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Abstract

Cardiac hypertrophy is the result of responses to various physiological or pathological sti-
muli. Recently, we showed that polycystin-1 participates in cardiomyocyte hypertrophy elic-
ited by pressure overload and mechanical stress. Interestingly, polycystin-1 knockdown
does not affect phenylephrine-induced cardiomyocyte hypertrophy, suggesting that the
effects of polycystin-1 are stimulus-dependent. In this study, we aimed to identify the role of
polycystin-1 in insulin-like growth factor-1 (IGF-1) signaling in cardiomyocytes. Polycystin-1
knockdown completely blunted IGF-1-induced cardiomyocyte hypertrophy. We then investi-
gated the molecular mechanism underlying this result. We found that polycystin-1 silencing
impaired the activation of the IGF-1 receptor, Akt, and ERK1/2 elicited by IGF-1. Remark-
ably, IGF-1-induced IGF-1 receptor, Akt, and ERK1/2 phosphorylations were restored when
protein tyrosine phosphatase 1B was inhibited, suggesting that polycystin-1 knockdown
deregulates this phosphatase in cardiomyocytes. Moreover, protein tyrosine phosphatase
1B inhibition also restored IGF-1-dependent cardiomyocyte hypertrophy in polycystin-1-
deficient cells. Our findings provide the first evidence that polycystin-1 regulates IGF-1-
induced cardiomyocyte hypertrophy through a mechanism involving protein tyrosine phos-
phatase 1B.

Introduction

Cardiac hypertrophy is a biological response that imposes an increased demand on myocardial
function [1]. Depending on the type and duration of the stimulus, hypertrophy may be
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physiological or pathological [1]. Cardiomyocyte hypertrophy is characterized by cell enlarge-
ment, metabolic changes, increased protein synthesis, and fetal gene expression [2-6].
Mechanical stretch and certain neurohumoral factors, such as insulin-like growth factor (IGF-
1), norepinephrine, and angiotensin II, are common cardiomyocyte hypertrophic inducers
[2-6].

IGF-1 participates in the physiological cardiac hypertrophy evoked by physical exercise [7].
IGF-1 binds to its receptor (IGF-1R) to induce tyrosine autophosphorylation and activates sev-
eral downstream signaling pathways, including the extracellular signal-regulated kinase (ERK)
and phosphatidylinositol-3 kinase (PI3-K)/protein kinase B (Akt) pathways [8]. IGF-1R activ-
ity is mainly modulated by dephosphorylation, which is catalyzed by protein tyrosine phospha-
tase 1B (PTP1B) [9-11]. PTP1B also plays key roles in metabolic regulation [12,13], cardiac
hypertrophy [14] and heart failure [15].

We recently determined that polycystin-1 (PC1), encoded by the Pkdl gene, is a critical reg-
ulator of cardiomyocyte hypertrophy elicited by mechanical stretch [16]. PC1 is a plasma
membrane protein expressed in various tissues that has a large N-terminal extracellular
domain and a short cytoplasmic C-terminal domain and modulates several pathways, such as
calcineurin/nuclear factor of activated T-cells (NFAT) and Signal transducer and activator of
transcription 6 (STAT®6) [17]. PC1 also interacts with various membrane proteins, including
cell-cell communication proteins [18,19], cell-matrix communication proteins [20], the inosi-
tol trisphosphate receptor (IP3R) [21], serine/threonine phosphatase 1 alpha protein [22] and
tyrosine phosphatases [23]. Recently, we identified PC1 as a mechanosensor in cardiomyocytes
that governs L-type Ca** channel protein stability [16]. PC1 is crucial for myocardial function,
as well as mechanisms involving mechanical stretch (in vitro) and pressure overload (in vivo)
that may induce cardiomyocyte hypertrophy [16]. However, our previous data show that PC1
is not necessary for phenylephrine-dependent cardiomyocyte hypertrophy, suggesting that
PC1 activity is stimulus-dependent. Whether PCI1 is a general mediator of cardiomyocyte
hypertrophy or a mediator of IGF-1-induced cardiomyocyte hypertrophy has not been previ-
ously studied. Here, we describe the role of PC1 in IGF1-induced cardiomyocyte hypertrophy.
Our results show that PC1 knockdown negatively regulates the IGF-1R, Akt, and ERK signal-
ing pathways, preventing IGF-1-induced cardiomyocyte hypertrophy. Finally, we provide evi-
dence of PTP1B dysregulation upon PC1 knockdown.

Materials and methods
Reagents and antibodies

Antibodies against phospho-IGF-1R B (Tyr1135/1136)/insulin receptor B subunit (Tyr1150/
1151) (#3024S), the IGF-IR B subunit (#3027S), insulin receptor B (#3025S), phospho-Akt
(Ser473) (#9271S), Akt (#9272S) and phospho-ERK1/2 (Thr202/Tyr204) (#9106S) were
obtained from Cell Signaling (Danvers, MA). Anti-PC-1 (sc-25570), anti-ERK (sc-94), and
CinnGEL 2-methyl ester were purchased from Santa Cruz Biotechnology (Dallas, TX). Anti-B-
myosin heavy chain (3-MHC) (VP-M667) was purchased from Vector Laboratories (Burlin-
game, CA). Peroxidase-conjugated rabbit and mouse anti-IgG secondary antibodies, Hank’s
medium, DME medium (DMEM), 199 medium (M199), pancreatin, gelatin, Triton X-100,
5-bromo-2’-deoxyuridine, insulin, anti-GAPDH (G9545), PC-1 and MISSION® siRNA uni-
versal negative control #1 (Scr) were purchased from Millipore Sigma (Burlington, MA).
SDS-PAGE materials and PVDF membranes were from Bio-Rad Laboratories (Hercules, CA).
DAKO fluorescence mounting medium was purchased from Agilent Technologies, Inc. (Santa
Clara, CA). All other organic and inorganic reagents, salts, acids, and solvents were purchased
from Merck (Darmstadt, Germany), unless otherwise specified.
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Animals

