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BACKGROUND: Restenosis is one of the main bottlenecks in restricting the further development of cardiovascular interventional
therapy. New signaling molecules involved in the progress have continuously been discovered; however, the specific mo-
lecular mechanisms remain unclear. MTMR14 (myotubularin-related protein 14) is a novel phosphoinositide phosphatase that
has a variety of biological functions and is involved in diverse biological processes. However, the role of MTMR14 in vascular
biology remains unclear. Herein, we addressed the role of MTMR14 in neointima formation and vascular smooth muscle cell
(VSMC) proliferation after vessel injury.

METHODS AND RESULTS: Vessel injury models were established using SMC-specific conditional MTMR14-knockout and
-transgenic mice. Neointima formation was assessed by histopathological methods, and VSMC proliferation and migration
were assessed using fluorescence ubiquitination-based cell cycle indicator, transwell, and scratch wound assay. Neointima
formation and the expression of MTMR14 was increased after injury. MTMR14 deficiency accelerated neointima forma-
tion and promoted VSMC proliferation after injury, whereas MTMR14 overexpression remarkably attenuated this process.
Mechanistically, we demonstrated that MTMR14 suppressed the activation of PLK1 (polo-like kinase 1) by interacting with it,
which further leads to the inhibition of the activation of MEK/ERK/AKT (mitogen-activated protein kinase kinase/extracellular-
signal-regulated kinase/protein kinase B), thereby inhibiting the proliferation of VSMC from the medial to the intima and thus
preventing neointima formation.

CONCLUSIONS: MTMR14 prevents neointima formation and VSMC proliferation by inhibiting PLK1. Our findings reveal that
MTMR14 serves as an inhibitor of VSMC proliferation and establish a link between MTMR14 and PLK1 in regulating VSMC
proliferation. MTMR14 may become a novel potential therapeutic target in the treatment of restenosis.
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of morbidity, mortality, and disability world- cular diseases. Percutaneous coronary intervention has

Cardiovascular disease is the leading cause inflammatory disease and a leading cause of cardiovas-
wide."? Atherosclerosis is a chronic progressive become one of the main methods for the treatment of

Correspondence to: Yan-Zhou Zhang, MD, PhD, Jian-Zeng Dong, MD, PhD, and Bin-Bin Du, MD, Department of Cardiology, The First Affiliated Hospital
of Zhengzhou University, Zhengzhou University, No. 1 Jianshe East Road, Zhengzhou 450052, China. Email: fcczhangyz@zzu.edu.cn; jz_dong@126.com;
fecdubb@zzu.edu.cn

*L.-Y. Kong, C. Liang, and P.-C. Li contributed equally.
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.122.026174
For Sources of Funding and Disclosures, see page 17.

© 2022 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use
is non-commercial and no modifications or adaptations are made.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2022;11:e026174. DOI: 10.1161/JAHA.122.026174 1


https://orcid.org/0000-0001-8279-1827
https://orcid.org/0000-0003-4987-6882
https://orcid.org/0000-0002-3491-7103
mailto:﻿
mailto:﻿
https://orcid.org/0000-0001-7299-7805
mailto:﻿
https://orcid.org/0000-0003-3471-3693
mailto:﻿
mailto:fcczhangyz@zzu.edu.cn
mailto:jz_dong@126.com
mailto:fccdubb@zzu.edu.cn
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.122.026174
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha

Kong et al

CLINICAL PERSPECTIVE

What Is New?

e MTMR14 (myotubularin-related proteini4) is up-
regulated in carotid artery after injury.

e Neointima formation and vascular smooth mus-
cle cell proliferation after vascular injury are
mediated by activation of PLK1/MEK/ERK/AKT
(polo-like kinase 1/mitogen-activated protein
kinase kinase/extracellular-signal-regulated ki-
nase/protein kinase B) signaling pathway.

e  MTMR14 inhibits the activation of PLK1/MEK/ERK/
AKT axis, thereby inhibiting neointima formation
and vascular smooth muscle cell proliferation.

What Are the Clinical Implications?

e Vascular smooth muscle cell proliferation plays a
critical role in the formation of restenosis, and this
study demonstrates that MTMR14 suppresses
vascular smooth muscle cell proliferation and
neointima formation by inhibiting the activation of
PLK1/MEK/ERK/AKT signaling pathway, which
provides a novel insight into the development of
therapeutic strategies for restenosis.

Nonstandard Abbreviations and Acronyms

CAL carotid artery ligation
FBS fetal bovine serum
FUCCI fluorescence ubiquitination-based

cell cycle indicator
HE hematoxylin—eosin

MTM myotubularin

MTMR myotubularin-related

MTMR14 myotubularin-related protein 14
PDGF-BB platelet-derived growth factor BB
PLK1 polo-like kinase 1

VSMC vascular smooth muscle cell

atherosclerotic cardiovascular diseases. However, rest-
enosis is one of the main bottlenecks in restricting the
further development of cardiovascular interventional ther-
apy. The specific mechanism and the most appropriate
treatment are still the focus of cardiovascular research.
Previous studies have reported that the abnormal pro-
liferation of vascular smooth muscle cell (VSMC) plays a
vital role in restenosis.3-% VSMCs can restore the ability of
proliferation from quiescent contractile state in response
to vascular injury, resulting in neointima formation and
vascular stenosis. The production of proinflammatory
mediators that modulate the induction of proliferation
and chemotaxis is a feature of this process.>* However,
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the exact molecular mechanism that underlies neointima
formation and VSMC proliferation is unclear.

MTM (myotubularin) and MTMR (myotubularin-
related) protein are groups of phosphatases that share
a Cys-X5-Arg motif. The catalyzes of these proteins are
specifically removing a phosphate group from certain
phosphatidylinositol.”® Because phosphatidylinositol
acts as an important molecule in a variety of cell pro-
cesses, MTMR proteins may participate in cell prolifer-
ation and differentiation, autophagy, cytokinesis, and
cytoskeletal and cell junction dynamics.”® MTMR14
(myotubularin-related protein 14) is a novel phospho-
inositide phosphatase conserved through evolution
belonging to MTMR family. A previous study revealed
that deficiency of MTMR14 promotes cell proliferation
in mouse embryonic fibroblasts.'® In addition, MTMR14
may play a biological role by regulating the star mol-
ecule AKT."'2 However, the function of MTMR14 in
VSMC is less studied.

PLK1 (polo-like kinasel) is a serine/threonine ki-
nase regulating cell cycle progression, which plays
a vital role in mitosis.'”® PLK1 is involved in mediating
numerous mitotic processes, such as centrosome
maturation, regulation of mitotic entry, spindle assem-
bly, chromosome segregation, regulation of G2/M
transition, and cytokinesis.'*?" The activity of PLK1 is
upregulated in proliferative cells.?> The present study
suggests that MTMR14 is a novel regulator of VSMC
proliferation and neointima formation induced by arte-
rial injury. Moreover, MTMR14 mediates neointima for-
mation and VSMC proliferation by regulating PLK1. The
findings provide novel insight into the development of
therapeutic strategies for restenosis.

METHODS

The authors declare that all supporting data are avail-
able within the article and its supplemental files.

Animal Breeding and Genotyping

The animal experiments were performed in accordance
with the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals (8th edition, 2011).
Moreover, all of the animal protocols were approved
by the Ethics Committee of Scientific Research and
Clinical Trial of the First Affiliated Hospital of Zhengzhou
University.

