pumilios (siPum) o

transfected for 24 h followed by mimic transfection for 24 h. (A) Pum1 and Pum2 knockd

P27 downregulation by miR-221 with or without PUM1 knockdown was assessed by w

luciferase reporter assay to assess p27-30 UTR binding and suppression by miR-221 w

carrying perfect complementary sequence to miR-221) was used as a positive control. D

unpaired two-tailed t test. Experiments performed three times in triplicate.
prx/bioit2-public/SitePrediction/output/955290_955290_INPUT
fasta_scorelist.html). The latter two cleavage sites could generate a
�90-kDa isoform with complete or partial loss of RBD (Figure 7A).
To verify this mechanism, the CatK inhibitor odanacatib (ODN)
was incubated with HeLa and H9c2. The production of the 90-kDa
isoform was significantly reduced by ODN (Figure 7B). Treatment
with MG132, a proteasome inhibitor, stabilized the 90-kDa band in
HeLa cells in a dose-dependent fashion, while not affecting the 140-
kDa band (Figure 7C). Similar results were observed in H9c2 (Figures
S10A and S10B). Altogether, these results demonstrated that the
endogenous 90-kDa isomer might be a cleavage product of FL
PUM1 and cleaved PUM1 might be subject to non-specific protea-
some degradation.

Stress and repeated miR-221 treatment do not induce FL PUM1

expression or downregulate P27 in rat MI heart

We investigated the interaction of miR-221 and target P27 in the
infarct heart (MI). FL PUM1 was not expressed in the infarct,
border, or remote areas after MI (Figure 8A). With 1 mg/kg mimic
treatment immediately after left anterior descending (LAD) coro-
nary artery ligation, followed by a second injection at day 3,
miR-221 levels increased significantly in infarct and border areas
but not in the remote areas of the myocardium (Figure 8B). This
treatment was cardioprotective.3 However, p27 mRNA and protein
were not downregulated by miR-221 in any myocardial area with
either one or two treatments (Figures 8C and 8D). Although
Ki67 staining indicated a significant increase of proliferating cells
in the infarct compared with the remote myocardium, miR-221
treatment did not increase Ki67+ cells, and instead showed a
strong trend toward reduced cell proliferation (Figure 8E). The in-
crease of Ki67-positive cells in the infarct was not associated with
P27 but reflected injury-induced non-myocyte proliferation (e.g.
cFBs, inflammatory cells, endothelial cells).29

DISCUSSION
In this study, we demonstrated that the pro-proliferative action of
miR-221 mimics (at both 1 mg/kg and 4 mg/kg) observed in vitro
is eliminated due to absence of P27 downregulation in the heart, liver,
kidney, spleen, and muscle in vivo. From comprehensive in vivo and
in vitro experiments by carefully following the guidelines for double-
stranded RNA study,30 we have demonstrated expression of FL
PUM1 is absent in these organs, which prevents such regulation.
Instead, two major short PUM1 isoforms of 105 kDa and 90 kDa
are found. They are generated by alternative RNA splicing and
CatK cleavage respectively.
r negative control (siNeg) for 48 h. In co-transfection experiment, the dsiRNA were

own were validated by RT-qPCR for mRNA (i) by western blot for proteins (ii and iii).

estern blot (ii and iv). (B) Parallel experiment of Pum2 siRNA knockdown. (C) 30 UTR
ith or without Pum1 and Pum2 siRNA knockdown. 221 sensor (psiCHECK2 vector

ata are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus MC, by
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Figure 4. PUM1 expression is missing in the tissues and inducible in cultured cFB

(A) Schematic of two PUM1 Abs recognizing epitopes of 1–80 aa and 225–275 aa indicated by boxed areas. The RBD is highly conserved and is not chosen for Ab specificity

concern. (B) Western blot and (C) RT-qPCR of PUM1 in adult rat tissues of liver (Lv), muscle (Ms), kidney (Kd), heart (Ht), and culture cells of cFBs; primary isolated adult rat

cFBs were collected before (p0) and after plating (p00) and after subculturing from passages 1–4. Pum1 expressions of (D) mRNA were assessed by RT-qPCR (D) and (E)

proteins were assessed by western blot. Data are expressed as mean ± SD. n = 3 each group for in vivo samples. Cell culture experiments were performed three times in

duplicate.
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Figure 5. Pum1 mRNA undergoes post-

transcription modification of alternative splicing

(A) Schematic of rat Pum1 exon structure with boxes

depicting ORF, gray area indicating coding sequence,

and arrows marking cloning primer locations. Sequences

that encode Ab recognition sites and RBD are marked

with brackets. ORF and PSC were predicted by trans-

lating from the original start codon. (B) Schematic of six

Pum1 splice variants (v1–6) discovered from cDNA clones

aligned against FL Pum1 and against human, mouse, and

rat mRNA reference sequences through nucleotide (nt)

BLAST. (C) RT-qPCR measurement of mRNA expres-

sions of individual splice variants in liver, muscle, kidney,

heart, cFB, and H9c2. Data are expressed as mean ± SD.