All animals were handled according to the guidelines stated in the Guide for the Care and Use
of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication,
8th Edition, 2011). The protocol was approved by the Institutional Ethics Review Committee
of the Faculty of Chemical and Pharmaceutical Sciences, Universidad de Chile. We used Spra-
gue-Dawley rat pups on postnatal days 1-3 to isolate neonatal rat ventricular myocytes
(NRVM).

Cardiomyocyte cultures

NRVM were isolated from neonatal Sprague-Dawley rats, as previously described [8]. In brief,
pups were quickly decapitated without the need for anesthesia, hearts were obtained, and cells
from neonatal rat ventricles were dissociated in a solution of collagenase (0.2 mg/mL) and pan-
creatin (1.2 mg/mL). After enzymatic digestion, the cells were plated in gelatin-coated plastic
dishes and cultured in DMEM/M199 (4:1) containing 10% fetal bovine serum, 5% fetal calf
serum, penicillin-streptomycin solution (100 U/mL-100 pg/mL) and bromodeoxyuridine

(100 uM). NRVM (1x10° cells) were plated on gelatin-pre-coated 35-mm dishes. For micros-
copy experiments, cells were plated on gelatin-pre-coated 18-mm glass coverslips in 12-well
plates. NRVM were 95% pure, as assessed by -MHC immunofluorescence.

Cardiomyocyte transfection

Small interfering RNAs (siRNA) for PC1 and scrambled (Scr; negative control) siRNA were
used according to the manufacturer’s instructions. NRVM were cultured and transfected with
siRNAs (120 nM) with Oligofectamine™ or Lipofectamine RNAiMax. After 12 h of incubation,
the medium was removed and replaced with DMEM/M199. Experiments were performed 24
h after siRNA transfection. Knockdown efficiency was determined by Western blot after 48 h.

Treatments

NRVM were treated with IGF-1 (10 nM) to study both hypertrophy (48 h) and the IGF-1R sig-
naling pathway (5 min). When using phosphatase inhibitors, NRVM were treated with the
inhibitors 1 h prior to IGF-1 stimulation and were maintained throughout the experiment.
CinnGEL was dissolved in 0.05% DMSO, and the same solution without CinnGEL was used as
a control condition.

Western blot analysis

NRVM were rinsed three times with ice-cold PBS solution and lysed in cold lysis buffer con-
taining Tris-HCI (100 mM, pH 7.4), NaCl (300 mM) and Nonidet P-40 (0.5% v/v), supple-
mented with commercial protease and phosphatase inhibitors (Roche Applied Science,
Penzberg, Germany). Lysates were spun for 10 min at 12,000 x g using a refrigerated microcen-
trifuge. Supernatant protein content was assessed using the Bradford method (BioRad protein
assay, BioRad, Hercules, CA). Proteins were separated by SDS-PAGE (8-15% polyacrylamide
gels) and transferred onto PVDF membranes. Membranes were blocked with 5% nonfat milk
in Tris-buffered saline, pH 7.6, containing 0.1% (v/v) Tween 20 (TBST), incubated with pri-
mary antibodies (1:1,000), and re-blotted with horseradish peroxidase-linked secondary anti-
body (1:5000). The antigen-antibody reaction was detected using an EZ-ECL kit (Biological
Industries, Kibbutz Beit Haemek, Israel), and blots were quantified by image densitometry
using the Image] software (NIH, USA). GAPDH intensities were used as a loading control.
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RNA purification and real-time quantitative reverse transcription-PCR
(qRT-PCR)

Total RNA was isolated using TRIzol, according to the manufacturer’s protocol (Invitrogen,
Carlsbad, CA). Random hexamers were used for reverse transcription reactions using Super-
script II (Invitrogen, Carlsbad, CA). qRT-PCR was performed using Master mix PowerUp
SYBR Green (Applied Biosystems, Carlsbad, CA), and results were analyzed using the Step
One™ system (Thermo Fisher Scientific, MA; USA). Data for each transcript were normalized
to Pabpnl mRNA or 18S rRNA as an internal control, using the 2"**“" method. Primer
sequences were: brain natriuretic peptide (BNP) forward: 5-TCCTTAATCTGTCGCCGCTG-3,
reverse: 5-AGGCGCTGTCTTGAGACCTA-3’; Pabpnl forward: 5-GTTGGCAATGTGGACTA
TGG-3’, reverse: 5-AACAGGGACTCATCTAAGGC-3’. Polycystic kidney disease 1 (Pkd1) and
18S rRNA sequences were described before [16].