SMC-specific  conditional ~ MTMR14-knockout
(Mtmri14A) mice and conditional MTMR14- transgenic
(Mtmr14™) mice were established through the Cre-loxP
system. MTMR14-Flox/Flox mice were generated as
described in our previous study.”” Then, the MTMR14-
Flox mice were mated with tamoxifen-inducible trans-
genic mice ([Myh11-cre/ERT2]1Soff/lJ) that express
CreERT2 driven by the SMC-specific MYH11 promoter
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(SMMHC-CreERT2, The Jackson Laboratory, Stock
No. 019079) to obtain MTMR14-loxP/loxP-SMMHC-
CreERT2 mice. Cre-mediated recombination of the
floxed alleles was induced in 6-week-old MTMR14-
loxP/loxP-SMMHC-CreERT2  mice through intra-
peritoneal injections of tamoxifen (1 mg/day, Sigma,
T-5648) for 5 consecutive days, leading to the gener-
ation of SMC-specific conditional MTMR14-knockout
(Mtmr14A) mice. For controls (Mtmr14™T), to littermates,
only vehicle was injected. Genotypes were identified
as described previously.'?

The CAG-loxP-stop-loxP-MTMR14 mice were gen-
erated as described in our previous study' and crossed
with SMMHC-CreERT2 transgenic mice to generate
CAG-loxP-stop-loxP-MTMR14/SMMHC-CreERT2
mice. Next, 6-week-old CAG-loxP-stop-loxP-MTMR14/
SMMHC-CreERT2 mice were injected intraperitone-
ally with tamoxifen for 5 consecutive days to gener-
ate conditional MTMR14-transgenic mice (Mtmr14T€).
MTMR14 expression was evaluated by Western blot-
ting to confirm the SMC-specific MTMR14-transgenic
mice were successfully constructed. CAG-loxP-stop-
loxP-MTMR14 littermates treated with the same dose
of vehicle acted as controls (Mtmr14"T). Genotypes
were identified as described previously."?

Animal Models

Eight-week-old male Sprague—Dawley rats (250-300g)
were used to establish a carotid artery balloon injury
model. The rats were anesthetized intraperitoneally
with 100mg/kg ketamine-HCI and 10mg/kg xylazine-
HCI. The left carotid arteries were exposed using blunt
dissection, and the distal end of the bifurcation of the
external carotid artery was encircled using a 5-0 nylon
suture. Then the common carotid artery and the inter-
nal carotid artery were clamped with a vascular clip.
Next, a small opening was cut in the external carotid
artery monitored under a surgical microscope. A bal-
loon catheter measuring 2.0mm in diameter (Pioneer,
Shanghai, China) was inserted into the proximal end
of the artery. The balloon was inflated with 0.9% so-
dium chloride solution and pushed and pulled 10 times
within the lumen. Then, the balloon was deflated and
removed. Then, we ligated the external carotid artery
and opened the internal carotid artery clip, and finally,
the wound was sutured. The carotid artery was ex-
posed for the sham injury group, but no damage was
performed to the vessels. The animals were allowed
to recover and were housed individually under specific
pathogen-free conditions with 12/12hours light/dark
cycle (lights on at 6AM, lights off at 6PM). The rats
were euthanized on the 28th day after the injury, and
the left common carotid arteries were removed. Some
tissues were subjected to Western blot analysis, some
were subjected to quantitative real-time polymerase
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chain reaction analysis, others were fixed in paraffin
and sliced for hematoxylin—eosin (HE) or immunofluo-
rescence staining.

Eight-week-old male C57BL/6J mice (23-27 g) were
used to establish a carotid artery ligation (CAL) model
using the same anesthesia protocol described pre-
viously. The left carotid arteries were exposed using
blunt dissection and ligated using a 6-0 nylon suture;
then, the wound was closed. For the sham group, the
suture was passed under the exposed carotid artery
but not ligated. The animals were allowed to recover
and were housed individually under specific pathogen-
free conditions with 12/12hours light/dark cycle (lights
on at 6 AM, lights off at 6 PM). For localized adenovirus
delivery, Ad-shScramble, Ad-shPLK1, Ad-Control, or
Ad-PLK1 (4x107 pfu) were packaged by 70uL Pluronic
gel F-127 (Keygen, China) to extend virus contact time
and delivery to the carotid arteries immediately after
ligation respectively. After the mice were euthanized
on the 28th day after ligation, the left common carotid
arteries were removed, for paraffin embedding, then
sliced and subjected to HE or immunofluorescence
staining or for protein extraction and molecular biolog-
ical analyses. (Because of the low amount of protein
collected from mouse carotid artery, we mixed carotid
arteries from 3 to 4 individuals under equal conditions
for the protein extraction.)

Human Samples

Human specimens were obtained from patients un-
dergoing thigh amputation after femoral artery stenting
for restenosis. The samples were obtained from Union
Hospital, Tongji Medical College, Huazhong University
of Science and Technology. The use of human tissue
was approved by medical ethics committee of Union
Hospital, Tongji Medical College, Huazhong University
of Science and Technology, and all work with human
samples conform to the principles outlined in the
Declaration of Helsinki. Informed consent was ob-
tained from each patient.

Cell Culture and Treatment

Mouse VSMCs were isolated from the aortas of
10-week-old C57BL/6J male mice through enzymatic
digestion. Blood vessels were removed and washed in
PBS, and the fat and connective tissue were stripped
away. Then, the isolated aortas were incubated in
1mL of DMEM containing 3mg/mL collagenase Type
Il (C6885, 700.3U/mg, Sigma) at 37 °C in a humidi-
fied chamber for 10minutes. Then, the aortas were
transferred to culture dishes containing 3mL PBS, and
the adventitia was gently removed. Subsequently, the
aortas were transferred to culture dishes for incubation
overnight with DMEM/F12 medium supplemented with
10% fetal bovine serum (FBS, SV30087.02; HyClone)
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and 1% penicillin—streptomycin in a humidified 5% CO,
atmosphere at 37 °C. The next day, the tissues were
minced, transferred to a cell culture flask, and incu-
bated in collagenase Type Il and elastase Type | (1 mg/
mL, E1250, 6 U/mg, Sigma) for 30 and 60 minutes suc-
cessively. The collected cells were subsequently cul-
tured in DMEM/F12 medium supplemented with 10%
FBS and 1% penicillin—streptomycin in a humidified 5%
CO, atmosphere at 37 °C. Primary VSMCs between the
fourth and sixth passages were used for experiments.
HEK 293T cells provided by Procell Biotech (Wuhan,
China) were maintained in DMEM supplemented with
10% FBS in a humidified 5% CO, atmosphere at 37 °C.
Platelet-derived growth factor BB (PDGF-BB) (Sigma,
St. Louis, MO) was used in time- and concentration-
gradient experiments to determine the final interven-
tion dose. To obtain MTMR14-overexpressing or
MTMR14-knockdown cells, recombinant adenovirus
containing MTMR14, MTMR14 shRNA (a short hair-
pin RNA targeting MTMR14), PLK1, and PLK1 shRNA
was applied to infect VSMCs in vitro or in vivo, with
the empty vector as a negative control (Ad-Control or
Ad-shScramble). For infection, the adenoviruses were
used at a multiplicity of 50 particles/cell infection for
24 hour. The cells were used for the indicated analyses
and experiments. All adenoviruses were provided by
Obio Technology Corp, Ltd. (Shanghai, China).