*p < 0.05, **p < 0.01, ***p < 0.001 versus Lv by unpaired

two-tail t test. N = 3 for tissues and experiments per-

formed three times in triplicate.
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miR-221 mimics possess cardiac therapeutic potential in view of car-
dioprotective and anti-fibrotic effects we have previously reported in
experimental MI and heart failure. In these models, miR-221 exerts
anti-apoptotic and anti-autophagic effects via multi-gene targeting.
Multi-targeting offers coordinated and synergistic effects but raises
safety concerns. miR-221 is a known oncomiR acting via inhibition
of p27 with consequent release of cancerous cellular proliferation.11

With miR-221 mimic overexpression, miR-221 downregulates P27
expression and stimulates cell proliferation in H9c2 and cFB, under
normal and hypoxia conditions. The effects are blocked by p27 over-
expression. These results suggest that the pro-proliferative effects of
miR-221 through targeting of P27 exist in normal somatic cells as
well as in cancer. To our surprise, at a therapeutic dose (1 mg/kg)
of miR-221 mimic, P27 expression was unchanged in vivo. The ther-
Molecular Th
apeutic efficacy of this dose was retained, as
confirmed by significant downregulation of
key targets and sustained therapeutic effects
with improved cardiac function and reduced
mortality.3,7 To confirm this finding, we treated
rats with high-dose mimic (4 mg/kg). P27 pro-
tein levels were not changed in the face of�20-,
�223-, and �500-fold increases in miR-221 in
the heart, liver, and spleen respectively. At this
dosage, p27 mRNA was downregulated in the
liver but did not affect protein protection.

Resolving the puzzling discrepancy of miR-221-
induced P27 regulation in vitro versus in vivo
was aided by a report from Kedde et al.19 The
well-documented role of miR-221 in oncogen-
esis and metastasis was known to be mediated
via P27 silencing, but miR-221 only regulated
P27 in cycling (active proliferative) cancer cells
and lost such effects in quiescent cancer cells.
These investigators demonstrated that PUM1
and PUM2 specifically regulate miR-221 and
p27 interaction by binding to p27 30 UTR to open the hairpin struc-
ture, making the relevant BS accessible to miR-221.19 The loss of
PUM in quiescent cancer cells or knockdown of PUM by siRNA abol-
ished the regulation of P27 by miR-221. Through binding to mRNAs,
both PUM1 and PUM2 play an important role in embryonic develop-
ment, cell proliferation, and neurological function.26,31,32 The effects
of PUM1 and PUM2 were not differentiated in previous reports. We
showed that silencing specifically of PUM1 diminishes the direct
binding of miR-221 to the p27 30 UTR, which then blocks miR-
221-induced downregulation of P27. Silencing of PUM2 does not
affect direct binding or P27 expression. It has been reported that
PUM2 is significantly upregulated in human hearts with end-stage
dilated cardiomyopathy and regulates multiple fibrogenic genes
through RNA-binding properties, while PUM1 is unchanged.33 These
erapy: Nucleic Acids Vol. 27 March 2022 463
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Figure 6. The overexpression of full-length and

variant PUM1

(A) The overexpression of FL and variant PUM1 in HeLa

cells was detected by Abs of anti-FLAG and PUM1 1–80

aa and 225–275 aa. (B) Schematic of structure and Ab

recognition sites of overexpressed PUM1 of FL and 105-

kDa isoform that correspond to endogenous PUM1.

Molecular Therapy: Nucleic Acids
results indicate that PUM1 and PUM2 have different functions, war-
ranting future investigation.