Cell morphology and sarcomerization

After treatments, cells were fixed with paraformaldehyde and permeabilized with Triton X-
100. Rhodamine-phalloidin was used to stain F-actin (1:500, Thermo Fisher Scientific, MA)
[24]. Cardiomyocyte hypertrophy, area, perimeter, the percentage of sarcomerization and sar-
comere fluorescence profile were calculated from fluorescent images obtained using an epi-
fluorescence microscope (Carl Zeiss Axiovert 135, LSM Microsystems). At least 50 cells from
randomly selected fields were analyzed using the Image] software (NIH, USA).

[*H]-leucine incorporation

Cardiomyocytes were incubated with [*H]-leucine (1 mCi/mL; Perkin-Elmer). After treat-
ment, cardiomyocytes were rinsed three times with ice-cold PBS, incubated with 10% trichlo-
roacetic acid (30 min, 4°C), and rinsed with ice-cold 95% ethanol. Remaining proteins were
then dissolved in 0.5 M NaOH (6 h, 37°C) with gentle agitation. Protein extracts were neutral-
ized with 0.5 M HCI. Total content from each well was processed by scintillation counting
(Beckman Coulter Life Sciences, Indianapolis, IN).

Statistical analysis

Depending on the type of experiment, results are shown as representative images or mean
+SD of at least three independent experiments. The Mann-Whitney-U or Kruskal-Wallis tests
were used for data analysis. A p value <0.05 was set as the level of statistical significance.

Results
PC1 knockdown blunts IGF-1-induced cardiomyocyte hypertrophy

To elucidate whether PCl1 is required for IGF-1-dependent cardiomyocyte hypertrophy, PC1
expression was reduced in neonatal rat ventricular myocyte (NRVM) using specific siRNA
constructs (siPC1) and scrambled (Scr) siRNA as a negative control. In our previous work, we
tested two different siRNAs to knockdown PC1 in NRVM. Both siRNAs decreased PC1
expression in the same level [16], so in this work, we used only one of them. siPC1 decreased
PCI1 protein content by 50% compared to the control after 24 h of transfection (Fig 1A) and
the Pkdl mRNA levels (Fig 1B). To determine hypertrophy in vitro, we measured the following
markers: B-myosin heavy chain (MHC) protein expression, brain natriuretic peptide (BNP)
mRNA levels, and [*H]-leucine incorporation. Interestingly, PC1 knockdown reduced IGF-1
dependent increases of B-MHC protein content, BNP mRNA abundance, and [?H]-leucine
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Fig 1. PC1 is required for IGF-1-induced cardiomyocyte hypertrophy. Cardiomyocytes were transfected with scrambled (Scr) or
PC1 siRNA (siPC1), incubated for 24 h, and then treated with IGF-1 (10 nM) or vehicle for 24 h. (A) Representative Western blot of
polycystin-1 (PC1) and GAPDH as a loading control. The lower panel shows the PC1/GAPDH ratio. (B) Bar graph of polycystic
kidney disease 1 (Pkd1) mRNA levels. (C) Upper panel shows representative Western blots of B-MHC and GAPDH. The graph in
the lower panel shows the B-MHC/GAPDH ratio calculated by densitometric analysis. (D) Brain natriuretic peptide (BNP) mRNA
levels determined by qRT-PCR are expressed relative to Pabpn1 mRNA. (E) [*H]-leucine incorporation in cardiomyocytes. (F) Bar
graph shows Pkdl mRNA levels after IGF-1 stimulus. Values are shown as mean + SD (n = 3-6). *p<0.05 and **p<0.01 vs. Scr,
&p<0.05 vs. Scr+IGF-1.

https://doi.org/10.1371/journal.pone.0255452.9001

incorporation (Fig 1C-1E). Moreover, IGF-1 did not change Pkdl mRNA levels in cardiomyo-
cytes (Fig 1F), suggesting that IGF-1 does not alter PC1 expression.

In vitro cardiomyocyte hypertrophy can be defined phenotypically as an increase in cellular
area, perimeter, and the degree of sarcomerization. NRVM have a very rudimentary sarco-
meric structure, which turns into a highly organized “stair-like” structure after a pro-hypertro-
phic stimulus [24-26]. IGF-1 treatment increased cardiomyocyte area, perimeter, and
percentage of cells with highly organized sarcomeres (Fig 2A and 2B), while PC1 knockdown
completely prevented these IGF-1 dependent changes (Fig 2C-2E). Taken altogether, these
results suggest that PC1 is required for IGF-1-induced cardiomyocyte hypertrophy.