Western Blotting

Cells or tissues were homogenized in ice-cold sus-
pension buffer (RIPA Lysis Buffer) supplemented with
a proteinase inhibitor cocktail (Sigma-Aldrich). Briefly,
the protein concentrations were determined using a
bicinchoninic acid protein assay kit (Thermo Scientific,
Waltham, MA). Equal amounts of protein were fraction-
ated on (sodium dodecyl! sulfate polyacrylamide gels,
followed by immunoblotting with the following primary
antibodies: anti-MTMR14 (1:1000, Abcam, Catalog
No: ab102575)), anti-MTMR11 (1:1000, Sino Biological,
Catalog No: 206602-T08), anti-ACTA2 (aortic alpha-
actin; 1:1000, Abcam, Catalog No: ab7817), anti-PCNA
(1:1000, Abcam, Catalog No: ab29), anti-ERK1/2
(extracellular-signal-regulated  kinase; 1:1000, CST,
Catalog No: 9102), anti-phospho-ERK1/2 (Thr202/
Tyr204) (1:1000, CST, Catalog No: 9106), anti-MEK
(mitogen-activated protein kinase; 1:1000, CST, Catalog
No: 9126), anti-phospho-MEK (Ser221) (1:2000, CST,
Catalog No: 2338), anti-PLK1 (1:1000, CST, Catalog
No: 4513), anti-phospho-PLK1(Thr210) (1:1000, CST,
Catalog No: 9062), anti-phospho-Akt (Ser473) (1:1000,
CST, Catalog No: 4060), anti-AKT (1:1000, CST, Catalog
No: 4691), and anti-GAPDH (1:1000, Proteintech,
Catalog No: 60004-1-lg). Membranes were then incu-
bated with a peroxidase-conjugated secondary anti-
body (horseradish peroxidase-conjugated Affinipure
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Goat Anti-Mouse IgG(H+ L)) (1:5000, Proteintech,
Catalog No: SA00001-1) or horseradish peroxidase-
conjugated Affinipure Goat Anti-Rabbit IgG(H+ L)
(1:5000, Proteintech, Catalog No: SA00001-2), and
specific bands were detected with a Bio-Rad (Hercules,
CA) imaging system. The results were normalized to
GAPDH.

RNA Isolation and Quantitative Real-Time

Polymerase Chain Reaction

Total RNA was extracted from cells with TRIzol rea-
gent (D9108A; Takara Bio). Isolated RNA was re-
verse transcribed into complementary DNA using
an RRO37A PrimeScript RT reagent Kit (Perfect Real
Time) (TaKaRa). SYBR Green (Vazyme) was used to
quantify the amplification products on a PRISM 7900
Sequence Detector System (Applied Biosystems,
Foster City, CA). 18S was used for normalization. The
primers used in the experiment are listed in Table S1.

Histological, Immunohistochemistry, and
Immunofluorescence Analysis

The mice were euthanatized at the indicated times,
and the carotid arteries were harvested and fixed with
4% paraformaldehyde before embedding in paraffin.
The entire length of the left carotid arteries was sec-
tioned (4 um) and stained with HE for conventional light
microscopic analysis. Five sections located at 250 um
intervals from the carotid bifurcation were examined as
described previously.?®

For immunohistochemistry analysis, after deparaf-
finization and rehydration with graded ethanol washes,
sections were placed in 10mM Tris-EDTA buffer (pH
9.0) and then samples were heated in a pressure
cooker for 20minutes. After natural cooling to room
temperature, the slides were washed in PBS and then
incubated with 3% hydrogen peroxide for 10 minutes,
washed with PBS, and blocked with 5% normal goat
serum for 30minutes. Next, the sections were incu-
bated with primary antibody anti-MTMR14 (1:200,
Abcam, Catalog No: ab102575) at 4 °C overnight, fol-
lowed by secondary antibody before staining with DAB
Kit (ZSGB-BIO, Beijing, China). The nuclei were coun-
terstained with hematoxylin.

For immunofluorescence analysis, after deparaffin-
ization and rehydration with graded ethanol washes,
sections were placed in 10mM Tris-EDTA buffer (pH
9.0) and then samples were heated in a pressure
cooker for 20minutes. After natural cooling to room
temperature, the slides were washed in PBS and then
blocked with 10% bovine serum albumin for 60min-
utes. Next, the sections were incubated with primary
antibody at 4 °C overnight. The primary antibodies were
as follows: anti-MTMR14 (1:200, Proteintech Catalog
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No: 67561-1-Ig), anti-ACTA2 (1:200, Abcam, Catalog
No: ab32575), anti-PLK1 (1:100, ABclonal, Catalog No:
A2548), anti-phospho-PLK1(Thr210) (1:200, Affinity,
Catalog No: AF2385), anti-phospho-ERK1/2 (Thr202/
Tyr204) (1:200, CST, Catalog No: 4370), anti-phospho-
MEK (Ser221) (1:200, Affinity, Catalog No: AF3385),
and anti-phospho-Akt (Ser473) (1:1000, CST, Catalog
No: 4060). Next morning, the sections were rewarmed
at 37 °C for 30 minutes, then incubated with the appro-
priate fluorescence-labeled secondary antibody (Goat
anti-Rabbit 1gG (H+ L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 594, 1:200, Thermo Fisher
Scientific Catalog No: A-11012 or Goat anti-Mouse IgG
(H+ L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor 488, 1:200, Thermo Fisher Scientific Catalog No:
A-11001) for 60 minutes after washed in PBS. The nu-
clei were visualized by DAPI staining, and images were
obtained using a fluorescence microscope.

Fluorescence Ubiquitination-Based

Cell Cycle Indicator Reporter Cell Line
Generation

The fluorescence ubiquitination-based cell cycle in-
dicator (FUCCI) was used for live-cell imaging. The
plasmid pBOB-EF1-FastFUCCI-Puro (RRID: Addgene
86849), which encodes 2 fluorescent probes (MKO2-
hCDT1 and mAG-hGEM) to demarcate stages of the
cell cycle, was used to construct the cell cycle re-
porter (FastFUCCI reporter). Following the previous
protocol,? the FastFUCCI reporter was stably intro-
duced into indicated VSMCs or control cells through
lentiviral transduction. The red-, yellow-, and green-
emitting populations in the FastFUCCI reporter cells
corresponded to cells in G1 phase, the G1/S transi-
tion phase, and S- and/or G2-to-M phases (hereafter
denoted as S/G2-M), respectively. Then, the FUCCI
reporter cells were seeded in a 24-well plate at 4x10°
cells per well and kept in a humidified chamber under
cell culture conditions for 48hour. Images were taken
using a fluorescence microscope.

Transwell Assay

After 24 hours of the indicated treatment, the VSMCs
were digested and resuspended in serum-free me-
dium. A total of 100 uL of cell suspension (5x10%) was
added to the upper chambers of a transwell culture
plate, and 500 uL of medium containing 10% FBS was
added to the lower chambers. The plate was incu-
bated at 37 °C and 5% CO, for 24hour. The cells on
the upper surface of the polycarbonate films were gen-
tly removed with wet cotton swabs. The polycarbonate
films were carefully removed from the upper cham-
bers, and the cells were fixed in precooled methanol
for 30 minutes. The cells were then stained with 0.1%
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crystal violet for 15 minutes, washed 3 times with PBS,
and observed under a microscope.

Scratch Wound Assay

VSMCs were seeded in a 6-well plate, infected, and
treated. After 24 hours, a straight line was drawn across
the plate with a pipette tip, and 2% FBS medium was
added. Images of the scratched cells were taken after
0 and 24 hours using a microscope. The migration abil-
ity of the cells was analyzed according to the healed
area of the scratch.

Immunoprecipitation Assays

For exogenous immunoprecipitation assays, cultured
293T cells were cotransfected with the indicated plas-
mids for 48 hour and lysed. Supernatants were clarified
by centrifugation at 13 800g for 10 minutes at 4 °C. For
each immunoprecipitation, 500 uL of the supernatant
was incubated with 20 uL of anti-Flag beads (Sigma) or
anti-HA beads (Sigma) on a rotary shaker overnight at
4 °C. For endogenous immunoprecipitation, in primary
VSMCs, whole-cell protein lysates were extracted,
and 500puL of the supernatants were incubated with
the corresponding antibodies as indicated and 50 uL
of protein A/G Dynabeads (Thermo Fisher Scientific)
at 4 °C overnight. Finally, the beads were washed 5
to 6 times with cold immunoprecipitation buffer before
adding 1x loading buffer. Cell lysates and immuno-
precipitates were eluted in loading buffer at 99 °C for
10minutes and subjected to Western blotting.