It is then necessary to know if PUM1 is expressed in vivo. Pum1
mRNA expression is readily detected in rat heart, liver, kidney, spleen,
lung, and skeletal muscle, consistent with published data in human
tissues34 and RNA sequencing (RNA-seq) data of major databases
such as NCBI and Genecards (https://www.genecards.org/cgi-bin/
carddisp.pl?gene=PUM1). PUM1 is a protein with 1,186 aa. Verified
by two PUM1 Abs recognizing epitopes of 1–80 aa and 225–275 aa,
FL 140-kDa PUM1 was detected in all cultured cells but missing in
the tissues. Instead, two novel PUM1 isoforms were found; i.e.
105 kDa, the predominant isoform in the liver and kidney, and
90 kDa, in very low levels in the liver and heart. These isoforms are
detected in cultured cells as endogenous products as well as by-prod-
ucts of FL PUM1 overexpression. FL PUM1 IP pull-down followed by
mass spectrometry sequence detection validated western blot obser-
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vations. Our finding explains why PUM1 is re-
ported missing in the heart from the Human
Protein Atlas but is detected by immunohisto-
chemistry with Ab PUM1 1–80 aa.27 Our
work expands the understanding of PUM1
in vivo expression.

Alternative splicing is a fundamental regulatory
process of gene expression and increases the va-
riety of protein production.35 A total of six
Pum1 mRNA alternative splicing variants
were discovered from the rat tissues by cDNA
cloning and sequencing. Among them, two var-
iants, v5 and v6, carry PSCs and do not produce
proteins, as confirmed on overexpression
studies. Although variants of v1–v4 contain pu-
tative ORFs, only v2 and v3 translate proteins.
However, the v2 product has not been detected
endogenously in any of the cell or tissue sam-
ples. V3 translates a 105-kDa isoform that is de-
tected by Abs of anti-FLAG and PUM1 1–80 aa.
It is a product of Pum1 with skipping of exons
6–7 (241–385 aa) in the N-terminal region.
Therefore, it is not detected by Ab PUM1
225–275 aa. The heart exhibits predominance
of v1 and v5–v6 splice variants, increased by
1.5–2-fold compared with other organs and
cultured cells, which do not translate into
PUM1 protein due to unknown reasons or PSC respectively.36 The
105-kDa PUM1 isoform is barely expressed, while the 90 kDa is the
main isoform in the heart. PUM1 isoforms are repeatedly detected
in culture cells as well. The isoform accumulation following PUM1
overexpression and recognition by Abs of N-terminal FLAG tag
and both PUM1 suggest the possibility of C-terminal cleavage.

Our attempt to identify the protease for this isoform focused on
cathepsin K, a cysteine protease previously studied in osteoblasts
with recently recognized roles in the cardiovascular system.37,38 The
top three in silico predicted cleavage sites were conserved between hu-
man andmouse: 138 aa, 776 aa, and 919 aa.39 The latter two sites could
generate C-terminal cleaved proteins with predicted sizes of 80 kDa
and 96 kDa, matching the �90 kDa observed. CatK inhibitor ODN
treatment significantly inhibited the production of the 90-kDa iso-
form. The aspartic protease inhibitor pepstatin A had no such effects,
suggesting the protease cleavage is specific. The isoforms are subjected

https://www.genecards.org/cgi-bin/carddisp.pl?gene=PUM1
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Figure 7. PUM1 protein cleavage and degradation

(A) Schematic of PUM1 protein structure with top three predicted cathepsin K (CatK) cleavage sites. (B) HeLa cells were treated with 5 and 10 mMCatK inhibitor ODN for 24 h.

Levels of FL PUM1 and its cleavage product were assessed by western blot. (C) HeLa cells overexpressing PUM1-FL were treated with proteasome inhibitor MG132 at doses

of 1, 5, 10 mM for 8 h. Levels of FL PUM1 and its cleavage products were assessed by western blot and densitometry. Data are expressed as mean ± SD. *p < 0.05, ***p <

0.001 versus control by unpaired two-tail t test. Experiments were performed three times in triplicate. Ctrl, control.
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to rapid degradation supported by a dose-dependent increase induced
by the proteasome inhibitor MG132. This is a proof-of-concept study
supporting involvement of selected proteases in PUM1 cleavage and
degradation. We cannot exclude the involvement of other proteases,
and an unbiased protease screen is needed. CatK is often thought to
act upon the extracellular matrix.40 Its cleavage of an endogenous pro-
tein like pumilio is an interesting topic for further investigation.