PC1 regulates the IGF-1 receptor signaling pathway

IGF-1 activates its receptor (IGF-1R) by inducing tyrosine autophosphorylation, subsequently
activating downstream signaling pathways such as Akt and ERK1/2 [27-29]. It is well known
that IGF-1 exerts its pro-hypertrophic effects via the Akt and ERK1/2 signaling pathways
[27,29]. To study the role of PC1 in the activation of IGF-1R and its downstream signaling
pathways, we measured the phosphorylation status of IGF-1R, ERK1/2, and Akt upon IGF-1
stimulation. IGF-1 increased IGF-1R phosphorylation at 5 min, and PC1 knockdown partially
prevents this activation (Fig 3A). Total IGF-1R content did not change upon PC1 knockdown
in NRVM (Fig 3A). Next, we measured both Akt and ERK1/2 activation in NRVM after IGF-1
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Fig 2. IGF-1-induced hypertrophic changes in cardiomyocyte morphology are mediated by PC1. Cardiomyocytes were
transfected with scrambled (Scr) or PC1 siRNA (siPC1), incubated for 24 h, and then treated with IGF-1 (10 nM) or vehicle for 24 h.
(A) Representative images of cardiomyocytes stimulated with IGF-1 and stained with rhodamine-phalloidin. (B) Fluorescence
densitometric profiles of the lines depicted in (A), showing sarcomere density in IGF-1-stimulated cardiomyocytes pretreated with

Scr or siPC1. Bar graphs show cardiomyocyte (C) cell area, (D) cell perimeter and (E) sarcomerization. Values are shown as
mean + SD (n = 3-6). *p<0.05 and **p<0.01 vs. Scr, “p<0.05 vs. Scr+IGF-1.

https://doi.org/10.1371/journal.pone.0255452.g002

treatment. PC1 knockdown reduced Akt (Fig 3B) and ERK1/2 (Fig 3C) phosphorylation upon
IGF-1 treatment. In order to evaluate whether these changes were specific for the IGF-1 recep-
tor, we assessed insulin receptor (IR) activation upon insulin stimulation. Insulin triggered
similar IR phosphorylation levels in NRVM transfected with either Scr or siPC1 (Fig 3D). We
did not detect IGF-1R or IR phosphorylation in basal condition. Taken together, these results
suggest that PC1 has a specific effect on the IGF-1R signaling pathway in cardiomyocytes.
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PC1 regulates IGF-1R activation through protein tyrosine phosphatase 1B

Tyrosine phosphatases fine-tune tyrosine kinase receptor function, modulating their phos-
phorylation status [30,31]. Some evidence suggests that PC1 interacts with several isoforms of
receptor protein tyrosine phosphatases, forming multimeric complexes that regulate PC1-de-
pendent signaling [23]. Therefore, we hypothesized that PC1 knockdown might impair phos-
phatase activity. Using the phosphatase inhibitors PhoSTOP and Na;VO,, we disrupted the
inhibitory effect of PC1 knockdown on IGF-1R phosphorylation upon IGF-1 stimulation (Fig
4A). These data suggest that tyrosine phosphatases are involved in the mechanism through
which PC1 regulates IGF-1R phosphorylation in NRVM.

Protein tyrosine phosphatase 1B (PTP1B) participates in IGF-1R dephosphorylation and is
the key negative regulator of IGF-1 signaling [9,11,30]. CinnGEL 2-methyl ester (10 uM, Cinn-
GEL), a specific inhibitor of PTP1B, completely prevented the decrease of IGF-1R phosphory-
lation induced by PC1 knockdown upon IGF-1 stimulation in NRVM (Fig 4B). CinnGEL also
inhibited the decrease in Akt (Fig 4C) and ERK1/2 (Fig 4D) phosphorylation induced by PC1
knockdown upon IGF-1 stimulation. These results suggest that PC1 regulates IGF-1R activa-
tion through a PTP1B-dependent mechanism.

PC1 knockdown impairs PTP1B activation and IGF-1-induced
cardiomyocyte hypertrophy

To assess the effect of PC1 knockdown on PTP1B activation in IGF-1-induced cardiomyocyte
hypertrophy, NRVM were exposed to IGF-1 in the presence or absence of CinnGEL, and
hypertrophic parameters were measured. CinnGEL reduced the inhibitory effect of PC1
knockdown on BNP mRNA upon IGF-1 stimulation (Fig 5A). Moreover, morphologic studies
and fluorescence intensity profiles (Fig 5B and 5C) confirmed that CinnGEL also prevented
the decrease in cell area (Fig 5D), perimeter (Fig 5E), and sarcomerization (Fig 5F) induced by
PC1 knockdown upon IGF-1 stimulation. All these data are presented as fold with respect to
Scr. These results suggest that PTP1B is involved in PC1-dependent regulation of IGF-
1-induced cardiomyocyte hypertrophy.

Discussion

In this study, we showed that IGF-1-induced cardiomyocyte hypertrophy requires PC1. PC1
knockdown using siRNA blunted the IGF-1-dependent upregulation of hypertrophic B-MHC
protein levels, BNP mRNA abundance, [*H]-leucine incorporation, sarcomerization, cell area,
and perimeter of NRVM. Furthermore, we provided evidence that PC1 knockdown affects the
phosphorylation status of IGF-1R depending on PTP1B activity.

IGF-1 participates in the initiation and development of physiological cardiac hypertrophy
[32,33], and its cardiomyocyte-specific overexpression leads to cardiac hypertrophy in trans-
genic mice [7]. IGF-1 is critical for cardiomyocyte survival due to its potent cardioprotective
effect [32,33]. Our group and others have shown that IGF-1 activates multiple signal transduc-
tion pathways in cardiomyocytes [8,27,28,34]. To our knowledge, this is the first study showing
the involvement of PCI in IGF-1 signaling. Our data suggest that PC1 knockdown specifically
regulates the IGF-1 signaling pathway, but without affecting other tyrosine kinase receptors,
such as the IR, or participating in phenylephrine-mediated cardiomyocyte hypertrophy [27].