Silver Staining and Liquid
Chromatography-Tandem Mass
Spectrometry Analysis

Whole-cell protein lysates were extracted and incu-
bated with an anti-MTMR14 antibody at 4 °C over-
night. Then, the eluent was electrophoresed and silver
stained the next day. Silver staining was performed
using the Fast Silver Stain Kit (Beyotime Biotechnology)
according to the manufacturer’s instructions. Finally,
the different bands were cut out and subjected to liquid
chromatography—-tandem mass spectrometry. Whole
protein incubated with an anti-IgG antibody served as
a negative control.

Glutathione S-Transferase Pull-Down
Assay

GST (glutathione S-transferase), GST-MTMR14, and GST-
PLK1 were expressed and extracted from Escherichia
coli strain BL21 (DE3) cells. Purified GST fusion proteins
were immobilized on glutathione-Sepharose 4B beads
(GE Healthcare, Chicago, IL) and washed with PBS.
Cultured 293T cells were transfected with the indicated
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Statistical Analysis

Data are presented as the mean+SD. Comparisons
between 2 groups were performed using 2-tailed
Student’s t tests. Differences between groups were
assessed using 1-way ANOVA followed by Bonferroni
correction for multiple comparisons. A value of P<0.05
was considered to indicate a statistically significant dif-
ference. All statistical analyses were performed using
GraphPad Prism (GraphPad Prism version 6.0, La
Jolla, CA).

RESULTS

Neointima Formation and MTMR14
Upregulated After Carotid Artery Injury in
Rats and Mice

To investigate the relationship between MTMR14
and VSMC proliferation, the carotid artery balloon in-
jury model in rats and the carotid artery ligation injury
model in mice were established, and the expression of
MTMR14 was determined after the injury. Compared
with sham group, the expression of MTMR14 protein
was significantly increased after the vascular injury
procedure in the experimental subjects (Figure 1A and
1C). Quantitative real-time polymerase chain reaction
was also performed and showed the same trend in
mRNA expression (Figure 1B and 1D). In tissue sec-
tions, neointima formation obviously after injury both in
rats and mice (Figure 1E and 1F). Immunofluorescence
staining revealed that the expression of MTMR14 was
significantly elevated after injury and mainly expressed
in the neointima (Figure 1G and 1H). In the rat carotid
artery balloon injury model, there was no ACTA2 ex-
pression in the innermost circle where MTMR14
was expressed, but most of the expression localiza-
tion of MTMR14 was overlapped with that of ACTA2
(Figure 1G). In the mice carotid artery ligation model,
the majority of the expression localization of MTMR14
was overlapped with that of ACTA2 (Figure 1H, although
the expression of ACTA2 in neointima was dark, it was

MTMR14 Prevents VSMC Proliferation

indeed expressed). Moreover, immunohistochemistry
results showed that MTMR14 was concentrated in the
neointima of human restenosis artery (Figure S1A). As
shown in Figure 1l and 1J, PDGF-BB stimulation dra-
matically upregulated MTMR14 and proliferating cell
nuclear antigen (PCNA) expression and simultaneously
reduced ACTAZ2 levels in a dose-dependent manner.
Moreover, PDGF-BB (20ng/mL) stimulation markedly
upregulated MTMR14 and PCNA expression and re-
duced ATCAZ2 levels in a time-dependent manner
(Figure 1K and 1L). In general, these results suggest
that MTMR14 expression is positively correlated with
carotid artery injury.

MTMR14 Deficiency Facilitates Neointima
Formation After Injury In Vivo

To clarify the role of MTMR14 in VSMC prolifer-
ation in vivo, a SMC-specific MTMR14-knockout
(Mtmr14A) mouse model was established (Figure 2A
through 2C). Western blotting was performed to ver-
ify the specific knockout of MTMR14 in Mtmr14A
mice VSMCs (Figure 2D). Next, we tested the ex-
pression of other isoenzymes of MTMR phosphatase
in vascular smooth muscle cells (Figure S2A). We
found that MTMR11 was upregulated at the mRNA
level in Mtmr14A mice VSMCs but not at the pro-
tein level (Figure S2B and S2C). Then, CAL was per-
formed on Mtmr14A and Mtmr14"T mice. In tissue
sections obtained 28 days after ligation, the intimae
of Mtmri14A and Mtmr14WT were thicker than their
respective sham groups. The degree of thickening
of Mtmr14A after ligation was more severe than that
of Mtmr14™WT (Figure 2E). These results suggest that
MTMR14 deficiency contributes to neointima forma-
tion after injury.

MTMR14 Overexpression Alleviates
Neointima Formation After Injury In Vivo

Correspondingly, to assess whether MTMR14 overex-
pression could reduce VSMC proliferation, a SMC-specific

Figure 1.
both in vivo and in vitro.

MTMR14 (myotubularin-related protein 14) is upregulated in proliferating vascular smooth muscle cells (VSMCs)

A and B, Representative protein (A) and mRNA (B) levels of MTMR14 in carotid artery of rats 28 days after balloon injury (n=3); (C and
D) Representative protein (C) and mRNA (D) levels of MTMR14 in carotid artery of mice 28days after ligation (n=3); (E) Representative
images of hematoxylin—eosin (HE) staining of carotid arteries in rats at 28days after balloon injury (scale bar, 200um; n=6); (F)
Representative images of HE staining of carotid arteries in mice at 28days after ligation (scale bar, 100 um; n=6); (G) Representative
images of immunofluorescence staining for MTMR14 (green), ACTA2 (red) and DAPI (blue) of carotid arteries in rats at 28days after
balloon injury (scale bar, 200 um); (H) Representative images of immunofluorescence staining for MTMR14 (green), ACTA2 (red), and
DAPI (blue) of carotid arteries in mice at 28 days after ligation (scale bar, 100 um); (I and J) Representative protein (I) and mRNA (J) levels
of MTMR14, PCNA, and ACTA2 in primary VSMCs cultured at different platelet-derived growth factor BB (PDGF-BB) concentrations
(n=3); (K and L) Representative protein (K) and mRNA (L) levels of MTMR14, PCNA, and ACTA2 in primary VSMCs cultured with PDGF-
BB (20ng/mL) at different time gradients. (*P<0.05 vs sham; **P<0.05 vs Ong/mL; ***P<0.05 vs Ohour; n=3). ACTA2 indicates aortic
alpha-actin; CAL, carotid artery ligation; IF, immunofluorescence; PCNA, proliferating cell nuclear antigen; and PDGF-BB, platelet-
derived growth factor BB.
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Figure 2. MTMR14 (myotubularin-related protein 14) deficiency aggravates neointima formation.

A, Schematic workflow for the construction of an SMC-specific conditional MTMR14-knockout (Mtmr14A) mouse strain; (B) Representative
PCR amplification-mediated genotyping of MTMR14-loxP/loxP, MTMR14+/+, and MTMR14-loxP/+ mice; (C) Mouse genotyping was
confirmed by PCR; (D) Representative protein level of MTMR14 in carotid arteries of Mtmr14"T and Mtmr14A mice (n=4); (E) Representative
hematoxylin—eosin (HE) staining images of carotid arteries in Mtmr14"™ and Mtmri14A mice at 28 days after ligation (scale bar, 100 um; n=6).
(*P<0.05 vs sham, **P<0.05 vs Mtmr14"T). PCR indicates polymerase chain reaction; and SMC, smooth muscle cell.

MTMR14-transgenic (Mtmr14™) mouse model was also
established (Figure 3A). The overexpression of MTMR14
was confirmed by Western blot analyses (Figure 3B).
Mtmr14™WT and Mtmr14™ mice were similarly subjected to
CAL as the groups described previously. Tissue sections
obtained 28days after ligation showed that the degree of
neointima formation was reduced by MTMR14 overex-
pression with respect to sham group (Figure 3C). These

J Am Heart Assoc. 2022;11:e026174. DOI: 10.1161/JAHA.122.026174

results show that MTMR14 overexpression significantly
attenuates neointima formation after injury.