The 105-kDa and 90-kDa isoforms of PUM1 have not been previ-
ously reported and their functions are unknown (https://blast.ncbi.
nlm.nih.gov/ and https://www.proteinatlas.org/). Due to the presence
of endogenous PUM1, functional miR-221 downregulation of P27
was observed in all of our cell cultures. Therefore, we were unable
to directly tease out the function of individual isoforms by isoform
overexpression in vitro. PUM1 105 kDa is well expressed in the liver
and only with an extremely high dose of miR-221 mimic (6,297-fold
increase) were the expressions of p27 mRNA and protein downregu-
lated (Figure S6). As this isoform results from skipping of exons 6–7
at the N terminus but retains the complete RBD, we suspect that
significantly reduced efficiency is due to the conformational change
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 465
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of 3D structure which affects the interaction of miR-221 and p27 30

UTR. This fold change should never be achieved with therapeutic
dosages. The 90-kDa isoform is a product of the C-terminal cleavage
leading to the loss of RBD. It is a non-functional isoform. Our find-
ings add important knowledge on PUM1 isoform expression and
function. Previous understanding of PUM1 function was limited to
its regulation of growth and development.32,41 The current study in-
dicates potentially distinct roles of PUM1 in adult tissues, and PUM1
may not be required in the heart for healthy homeostasis.

Then we asked whether FL PUM1 is stress inducible; in other
words, whether miR-221 treatment is safe under pathological
stresses with respect to possible downregulation of p27. As our or-
gan of prime interest, we observed miR-221 effects in the infarcted
heart. As in the healthy heart, FL PUM1 is not expressed in the
infarct, border, or remote areas in the infarcted heart. At day 2
and day 7 following one and two miR-221 treatments, P27 expres-
sion did not change. We selected this time frame because several
studies have shown that miRNA mimic organ distributions remain
high 1 day after injection but are back to normal within 2–4 days,
with target gene silencing effects peaking at day 1.42,43 In our expe-
rience, the effects of target gene knockdown peaked in 1 day and
lasted for 2–3 days. A challenge for miRNA therapeutics is mainte-
nance of effective mimic concentrations and gene silencing effects.
In our previous studies, two injections of 1 mg/kg miR-221 mimics
were effective. Compared with permanent genetic upregulation or
long-lasting viral miRNA delivery, short-lasting miRNA mimics
have fewer safety concerns. Although PUM1 is not stress inducible,
long-term miR-221 mimic treatment, the synergistic effect with
another oncogenic factor, and the function of novel PUM1 isoforms
warrant further investigation.

Both siRNA and miRNA mimics are �21-nt RNA duplexes that
induce gene silencing. miRNA mimics have a potentially great thera-
peutic future but their development lags behind that of siRNA drugs.
As endogenous products of molecular evolution, miRNAs induce co-
ordinated gene regulation that is context dependent (e.g., healthy
versus disease) and cell-type specific.44 The mechanisms are not
well understood. As demonstrated in this study, FL PUM1 is missing
in vivo; therefore, miR-221 did not downregulate P27, which indicates
miRNA-221 mimics are unlikely to induce malignant cellular prolif-
eration. Our results demonstrated that PUM1 is not expressed in pri-
mary cells, consistent with our in vivo findings. However, PUM1 is
induced in cell culture by unknown mechanisms. We identified novel
PUM1 isoforms of 105 kDa and 90 kDa generated through alternative
RNA splicing and protease cleavage respectively. This is the first study
Figure 8. Stress and repeated miR-221 treatment do not induce FL PUM1 expr

(A) Rat hearts with MI were harvested at 48 h after surgery (MId2) and dissected by th

expression was assessed with western blot. HeLa cell lysate was used as a positive cont

tissue was harvested at MId2. A second injection was given at day 3 and tissue was harv

are presented as fold change over MI control. P27 expression in MI control and miR-22

Immunofluorescence staining of the heart sections (MId7) with three colors: cell proliferat

bar, 200 mm. Results were analyzed as ki67% positive nuclei and normalized to MI con
to address this aspect of miR-221mimic therapeutic safety in address-
ing concerns regarding possible adverse pro-proliferative effects,
which theoretically may have threatened potential cardiovascular ap-
plications. Our findings illustrate the need for understanding the
context-dependent nature of miRNA functionality, which is crucial
for effective miRNA drug development.

MATERIALS AND METHODS
Animals

A total of 76 Sprague-Dawley rats were used in this study, including
28 8-week-old males for in vivo miRNA mimic delivery, 45 8-week-
old males for MI, and three pregnant females for primary cell
isolation of NRVMs and cFBs. All rats were kept at 21�C ± 2�C in
a temperature-controlled room with 12-h light/dark cycle. Water
and diet were available ad libitum. Protocols were approved by the
Institutional Animal Care and Use Committee of National University
of Singapore and complied with the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health
(NIH publication no. 85-23, revised 1996).