Tyrosine phosphorylation is regulated by phosphatases to terminate the activation of tyro-
sine kinase receptors. Moreover, regulation of both IGF-1 and insulin signaling involves serine
phosphorylation of Insulin receptor substrate 1/2 (IRS1/2) [35]. Insulin- or IGF-1-induced ser-
ine phosphorylation of IRS1/2 dissociates these proteins from their receptors, preventing
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tyrosine phosphorylation and inhibiting binding with downstream effectors. Therefore, this
process serves as negative feedback mechanism [35]. Our results showed that PC1 knockdown
not only reduces IGF-1-induced Akt and ERK phosphorylation but also decreases IGF-1R
phosphorylation. This effect seems to be specific to IGF-1R signaling, as PC1 knockdown did
not affect insulin-induced IR phosphorylation in cardiomyocytes. On the other hand, PC1
knockdown reduces only around 50% of IGF-1-dependent IGF-1R phosphorylation, as well as
Akt and ERK1/2 phosphorylations. This result could be explained, at least partly, because PC1
siRNA only reduces 50% of PC1 expression in NRVM. However, a significant amount of PC1
remains in the cell in these cells, and the knockdown of PC1 could affect its subcellular distri-
bution or traffic to the plasma membrane, thus explaining the effects on the IGF-1R. We
acknowledge as a study limitation that the subcellular location of the remaining PC1 was not
studied here. Interestingly, PC1 has been located both in the plasma membrane and other sub-
cellular compartments [36]. In aggregate, our data strongly suggest that PC1 regulates posi-
tively IGF-1R activity induced by IGF-1 in NRVM.

Receptor protein tyrosine phosphatases interact with polycystins both in the primary cilia
and at adhesion complexes [20,23]. The presence of cilia in cardiomyocytes is still controver-
sial [37-39], and methodological issues to identify cardiac myocytes or cilia could explain
these discrepancies. However, independent of the presence of cilia, cardiomyocyte-specific
knockdown of PC1 promotes cardiomyocyte alterations [16,40] that are distinct from the ones
elicited by Polycystin-2 knockdown [37]. Moreover, we previously showed that NRVM knock-
down to PC1 did not change the PC2 expression [41] as well as cardiomyocytes-restricted
silencing of PC1 mice model [16], suggesting that our results are not influenced by PC2
alterations. Altogether, this evidence suggests that these proteins play different roles in cardio-
myocytes, so we did not explore the role of Polycystin-2 in IGF-1-induced cardiomyocyte
hypertrophy.

Interestingly, we found that PTP1B inhibition normalizes IGF-1R phosphorylation and the
hypertrophic response upon IGF-1 stimulation in cells lacking PC1. These results suggest that
PCI1 acts as a negative regulator of PTP1B activity, allowing normal activation of the IGF-1R.
IGF-1R can also be dephosphorylated by the tyrosine phosphatase SHP-2 [42]. Therefore,
although our data support that PTP1B has a relevant role in IGF-1R dephosphorylation, we
cannot rule out the participation of other tyrosine phosphatases in the PC-1-dependent effects.
Previous reports have indicated that PC1 can interact and form multiprotein complexes with
focal adhesion proteins [18,20], cell-cell adherens junction proteins [18,20], the IP3R [21],
intermediate filaments [19], serine/threonine protein phosphatase-1lo [43] and tyrosine phos-
phatases [31]. Tyrosine phosphatases also interact with and bind to receptor tyrosine kinases
(RTKs) [31]. We hypothesize that PC1 controls at least the activity of PTP1B to regulate IGF-
1R activity. Here, we have shown that the use of both general phosphatase inhibitors and spe-
cific tyrosine phosphatase inhibitors completely revert the PC1 knockdown-dependent
decreases in IGF-1R, Akt and ERK phosphorylation. Therefore, these data suggest that PC1
may regulate the IGF-1 signaling pathway by controlling the function of tyrosine phospha-
tases. A possible mechanism through PC1 regulates PTP1B activity could involved AKT as a
negative modulator of this phosphatase. PC1 stimulates AKT activity [41,44], while PTP1B
phosphorylation on Ser(50) by AKT negatively regulates the activity of this phosphatase [45].
Future experiments should address this hypothesis andinvestigate a potential interaction
between PTP1B and PC1 with the IGF-1R and whether PC1 regulates PTP1B availability to
clarify the mechanism involved in this signaling pathway.

Furthermore, interactions between the IGF-1R and mechanosensors, such as integrins,
have also been described [22,46]. This interaction is fundamental for proper IGF-1R signaling
in response to IGF-1 in osteoblasts [22]. PC1 is a plasma membrane protein expressed in
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various tissues. As previously reported, we have identified PC1 as a mechanosensor in cardio-
myocytes [16]. Whether PC1 modulates IGF-1R signaling by only regulating phosphatase lev-
els or exerting its control as a mechanoreceptor remains unknown. Moreover, future studies
are necessary to determine whether PC1 and PTB1B interact directly or indirectly and will
broaden our understanding of this pathway.

Conclusion

Our results show for the first time that PC1 is required for IGF-1-dependent induction of car-
diomyocyte hypertrophy. PC1 may regulate IGF-1R phosphorylation by controlling the avail-
ability of tyrosine phosphatases. A graphical model is shown in Fig 6.