MTMR14 Regulates Proliferation and
Migration of VSMC In Vitro

Next, we investigated the specific role of MTMR14
in primary VSMCs. The FUCCI system was stably
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A, Schematic workflow for the construction of a SMC-specific conditional MTMR14-transgenic (Mtmr14™®) mouse strain; (B)
Representative protein level of MTMR14 in carotid arteries of Mtmr14"T and Mtmr14™¢ mice (n=4); (C) Representative hematoxylin-
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(*P<0.05 vs sham, **P<0.05 vs Mtmr14"T).

introduced into primary MTMR14-knockdown VSMCs
and control cells. The cell cycle though FUCCI imaging
was analyzed. After 24-hour treatment, the population
of S/G2-M cells in Ad-shMTMR14 group significantly
higher than that in control group (Figure 4A), suggest-
ing that MTMR14 knockdown facilitated VSMC prolif-
eration. In addition, transwell assays were performed
to identify the effect of MTMR14 on cell migration. As
shown in Figure 4B and 4C, MTMR14 knockdown
significantly accelerated VSMC migration. These data
reveal that MTMR14 deficiency promotes VSMC prolif-
eration and migration.

In contrast, MTMR14 overexpression markedly re-
duced the number of transmembrane cells (Figure 4E),
attenuated wound healing (Figure 4F), and substantially
lowered the population of S/G2-M cells (Figure 4D).
The results suggest that MTMR14 overexpression al-
leviates VSMC proliferation and migration. Collectively,

J Am Heart Assoc. 2022;11:e026174. DOI: 10.1161/JAHA.122.026174

the data demonstrate that MTMR14 regulates the pro-
liferation and migration of VSMC.

MTMR14 Inhibits PLK1 in the Mechanism
Underlying VSMC Proliferation

To thoroughly investigate the molecular mecha-
nisms by which MTMR14 regulates VSMC prolifera-
tion, we used liquid chromatography—-tandem mass
spectrometry to screen the interacting proteins. The
results suggested that the PLK1 was a candidate
binding protein of MTMR14 (Figure 5A, Figure S3).
Additionally, a series of co-immunoprecipitation ex-
periments and GST pull-down assays confirmed that
MTMR14 interacted with PLK1 both in HEK 293T cells
and primary VSMCs (Figure 5B through 5G). Hence,
we suspected that the PLK1 was involved in the pro-
gression of MTMR14 regulating VSMC proliferation.
Interestingly, we found that the expression of MTMR14
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Figure 4. The effect of MTMR14 (myotubularin-related protein 14) on proliferation and migration in primary vascular smooth
muscle cells (VSMCs) stimulated by platelet-derived growth factor BB (PDGF-BB).

A, Representative image of primary VSMCs stably expressing fluorescence ubiquitination-based cell cycle indicator (FUCCI) (red for
G1, yellow for G1/S, green for S/G2-M) 48 hours after infection of Ad-shScramble or Ad-shMTMR14 and stimulated by 20 ng/mL PDGF-
BB; (B and C) Transwell and scratch wound assays of primary VSMCs infected with Ad-shScramble or Ad-shMTMR14 after 20 ng/mL
PDGF-BB stimulation for 24 hours; (D) Representative image of primary VSMCs stably expressing FUCCI cell cycle indicators (red for
G1, yellow for G1/S, green for S/G2-M) 48 hours after infection of Ad-Control or Ad-MTMR14 and stimulated by 20ng/mL PDGF-BB;
(E and F) Transwell and scratch wound assays of primary VSMCs infected with Ad-Control or Ad-MTMR14 after 20ng/mL PDGF-BB
stimulation for 24 hours. (scale bar, 100 um; n=3; *P<0.05 vs Ad-shScramble, **P<0.05 vs Ad-Control).

increased; however, the expression of PLK1 remained
unchanged in the condition of PDGF-BB intervention
(Figure 5H and 5I). Moreover, what caught our at-
tention was that the binding of MTMR14 and PLK1
was increased after PDGF-BB stimulation (Figure 5H
and 5l). What’s more, immunofluorescence staining

showed there was no difference in the expression of
PLK1 in the neointima and media of human resteno-
sis artery (Figure 5J).

A previous study shown that PLK1 participated
in cell proliferation and migration and the cellular ef-
fects of PLK1 involved in the activation of MEK/ERK
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Figure 5. MTMR14 (myotubularin-related protein 14) can bind to PLK1 (polo-like kinase 1).

A, Silver-stained gel of the indicated proteins binding to MTMR14, which were coimmunoprecipitated using an anti-MTMR14
antibody and identified via mass spectrometry in primary vascular smooth muscle cells (VSMCs). IgG was used as a control; (B
and C) 293T cells were transfected with plasmids expressing Flag-MTMR14 and HA-PLK1, and immunoprecipitation and Western
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signaling pathway.?® Another study also revealed that
activated PLK1/ERK axis promoted cell proliferation
and migration.?® Then we began to focus on the role
of the PLK1/MEK/ERK/AKT pathway in VSMC prolifer-
ation and migration. Further Western blotting revealed
that compared with those in Mtmr14"T carotid VSMCs,
the phosphorylation levels of PLK1, MEK, ERK1/2, and
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AKT were notably upregulated in the carotid VSMCs
of Mtmri4A mice after ligation (Figure 6A). However,
compared with those in Mtmr14"T carotid VSMCs,
the phosphorylation levels of PLK1, MEK, ERK1/2, and
AKT were significantly attenuated in Mtmr14™® mice
carotid VSMCs after ligation (Figure 6B). The results of
in vitro experiments are consistent with those of in vivo.
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Primary VSMCs were infected with Ad-shMTMR14
or Ad-MTMR14 and then treated with PDGF-BB.
Phosphorylation levels of PLK1, MEK, ERK1/2, and
AKT were upregulated when MTMR14 was knocked
down (Figure 6C) but were downregulated when
MTMR14 was overexpressed (Figure 6D). Furthermore,
we detected the contraction and the proliferation
marker in primary VSMCs after PDGF-BB stimulation.
The results showed that manipulation of MTMR14 did
not affect the expression of ATCA2 but did affect the
expression of PCNA (Figure S4A and S4B). We also
detected the expression of p-PLK1/p-MEK/p-ERK/p-
AKT in the human restenosis section via immunofluo-
rescence staining (Figure S4C). In summary, the results
show that the activation of the PLK1/MEK/ERK1/2/AKT
is suppressed by MTMR14.

PLK1 Silencing Alleviated the MTMR14
Knockout Induced Exacerbation of
Neointima Formation After Injury

To investigate whether silencing PLK1 could reverse
neointima formation in Mtmr14A mice, a local infection
of adenovirus was performed, and the tissue sections
showed that local infection of Ad-shPLK1 alleviated
the degree of neointima formation (Figure 7A). Western
blotting showed that the total expression of PLK1 was
reduced, confirming the success of local infection of
adenovirus. The phosphorylation levels of PLK1, MEK,
ERK1/2, and AKT were significantly attenuated in Ad-
shPLK1 local infection Mtmri14A mice (Figure 7B), sug-
gesting silencing PLK1 reversed the activation of PLK1/
MEK/ERK/AKT pathway. Next, we observed the effect
of silencing PLK1 on VSMC migration and cell cycle.
Transwell assays showed that the migration of VSMC
was reduced after PLK1 silencing (Figure 7D). At the
same time, the quantity of cells in S/G2-M phase de-
creased significantly after PLK1 silencing (Figure 7E).
The detection of the contraction and the proliferation
markers showed that the expression of PCNA was up-
regulated in Mtmr14A mice; however, the expression
of PCNA was restored after PLK1 silencing. The ex-
pression of ACTA2 was not affected by PLK1 silenc-
ing in Mtmr14A mice (Figure 7C). These results indicate

MTMR14 Prevents VSMC Proliferation

that neointima formation and VSMC proliferation and
migration are inhibited when the activation of PLK1 is
blocked.