Cell culture

Primary NRVM and cFB isolation from the neonatal and adult rat
hearts has been described before.45 Briefly, the gentleMACS dissocia-
tor (Miltenyi Biotec, Singapore) was used following manufacturer’s
instructions with modifications. NRVMs were purified by Percoll
density gradient centrifugation (GE healthcare, Singapore). cFBs
from the female adult rat heart were isolated with a customized
enzyme solution of collagenase II (80 mg/mL) and DNase (60 U/
mL) (Worthington Biochem, i-DNA Biotechnology, Singapore). Ali-
quots of freshly isolated cells were lysed for protein and RNA extrac-
tion (sample p0) and subcultured for transfection/treatment at p00, p1
to p4 as needed.

Rat cardiac myoblast H9c2 cells and Hela cells were purchased from
American Type Culture Collection (ATCC, Bio-REV, Singapore)
and cultured according to ATCC instructions. Normal growth me-
dium for NRVMs (DMEM and M199 at 4:1 ratio), cFBs, and h9c2
(DMEM) were all supplemented with 10% FBS and penicillin/strepto-
mycin (Gibco, Thermo Fisher Scientific, Singapore). Hypoxia was per-
formed by incubating in low-glucose, serum-free DMEM at 0.2%O2.

46

In vivo miR-221 mimics delivery

miR-221 mimic and MC were complexed with Invivofectamine 3.0
following manufacturer’s instructions (Thermo Fisher Scientific,
Singapore) and diluted in PBS to 0.8 mL volume per rat for tail
vein injection. Additional equal volume of PBS control was
ession or p27 regulation in rat MI heart

e infarct, border, and remote zones (Inf., Bor., Rem., respectively). PUM1 protein

rol. (B) Mimics of miR-221 were i.v. injected at 1mg/kg immediately after surgery and

ested at MId7. miR-221 overexpression was measured by stem-loop qPCR. Results

1 mimic-treated rat hearts was measured by (C) RT-qPCR and (D) western blot. (E)

ion marker ki67 (red), fibrosis marker a-SMA (green), nuclei stain DAPI (blue) (i). Scale

trol (ii). n = 5 animals for each group.
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included. Healthy rats received 1 mg/kg or 4 mg/kg mimics. Extra-
high-dosage delivery was performed as three injections of 3.75 mg/
kg on consecutive days. Rats were euthanized at 48 h after the last
injections. Heart, liver, kidney, and skeletal muscle were snap
frozen in liquid nitrogen for protein and RNA extraction.

MI

Rats were divided into sham, MI control, and MI miR-221 groups.
LAD coronary artery ligation was occluded to induce MI. miR-221
mimics were injected i.v. at 1 mg/kg immediately and again at
5 days later after surgery. Hearts were harvested at day 2 (MId2)
and at day 7 (MId7) respectively. Heart tissues were dissected by
infarct, border, and remote zones and snap frozen for RNA and pro-
tein analysis, or formalin fixed and paraffin embedded for immuno-
histological analysis.

Cell proliferation

miR-221mimics or control (MC) were transfected at 25 nM using lip-
ofectamine RNAiMax (Thermo Fisher Scientific, Singapore). Ki67
proliferation assay was performed 24 h after transfection. Briefly, cells
were trypsinized, fixed, and permeabilized (eBioscience Intracellular
Fixation & Permeabilization Buffer Set, Thermo Fisher Scientific,
Singapore) for anti-ki67 Ab staining (clone 8D5, Cell Signaling
Technology, Research Biolabs, Singapore) and anti-mouse IgG-PE
(Invitrogen, Thermo Fisher Scientific, Singapore), followed by flow
cytometry on MUSE cell analyzer (Merck, Singapore). Cell number
was assessed on MUSE.

In vivo cell proliferation was assessed in MId7 heart cross sections by
immunofluorescence staining with anti-ki67 (clone 8D5, Cell
Signaling Technology, Research Biolabs, Singapore), anti-a-SMA
(clone 1A4, Sigma-Aldrich, Merck, Singapore), and DAPI (40,6-dia-
midino-2-phenylindole) (Invitrogen, Thermo Fisher Scientific,
Singapore).

dsiRNA knockdown

Predesigned dsiRNAs for Pum1 and Pum2 (Integrated DNA Tech-
nologies, Singapore) were transfected at 25 nM for 48 h to verify
knockdown efficiency by RT-qPCR and western blot. When com-
bined with other transfection and/treatment, the dsiRNA transfection
was performed 24 h in advance. Sequences of dsiRNA are listed in Ta-
ble S1.