Supporting information

S1 Fig. This is the S1 raw images.
(PDF)

$2 Fig. This is the S2 controls Figs 4 and 5.
(PDF)

Author Contributions
Conceptualization: Carolina Ferndndez, Zully Pedrozo, Sergio Lavandero.

Data curation: Carolina Fernandez, Natalia Torrealba, Francisco Altamirano, Valeria Gar-
rido-Moreno, César Vasquez-Trincado, Camila Lopez-Crisosto, Zully Pedrozo.

Formal analysis: Carolina Fernandez, Natalia Torrealba, Francisco Altamirano, Valeria Gar-
rido-Moreno, César Vasquez-Trincado, Raul Flores-Vergara, Camila Lopez-Crisosto,
Maria Paz Ocaranza, Mario Chiong, Zully Pedrozo, Sergio Lavandero.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255452  August 18, 2021 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255452.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255452.s002
https://doi.org/10.1371/journal.pone.0255452.g006
https://doi.org/10.1371/journal.pone.0255452

PLOS ONE

Polycystin-1 and IGF-1-induced cardiac hypertrophy

Funding acquisition: Zully Pedrozo, Sergio Lavandero.

Investigation: Francisco Altamirano, César Vasquez-Trincado, Raul Flores-Vergara.

Methodology: Natalia Torrealba.

Writing - original draft: Maria Paz Ocaranza, Mario Chiong, Zully Pedrozo, Sergio

Lavandero.

Writing - review & editing: Zully Pedrozo, Sergio Lavandero.

References

1.

10.

1.

12

13.

14.

15.

Shimizu I., Minamino T. Physiological and pathological cardiac hypertrophy. J Mol Cell Cardiol. 2016;
97:245-62. https://doi.org/10.1016/j.yjmcc.2016.06.001 PMID: 27262674

Blaauw E., van Nieuwenhoven F. A., Willemsen P., Delhaas T., Prinzen F. W., Snoeckx L. H., et al.
Stretch-induced hypertrophy of isolated adult rabbit cardiomyocytes. Am J Physiol Heart Circ Physiol.
2010; 299:H780-7. https://doi.org/10.1152/ajpheart.00822.2009 PMID: 20639217

Duerr R. L., Huang S., Miraliakbar H. R., Clark R., Chien K. R., Ross J. Jr. Insulin-like growth factor-1
enhances ventricular hypertrophy and function during the onset of experimental cardiac failure. J Clin
Invest. 1995; 95:619-27. https://doi.org/10.1172/JCI117706 PMID: 7860746

Ito H., Hiroe M., Hirata Y., Tsujino M., Adachi S., Shichiri M., et al. Insulin-like growth factor-1 induces
hypertrophy with enhanced expression of muscle specific genes in cultured rat cardiomyocytes. Circula-
tion. 1993; 87:1715-21. https://doi.org/10.1161/01.cir.87.5.1715 PMID: 7683979

Rakesh K., Yoo B., Kim I. M., Salazar N., Kim K. S., Rockman H. A. beta-Arrestin-biased agonism of
the angiotensin receptor induced by mechanical stress. Sci Signal. 2010; 3:ra46. https://doi.org/10.
1126/scisignal.2000769 PMID: 20530803

Ruwhof C., van der Laarse A. Mechanical stress-induced cardiac hypertrophy: mechanisms and signal
transduction pathways. Cardiovasc Res. 2000; 47:23-37. https://doi.org/10.1016/s0008-6363(00)
00076-6 PMID: 10869527

Catalucci D., Latronico M. V., Ellingsen O., Condorelli G. Physiological myocardial hypertrophy: how
and why? Front Biosci. 2008; 13:312—-24. https://doi.org/10.2741/2681 PMID: 17981549

Foncea R., Andersson M., Ketterman A., Blakesley V., Sapag-Hagar M., Sugden P. H., et al. Insulin-
like growth factor-I rapidly activates multiple signal transduction pathways in cultured rat cardiac myo-
cytes. J Biol Chem. 1997; 272:19115-24. https://doi.org/10.1074/jbc.272.31.19115 PMID: 9235900

Arroba A. I., Revuelta-Cervantes J., Menes L., Gonzalez-Rodriguez A., Pardo V., de la Villa P., et al.
Loss of protein tyrosine phosphatase 1B increases IGF-I receptor tyrosine phosphorylation but does
not rescue retinal defects in IRS2-deficient mice. Invest Ophthalmol Vis Sci. 2013; 54:4215-25. https:/
doi.org/10.1167/iovs.12-11438 PMID: 23702782

Buckley D. A., Cheng A,, Kiely P. A., Tremblay M. L., O’Connor R. Regulation of insulin-like growth fac-
tor type | (IGF-I) receptor kinase activity by protein tyrosine phosphatase 1B (PTP-1B) and enhanced
IGF-I-mediated suppression of apoptosis and motility in PTP-1B-deficient fibroblasts. Mol Cell Biol.
2002; 22:1998-2010. https://doi.org/10.1128/MCB.22.7.1998-2010.2002 PMID: 11884589