Next, we investigated whether overexpression of
PLK1 antagonizes the inhibitory effect of MTMR14
overexpression on neointima formation after injury.
In Mtmr14™ mice, a local infection of adenovirus
was performed, and the tissue sections showed that
local infection of Ad-PLK1 offset the inhibitory effect
of MTMR14 overexpression on neointima formation.
Besides, local infection of Ad-PLK1 in Mtmr14™ mice
significantly exacerbated the degree of neointima for-
mation (Figure S5A). Western blotting showed that
the phosphorylation levels of PLK1, MEK, ERK1/2,
and AKT were significantly upregulated in Ad-PLK1
local infection Mtmr14™¢ mice (Figure S5B), suggest-
ing overexpression PLK1 promoted the activation of
PLK1/MEK/ERK/AKT pathway. As for the contraction
and the proliferation markers, the detection results
showed that the expression of PCNA was reduced in
Mtmr14™¢ mice, but the expression of PCNA was in-
creased after the local infection of Ad-PLK1. However,
the expression of ACTA2 was not affected by PLK1
overexpression in Mtmr14'¢ mice (Figure S5C). The
results suggest that excessive activation of PLK1 pro-
motes neointima formation and VSMC proliferation
and migration.

DISCUSSION

VSMGCs are highly differentiated and specialized cells that
constitute the main component of the vessel wall, but
they are not terminally differentiated cells. Vascular injuries
such as percutaneous transluminal angioplasty, cutting
balloon angioplasty, rotational atherectomy, and stenting
can lead to complex changes in VSMC behavior, func-
tion, antioxidant status, and inflammatory response,?’-2°
which contribute to the proliferation of VSMC from the
media to the intima and increase synthesis of collagen,
elastin, and a proteoglycan matrix and lead to neoin-
tima formation eventually.*® VSMC proliferation is an el-
ementary step and plays a crucial role in restenosis.®%-32
However, the exact mechanism underlying VSMC prolif-
eration remains poorly understood.

Figure 6. The impact of MTMR14 (myotubularin-related protein 14) on PLK1 (polo-like kinase 1) is mediated by inhibiting the
phosphorylation of PLK1.

A, Western blot assays were performed in the carotid arteries tissues in Mtmr14"T or MTMR14-knockout (Mtmr14A) mice at 28 days
after ligation to detect the expression of PLK1, p-PLK1, MEK, p-MEK, ERK1/2, p-ERK1/2, AKT, and p-AKT; (B) Western blot assays were
performed in the carotid arteries in Mtmr14"T or MTMR14-transgenic (Mtmr14¢) mice at 28 days after ligation to detect the expression
of PLK1, p-PLK1, MEK, p-MEK, ERK1/2, p-ERK1/2, AKT, and p-AKT; (C) Western blot assays were performed in primary vascular
smooth muscle cells (VSMCs) infected with Ad-shScramble or Ad-shMTMR14 at 24 hours after platelet-derived growth factor BB
(PDGF-BB) stimulation to detect the expression of PLK1, p-PLK1, MEK, p-MEK, ERK1/2, p-ERK1/2, AKT, and p-AKT; (D) Western blot
assays were performed in primary VSMCs infected with Ad-Control or Ad-MTMR14 at 24 hours after PDGF-BB stimulation to detect the
expression of PLK1, p-PLK1, MEK, p-MEK, ERK1/2, p-ERK1/2, AKT, and p-AKT. (GAPDH served as the loading control, n=6, *P<0.05 vs
sham, **P<0.05 vs Mtmr14"WT#P<0.05 vs Ad-shScramble, #P<0.05 vs Ad-Control). AKT indicates protein kinase B; ERK, extracellular-
signal-regulated kinase; and MEK, mitogen-activated protein kinase kinase.

J Am Heart Assoc. 2022;11:e026174. DOI: 10.1161/JAHA.122.026174 13



Kong et al

MTMR14 Prevents VSMC Proliferation

MEK I—_—-—-—-——— ~—-|45kDa

p-ERK1I2l- - LI L X 4 -|42,44kDa
ERK1IZ|- 88 5 5D an ) s En |42,44kDa

- I 60kDa

p-AKTI——-—- — -——

AKT |---—--——|sokoa

GAPDHI--------Iamna

A * Mtmr14""
" = Mtmri4A
2
} m ﬁ
s
3
£
e 0.
g
£
S o 2 : So.02
Mtmr14~ Mtmr14A Mtmr14™ Mtmr14A o 0
Ad-shScramble Ad-shPLK1 Ad-shScramble Ad-shPLK1
MTMR14|’ B e - — — - ——|74kDa PCNA | o — ‘IaskDa
p-PLK1|— P - —— ~|62kDa ACTA2|--~~----|42kDa
PLK1 |.——_.--... |62kDa GAFDH|--~----‘|37kDa
L T 1 1 L 1 L 1
p-MEK I PR T — S cous |45kDa Ad-shScramble Ad-shMTMR14 Ad-shScramble Ad-shMTMR14

Ad-shScramble Ad-shPLK1

ot eAd-shScramble+Ad-shScramble
59 =Ad-shMTMR14+Ad-shScramble
L 1Ad-shScramble+Ad-s|
- [ vAd-shMTMR14+Ad-shPLK1
2
< 3
9
£
s 2
I3
[

e
s
>N
<

o
8

;A

Ad-shMTMR14

Ad-shScramble Ad-shScramble

L 1 L 1 L ] L ] PCNA ACTA2
Ad-shScramble Ad-shMTMR14 Ad-shScramble Ad-shMTMR14
Ad-shScramble Ad-shPLK1
ok
—
£ o - —_ — Ad.
£25 e e e -Ad-shMTMR14+AdshScramble
° T |
g 320 = —— e AR A AG SPLK]
o
246 . 2
o8 ]
B -
S illalAlal
o
io T T T
MTNR14 PLK1 MEK ERK1/2 AKT o
——
. - , " "
5004 —EE *Ad ShMTMR14+Ad shSeramble
» sAd-shScramble+Ad-shPLK
2 vAd-shMTMR14+Ad- shPLK1
2 400-
S
g
= 300:
o
3
3 200
H
2 H
@ﬁ £ 100
s e LU ) SuRAEE (R =
Scramble Ad 5hMTMR14 Ad-shScramble Ad-shMTMR14 o ~N
® & ¥
& & F
Ad-shScramble Ad-shPLK1 & & N ;}3
& & & &
AN N
GG,
¥ &
8 A S\
& & PSRN
SR &
& & x~ 2
& & ¥
FF ¥ v
& -4
0 \d

Ad-shMTMR14

= SIG2-M
G1/s
G1

Ad-shScramble Ad-shPLK1

MTMR14, a novel phosphoinositide phosphatase con-
served through evolution, specifically dephosphorylates
phosphatidylinositol  3,5-biphosphate  (PtdIns(3,5)P2)
and phosphatidylinositol 3-phosphate (Ptdins3P). The
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molecule is involved in a variety of biological processes.
It was first identified as a specific phosphatase of skeletal
muscle and studied in centronuclear myopathy,3*34 and
the deficiency of MTMR14 contributes to the accumulation
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Figure 7. Knockdown PLK1 (polo-like kinase 1) reversed the neointima formation aggravated by MTMR14 (myotubularin-
related protein 14) knockdown.