The 30 UTR luciferase reporter assay

p27 30 UTR was cloned into psiCHECK-2 dual luciferase reporter
plasmid (Promega, Singapore). Sequences of cloning primers are
listed in Table S2. miR-221 sensor, the complementary binding
sequence to miR-221 as positive control (Integrated DNA Technol-
ogies, Singapore), was cloned into psiCHECK-2. Co-transfection of
the plasmid (lipofectamine 2000) and miRNA mimics (lipofetamine
RNAiMax) were performed to validate miRNA-30 UTR binding. Re-
nilla and Firefly luciferase activities were measured 24 h after trans-
fection using Dual-Glo luciferase assay system (Promega,
Singapore).
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miRNA stem-loop qPCR and mRNA RT-qPCR

RNA was extracted with TRIzol Reagent (Thermo Fisher Scientific,
Singapore) from cultured cells or mortar/pestle ground tissue powder
with sonication (Qsonica XL-2000, ITS Science & Medical,
Singapore). miRNA expression was determined by stem-loop qPCR
(TaqMan MicroRNA Assay, QuantStudio 5 Real-Time PCR System,
Thermo Fisher Scientific, Singapore) and normalized to U6B.
Genomic DNA was removed by ezDNase treatment (Thermo Fisher
Scientific, Singapore). Gene expressions were measured by universal
reverse transcription and real-time PCR (SensiFAST cDNA Synthesis
Kit, Bioline, Axil Scientific, Singapore; iTaq Universal SYBR Green
Supermix, Bio-Rad Laboratories, Singapore), and normalized by
b-actin or 18S. Primers are listed in Table S3.

Pum1 cDNA cloning

Rat heart, liver, kidney, and skeletal muscle RNA were treated with
DNase and reverse transcribed using a mixture of random hexamer
and oligo dT (ezDNase and Superscript IV, Thermo Fisher Scientific,
Singapore). Pum1 cDNA was amplified using KOD-Plus-Neo DNA
polymerase (Toyobo Biotech, Axil Scientific, Singapore) and cloned
into pcDNA3.1 vector with 3� FLAG inserted between HindIII
and EcoRI in its multiple cloning site (Thermo Fisher Scientific,
Singapore). Sequences of cloning primers are listed in Table S2.
Ten colonies from each tissue type were sequenced to discover
Pum1 cDNA variants. Primers were designed based on sequencing
results to validate alternative splice variants with specific exon junc-
tions, as listed in Table S4.

Protease and proteasome inhibitors

In silico analysis of PUM1 protease cleavage sites were performed on
the SitePrediction website (https://www.dmbr.ugent.be/prx/bioit2-
public/SitePrediction/).39 The CatK inhibitor ODN was purchased
from MedChemExpress (Bio.etc, Singapore) and dissolved in
DMSO. H9c2 or HeLa cells were treated at 5–10 mM for either inhib-
itor or at matched concentration of DMSO (0.1%) for 24 h. In the pro-
teasome inhibitor experiments, cells were treated with MG132
(Sigma-Aldrich Merck, Singapore) at 1, 5, and 10 mM for 8-h
incubation.

Western blots

Protein expression in cell or tissue lysates was analyzed using SDS-
PAGE and immunoblotting with different Abs: b-actin, HSP90,
P27 (Santa Cruz Biotechnology, Axil Scientific, Singapore), PUM1
225–275 aa (Bethyl Laboratories Axil Scientific, Singapore), PUM1
1–80 aa, phosphorylated-PUM1 (p-PUM1, y83) and FLAG (Sigma-
Aldrich, Merck, Singapore), and PUM2 (Novus Biologicals, SingLab
Technologies, Singapore).

Statistics

Data were compared for differences by one-way ANOVA followed by
Bonferroni post hoc analysis or unpaired two-tailed t test as appro-
priate (Prism; GraphPad Software, La Jolla, CA). Values were ex-
pressed as mean ± SD. Differences between groups were regarded
as significant at the p < 0.05 probability level.

https://www.dmbr.ugent.be/prx/bioit2-public/SitePrediction/
https://www.dmbr.ugent.be/prx/bioit2-public/SitePrediction/
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