Fan G., Lin G., Lucito R., Tonks N. K. Protein-tyrosine phosphatase 1B antagonized signaling by insu-
lin-like growth factor-1 receptor and kinase BRK/PTK® in ovarian cancer cells. J Biol Chem. 2013;
288:24923-34. https://doi.org/10.1074/jbc.M113.482737 PMID: 23814047

Bakke J., Haj F. G. Protein-tyrosine phosphatase 1B substrates and metabolic regulation. Semin Cell
Dev Biol. 2015; 37:58-65. https://doi.org/10.1016/j.semcdb.2014.09.020 PMID: 25263014

Chen P. J., Cai S. P., Huang C., Meng X. M., Li J. Protein tyrosine phosphatase 1B (PTP1B): A key reg-
ulator and therapeutic target in liver diseases. Toxicology. 2015; 337:10-20. https://doi.org/10.1016/j.
tox.2015.08.006 PMID: 26299811

Kandadi M. R., Panzhinskiy E., Roe N. D., Nair S., Hu D., Sun A. Deletion of protein tyrosine phospha-
tase 1B rescues against myocardial anomalies in high fat diet-induced obesity: Role of AMPK-depen-
dent autophagy. Biochim Biophys Acta. 2015; 1852:299-309. https://doi.org/10.1016/j.bbadis.2014.07.
004 PMID: 25018087

Gomez E., Vercauteren M., Kurtz B., Ouvrard-Pascaud A., Mulder P., Henry J. P., et al. Reduction of
heart failure by pharmacological inhibition or gene deletion of protein tyrosine phosphatase 1B. J Mol
Cell Cardiol. 2012; 52:1257-64. https://doi.org/10.1016/j.yjmcc.2012.03.003 PMID: 22446161

PLOS ONE | https://doi.org/10.1371/journal.pone.0255452  August 18, 2021 13/15


https://doi.org/10.1016/j.yjmcc.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27262674
https://doi.org/10.1152/ajpheart.00822.2009
http://www.ncbi.nlm.nih.gov/pubmed/20639217
https://doi.org/10.1172/JCI117706
http://www.ncbi.nlm.nih.gov/pubmed/7860746
https://doi.org/10.1161/01.cir.87.5.1715
http://www.ncbi.nlm.nih.gov/pubmed/7683979
https://doi.org/10.1126/scisignal.2000769
https://doi.org/10.1126/scisignal.2000769
http://www.ncbi.nlm.nih.gov/pubmed/20530803
https://doi.org/10.1016/s0008-6363%2800%2900076-6
https://doi.org/10.1016/s0008-6363%2800%2900076-6
http://www.ncbi.nlm.nih.gov/pubmed/10869527
https://doi.org/10.2741/2681
http://www.ncbi.nlm.nih.gov/pubmed/17981549
https://doi.org/10.1074/jbc.272.31.19115
http://www.ncbi.nlm.nih.gov/pubmed/9235900
https://doi.org/10.1167/iovs.12-11438
https://doi.org/10.1167/iovs.12-11438
http://www.ncbi.nlm.nih.gov/pubmed/23702782
https://doi.org/10.1128/MCB.22.7.1998-2010.2002
http://www.ncbi.nlm.nih.gov/pubmed/11884589
https://doi.org/10.1074/jbc.M113.482737
http://www.ncbi.nlm.nih.gov/pubmed/23814047
https://doi.org/10.1016/j.semcdb.2014.09.020
http://www.ncbi.nlm.nih.gov/pubmed/25263014
https://doi.org/10.1016/j.tox.2015.08.006
https://doi.org/10.1016/j.tox.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26299811
https://doi.org/10.1016/j.bbadis.2014.07.004
https://doi.org/10.1016/j.bbadis.2014.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25018087
https://doi.org/10.1016/j.yjmcc.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22446161
https://doi.org/10.1371/journal.pone.0255452

PLOS ONE

Polycystin-1 and IGF-1-induced cardiac hypertrophy

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Pedrozo Z., Criollo A., Battiprolu P. K., Morales C. R., Contreras-Ferrat A., Fernandez C., et al. Polycys-
tin-1 is a cardiomyocyte mechanosensor that governs L-Type Ca2+ channel protein stability. Circula-
tion. 2015; 131:2131-42. https://doi.org/10.1161/CIRCULATIONAHA.114.013537 PMID: 25888683

Chapin H. C., Caplan M. J. The cell biology of polycystic kidney disease. J Cell Biol. 2010; 191:701-10.
https://doi.org/10.1083/jcb.201006173 PMID: 21079243

Huan Y., van Adelsberg J. Polycystin-1, the PKD1 gene product, is in a complex containing E-cadherin
and the catenins. J Clin Invest. 1999; 104:1459-68. https://doi.org/10.1172/JCI5111 PMID: 10562308

Xu G. M., Sikaneta T., Sullivan B. M., Zhang Q., Andreucci M., Stehle T., et al. Polycystin-1 interacts
with intermediate filaments. J Biol Chem. 2001; 276:46544-52. https://doi.org/10.1074/jbc.
M107828200 PMID: 11581269

Geng L., Burrow C. R., Li H. P., Wilson P. D. Modification of the composition of polycystin-1 multiprotein
complexes by calcium and tyrosine phosphorylation. Biochim Biophys Acta. 2000; 1535:21-35. https:/
doi.org/10.1016/s0925-4439(00)00079-x PMID: 11113628