A, Representative hematoxylin-eosin (HE) staining images of carotid arteries from Mtmr14"T or MTMR14-knockout (Mtmr14A) mice
local infected with Ad-shScramble or Ad-shPLK1 at 28days after ligation (scale bar, 100um; n=6); (B) Western blot assays were
performed in primary vascular smooth muscle cells (VSMCs) infected with Ad-shScramble+Ad-shScramble, Ad-shMTMR14+ Ad-
shScramble, Ad-shScramble+Ad-PLK1, or Ad-shMTMR14+ Ad-shPLK1 at 24hours after 20ng/mL platelet-derived growth factor
BB (PDGF-BB) stimulation to detect the expression of PLK1, p-PLK1, MEK, p-MEK, ERK1/2, p-ERK1/2, AKT, and p-AKT (GAPDH
served as the loading control, n=6); (C) Western blot assays were performed in primary VSMCs infected with Ad-shScramble+ Ad-
shScramble, Ad-shMTMR14+ Ad-shScramble, Ad-shMTMR14+ Ad-shPLK1 or Ad-shMTMR14+ Ad-shPLK1 after 20ng/mL PDGF-BB
stimulation for 24 hours to detect the expression of PCNA and ACTA2 (GAPDH served as the loading control, n=6); (D) Transwell assays
of primary VSMCs infected with Ad-shScramble+ Ad-shScramble, Ad-shMTMR14+ Ad-shScramble, Ad-shMTMR14+ Ad-shPLK1 or
Ad-shMTMR14+ Ad-shPLK1 after 20ng/mL PDGF-BB stimulation for 24 hours (scale bar, 100 um; n=3); (E) Representative image of
primary VSMCs stably expressing fluorescence ubiquitination-based cell cycle indicator (FUCCI) (red for G1, yellow for G1/S, green for
S/G2-M) 48 hours after infection of Ad-shScramble+ Ad-shScramble, Ad-shMTMR14+ Ad-shScramble, Ad-shMTMR14+ Ad-shPLK1 or
Ad-shMTMR14+ Ad-shPLK1 and stimulated by 20ng/mL PDGF-BB (scale bar, 100 um). (*P<0.05 Mtmr14A vs Mtmr14WT, **P<0.05 Ad-
shPLK1 vs Ad-shScramble, ***P<0.05 Ad-shMTMR14 vs Ad-shScramble). ACTA2 indicates aortic alpha-actin; AKT, protein kinase B;
ERK, extracellular-signal-regulated kinase; MEK, mitogen-activated protein kinase kinase; and PCNA, proliferating cell nuclear antigen.

Lumen

plntima
|

" Media

Figure 8. MTMR14 (myotubularin-related protein 14) prevents neointima formation and vascular
smooth muscle cell proliferation by inhibiting PLK1/MEK/ERK/AKT axis.

PLK1/MEK/ERK/AKT axis was activated in vascular smooth muscle cells (VSMCs) after injury promoting
VSMC proliferation and neointima formation. MTMR14 inhibited the activation of PLK1 (polo-like kinase
1) by interacting with PLK1, which further inhibited the activation of the MEK/ERK/AKT axis, thereby
inhibiting VSMC proliferation and neointima formation. ACTA2 indicates aortic alpha-actin; AKT, protein
kinase B; CAL, carotid artery ligation; ERK, extracellular-signal-regulated kinase; FUCCI, fluorescence
ubiquitination-based cell cycle indicator; HE, hematoxylin—eosin; MEK, mitogen-activated protein kinase
kinase; PCNA, proliferating cell nuclear antigen; and PDGF-BB, platelet-derived growth factor BB.

of PtdIns(3,5)P2 within the muscle sarcoplasmic reticulum,
leading to Ca2" homeostasis defects and causing muscle
function disorder.35 Further study indicated that MTMR14
inactivation leads to a series of late-onset inflammation
and metabolic dysfunction, which may be regulated by
the PIBK/Akt and ERK signaling pathways.®5%" Similarly,
our recent study revealed that MTMR14 overexpression
alleviates pressure overload-induced cardiac hypertrophy
by inhibiting Akt.”? In addition, research has shown that
MTMR14 plays a vital role in regulating mouse embryonic
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fibroblast proliferation; more specifically, the growth fac-
tor induced PIBK/AKT and MEK/ERK signaling pathways
may underlie this process.!® These previous studies indi-
cated that MTMR14 may be related to cell proliferation,
whereas the study of MTMR14 in VSMC proliferation has
not been reported.

In the present research, we found that the expres-
sion of MTMR14 was upregulated and neointimal
formation in injured carotid artery. Then, we carried
out a series of experiments to investigate the role of
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MTMR14 in neointimal formation and VSMC prolifera-
tion after vessel injury. The VSMC contractile marker,
ATCA2, was downregulated, and the VMSC prolifera-
tion marker, PCNA, was simultaneously upregulated,
which indicating VSMC dedifferentiated into a syn-
thetic proliferative state. By knocking out MTMR14,
neointimal formation was aggravated and the prolif-
eration of VSMC were promoted. Moreover, we got
opposite results when MTMR14 was overexpressed
both in vivo and in vitro. These results indicated that
MTMR14 plays a key role in neointima formation and
VSMC proliferation. To further explore the mechanism
of MTMR14 in neointima formation and VSMC prolif-
eration, liquid chromatography-tandem mass spec-
trometry was used to screen the interacting proteins.
The results suggested that MTMR14 may function by
binding to PLK1. Interestingly, under the condition of
PDGF-BB intervention, the MTMR14 expression was
increased but the PLK1 expression remained un-
changed, and immunoprecipitation assay showed the
binding of MTMR14 and PLK1 was increased after
PDGF-BB stimulation. We considered that it might
be the increasing binding of MTMR14 and PLK1 after
PDGF-BB stimulation, and the increased binding might
be caused by the increased expression of MTMR14.
Additionally, immunofluorescence staining showed
there was no difference in the expression of PLK1 in
the neointima and media of human restenosis artery,
suggesting that activated PLK1 may be involved in this
process rather than total PLK1.

Interestingly, we noticed that some parts seem to lack
the colocalization of ACTA2 and MTMR14 in the immu-
nofluorescence staining experiments of rat artery injury
model and mouse CAL model. After carefully analyzed, in
rat artery injury model, most of the expression localization
of MTMR14 was overlapped with that of ACTA2; however,
some parts of ACTA2 and MTMR14 were not colocalized
in the innermost layer. In mouse CAL model, ACTA2 and
MTMR14 were indeed colocalized, but the fluorescence
of MTMR14 masks that of ACTA2 in MERGE. (We individ-
ually zoomed in the immunofluorescence-stained portion
of the inner layer of ACTA2 in the mouse CAL model to
show that although the innermost layer of ACTA2 is dimly
fluorescent, it is indeed expressed, the data are pre-
sented in Figure S1B). As for the part of cells lacking the
colocalization of ACTA2 and MTMR14, we speculated
that they might be other cells involved in this patholog-
ical process, such as macrophages or intimal VSMCs
lacked detectable expression of ACTA2. First, macro-
phages participate and play a very critical role in the for-
mation of atherosclerosis®-4%; moreover, the activation
of inflammatory pathways in lesional macrophages is a
critical proatherogenic process.*'* In the carotid artery
injury model, the process of tissue repair was accom-
panied by a certain degree of inflammatory response,
during which macrophages might participate and stay in
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the neointima. Second, studies have shown that in some
atherosclerotic lesions, there are intimal VSMCs that lack
detectable ACTA2, myh11, and SM22a/TagIn, which are
the markers traditionally used to identify VSMCs.4344 In
addition, under some conditions VSMCs downregulate
VSMC markers and express macrophage markers such
as CD68 and Mac2.*® As to what those cells lacking in
colocalization of ACTA2 and MTMR14 are, we will con-
duct further investigations.

PLK1, a prototypical member of the PLK family, is
a serine/threonine protein kinase widely found in many
eukaryotic cells. PLK1 plays an essential role in initia-
tion, maintenance, and completion of mitosis. The ex-
pression of PLK1 is upregulated in actively proliferating
cells and varies substantially at different stages of the
cell cycle.*® PLK1 participates in regulating abscission in
mitosis through interacting with the MTMR protein family
members* and is required for vascular homeostasis and
participates in VSMC proliferation.*8-%° Previous studies
demonstrated that PLK1 participate in regulating cell
proliferation through activating MEK/ERK(MAPK; mito-
gen-activated protein kinase) signaling pathway.?526.51
MAPK signaling pathway acts as an integration point for
multiple biochemical signals and is involved in a variety
of cellular processes such as proliferation, differentiation,
transcription regulation, and development.5253 Many
studies indicated that MAPK promotes neointima for-
mation.®*%" In the present study, we demonstrated that
MTMR14 inhibited the activation of PLK1 by interacting
with PLK1 and further inhibited the activation of the MEK/
ERK/AKT axis, thereby inhibiting VSMC proliferation and
neointima formation (Figure 8).

As a serine/threonine kinase, AKT plays a vital role
in cardiac hypertrophy, which has been widely stud-
ied.®®-6' Previous study carried out by our team showed
that MTMR14 suppresses cardiac hypertrophy by in-
hibiting AKT."? Moreover, inhibition of PLK1 suppressed
downstream signaling AKT.®? Interestingly, in this study,
we found that p-AKT is decreased when MTMR14 is
overexpressed or PLK1 is silenced in VSMCs, similar to
the results in cardiac hypertrophy. We hypothesized that
MTMR14 may inhibit p-AKT by interacting with PLK1 in
VSMCs. However, the specific mechanism of p-AKT in-
hibition by MTMR14 has not been clarified in this study
or our previous study on cardiac hypertrophy, which is
worthy of further investigation.

CONCLUSIONS

In the present study, we found that MTMR14 over-
expression suppresses VSMC proliferation by inhib-
iting PLK1, which provides a new avenue for further
investigating VSMC proliferation. However, whether
MTMR14 dephosphorylates PLK1 directly or is medi-
ated by phosphoinositides as second messengers re-
mains unclear. A thorough exploration of the potential
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molecular mechanism between MTMR14 and PLK1 in
VSMC proliferation may provide therapeutic guidance
in the treatment of restenosis.
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Table S1. Primers

Gene name Forward primer (mouse) Reverse primer (mouse)
MTMR14 CCACATCGTATTCCTGGAGTAT AGACAAACCGACCTCTGCAC
PCNA TTTGAGGCACGCCTGATCC GGAGACGTGAGACGAGTCCAT
ACTA2 GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA
MTMR1 AAGAACAGCGAAAACTTGGGA TGGCAGGATAGGTATCACAGAAC
MTMR2 AGAACTCGGTGCATACCAAATC GCTAACTTGTTTGCCTCCCTCA
MTMR3 ATGACTCGTTGGCTACCTGAC GAACCGGAACCTTCTGGTTAC
MTMR4 AAAGACTCTGTCATCAACGTGC CCGGCTTAGCCTTGAGAGC
MTMR5 TGGTTACCACCACACATCCC CCCTGCGTTCACCCTTCTC
MTMR6 ACAGGAACACTGTATCTTACGGC AAGTGGTCAGAGCAAGTTTCTC
MTMR7 GTGGAAGAATCGAGCTGACTAC CCCCTTTTCAAAGCGGTTATACA
MTMR9 ATGGAGTTTGCGGAGCTGATT GATGGCGTCGATATTTGAATGGA
MTMR10 TTATTCCCAGCCAACAGACCT CACCTCCTGAGGATACTCCATT
MTMR11 CCTGGCCTCTGGTTGTCTC GTATCCTGCTTTCGCTGCCAT
MTMR12 GCCAGCACAGTCCTGAAGTAT GCTTCCCCGCCATTATCCAG
MTMR13 TGGTGGAAAAAGCGTGTTTCA GCATAGCGAATACAGCCTGTT
MTMR15 ATGCCGTCACAAAGGAAATCA ATGCAAGTTTAGCAGGTGGTG
18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
Gene name Forward primer (rat) Reverse primer (rat)
MTMR14 AGTCACTCATCCTCCCCACA GTCTCCCTGTCACTCAGAGC
GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

18S




Figure S1. Myotubularin-related protein 14 (MTMR14) was concentrated in the
neointima of human restenosis artery.

HE IHC HC

A. Representative images of hematoxylin-eosin (HE) and immunohistochemistry (IHC)
staining with an anti-MTMR14 antibody in slices from human restenosis artery (scale bar,
200 um); B. Zoom-in image of ACTA2 immunofluorescence (IF) staining in the mouse

carotid artery ligation (CAL) model (scale bar, 100um).



Figure S2. Isoenzymes of myotubularin-related (MTMR) phosphatase expression in
vascular smooth muscle cells (VSMCs) and the compensation for expression of isoenzymes
when knockdown myotubularin-related protein 14 (MTMR14).
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A. Representative mRNA levels of isoenzymes of MTMR phosphatase expressed in vascular
smooth muscle cells (n=3); B. Representative mRNA levels of isoenzymes of MTMR
phosphatase expressed after MTMR14 knockdown (n=3); C. Representative protein levels of

myotubularin-related protein 11 (MTMR11) after MTMR14 knockdown (n=3). (*p <0.05

Mtmr14A versus Mtmr14VT)



Figure S3. Results of liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis.

Unused %Cov(95) Accession Gene Peptides(9 Spectra

21.39 20.07 P53350  PLK1 10 10
8.67 8.769 Q8NCE2 MTMR14 5 6
7.08 9.719 P61978  HNRNPK 4 4
6.89 7.741 043390 HNRNPR 3 3
4.86 6.238 Q9Y2X3 NOPS58 2 2
4.04 5.38 P50991 CCT4 2 2
3.72 5.36 P48643  CCTS 2 2
2.16 1.868 P14866  HNRNPL 1 1

2 2.946 QONZI8  IGF2BP1 1 1
2 4.049 PO7477 PRSS1 2 3
2 1.525 Q02413  DSG1 1 1
2 219015371 EIF3D 1 1
2 2.662 P35637 FUS 1 1
1.85 1.766 P36957  DLST 1 1
1.72 3.326 P68363 TUBA1B 1 1
1.38 1.132 P23246  SFPQ 1 1
1.35 3.16 Q07666 KHDRBS1 1 1



Figure S4. Manipulation of myotubularin-related protein 14 (MTMR14) did not affect the
contraction of vascular smooth muscle cell (VSMC) but did affect the proliferation of
VSMC.
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A. Western blot assays were performed in primary VSMCs infected with Ad-shScramble or
Ad-shMTMR14 at 24 hours after platelet-derived growth factor BB (PDGF-BB) stimulation
to detect the expression of PCNA and ACTAZ2; B. Western blot assays were performed in
primary VSMCs infected with Ad-Control or Ad-MTMR14 at 24 hours after PDGF-BB
stimulation to detect the expression of PCNA and ACTA2. C. Representative images of
immunofluorescence staining of p-PLK1/p-MEK/p-ERK/p-AKT in slices from human
restenosis artery (scale bar, 100 um). (GAPDH served as the loading control, n=6, #p <0.05

versus Ad-shScramble, ##p <0.05 versus Ad-Control)



Figure S5. The overexpression of polo-like kinase 1 (PLK1) could aggravate the
phenotype induced by myotubularin-related protein 14 (MTMR14) overexpression in

vivo and in vitro.
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A. Representative hematoxylin-eosin (HE) staining images of carotid arteries from Mtmr14""
or MTMR14-transgenic (Mtmr14™) mice local infected with Ad-Control or Ad-PLK1 at 28
days after ligation (scale bar, 100 um; n=6); B-C. Western blot assays were performed in
primary VSMCs infected with Ad-Control+ Ad-Control, Ad-MTMR14+ Ad-Control, Ad-
Control+Ad-PLK1 or Ad-MTMR14+Ad-PLK1 after 20ng/ml platelet-derived growth factor
BB (PDGF-BB) stimulation for 24 hours to detect the expression of PLK1, p-PLK1, MEK, p-
MEK, ERK1/2, p-ERK1/2, AKT, p-AKT, PCNA and ACTA2 (GAPDH served as the loading

control, n=6). (*p <0.05 Mtmr14'® versus Mtmr14"T, **p <0.05 Ad-PLK1 versus Ad-



Control, ***p <0.05 Ad-MTMR14 versus Ad-Control)
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