LiY., SantosoN. G., Yu S., Woodward O. M., Qian F., Guggino W. B. Polycystin-1 interacts with inositol
1,4,5-trisphosphate receptor to modulate intracellular Ca2+ signaling with implications for polycystic kid-
ney disease. J Biol Chem. 2009; 284:36431—41. https://doi.org/10.1074/jbc.M109.068916 PMID:
19854836

Tahimic C. G., Long R. K., Kubota T., Sun M. Y., Elalieh H., Fong C., et al. Regulation of ligand and
shear stress-induced insulin-like growth factor 1 (IGF1) signaling by the integrin pathway. J Biol Chem.
2016; 291:8140-9. https://doi.org/10.1074/jbc.M115.693598 PMID: 26865633

Boucher C. A., Ward H. H., Case R. L., Thurston K. S., Li X, Needham A., et al. Receptor protein tyro-
sine phosphatases are novel components of a polycystin complex. Biochim Biophys Acta. 2011;
1812:1225-38. https://doi.org/10.1016/].bbadis.2010.11.006 PMID: 21126580

Pennanen C., Parra V., Lopez-Crisosto C., Morales P. E., Del Campo A., Gutierrez T., et al. Mitochon-
drial fission is required for cardiomyocyte hypertrophy mediated by a Ca2+-calcineurin signaling path-
way. J Cell Sci. 2014; 127:2659-71. https://doi.org/10.1242/jcs. 139394 PMID: 24777478

Qyarzun A. P., Westermeier F., Pennanen C., Lopez-Crisosto C., Parra V., Sotomayor-Flores C., et al.
FK866 compromises mitochondrial metabolism and adaptive stress responses in cultured cardiomyo-
cytes. Biochem Pharmacol. 2015; 98:92—101. https://doi.org/10.1016/j.bcp.2015.08.097 PMID:
26297909

Aoki H., Sadoshima J., Izumo S. Myosin light chain kinase mediates sarcomere organization during car-
diac hypertrophy in vitro. Nat Med. 2000; 6:183-88. https://doi.org/10.1038/72287 PMID: 10655107

Carrasco L., Cea P., Rocco P., Pena-Oyarzun D., Rivera-Mejias P., Sotomayor-Flores C., et al. Role of
heterotrimeric G protein and calcium in cardiomyocyte hypertrophy induced by IGF-1. J Cell Biochem.
2014; 115:712-20. https://doi.org/10.1002/jcb.24712 PMID: 24243530

Ibarra C., Estrada M., Carrasco L., Chiong M., Liberona J. L., Cardenas C., et al. Insulin-like growth fac-
tor-1 induces an inositol 1,4,5-trisphosphate-dependent increase in nuclear and cytosolic calcium in cul-
tured rat cardiac myocytes. J Biol Chem. 2004; 279:7554—65. https://doi.org/10.1074/jbc.M311604200
PMID: 14660553

Kim S. J., Abdellatif M., Koul S., Crystal G. J. Chronic treatment with insulin-like growth factor |
enhances myocyte contraction by upregulation of Akt-SERCA2a signaling pathway. Am J Physiol Heart
Circ Physiol. 2008; 295:H130-5. https://doi.org/10.1152/ajpheart.00298.2008 PMID: 18456736

Buckley D. A., Loughran G., Murphy G., Fennelly C., O’Connor R. Identification of an IGF-1R kinase
regulatory phosphatase using the fission yeast Schizosaccharomyces pombe and a GFP tagged IGF-
1R in mammalian cells. Mol Pathol. 2002; 55:46—54. https://doi.org/10.1136/mp.55.1.46 PMID:
11836447

Yao Z., Darowski K., St-Denis N., Wong V., Offensperger F., Villedieu A., et al. A Global analysis of the
receptor tyrosine kinase-protein phosphatase interactome. Mol Cell. 2017; 65:347—60. https://doi.org/
10.1016/j.molcel.2016.12.004 PMID: 28065597

Troncoso R., Ibarra C., Vicencio J. M., Jaimovich E., Lavandero S. New insights into IGF-1 signaling in
the heart. Trends Endocrinol Metab. 2014; 25:128-37. https://doi.org/10.1016/j.tem.2013.12.002
PMID: 24380833

Westermeier F., Bustamante M., Pavez M., Garcia L., Chiong M., Ocaranza M. P., et al. Novel players
in cardioprotection: Insulin like growth factor-1, angiotensin-(1-7) and angiotensin-(1-9). Pharmacol
Res. 2015; 101:41-55. https://doi.org/10.1016/j.phrs.2015.06.018 PMID: 26238180

Ibarra C., Vicencio J. M., Estrada M., Lin Y., Rocco P., Rebellato P., et al. Local control of nuclear cal-
cium signaling in cardiac myocytes by perinuclear microdomains of sarcolemmal insulin-like growth fac-
tor 1 receptors. Circ Res. 2013; 112:236—45. https://doi.org/10.1161/CIRCRESAHA.112.273839 PMID:
23118311

PLOS ONE | https://doi.org/10.1371/journal.pone.0255452  August 18, 2021 14/15


https://doi.org/10.1161/CIRCULATIONAHA.114.013537
http://www.ncbi.nlm.nih.gov/pubmed/25888683
https://doi.org/10.1083/jcb.201006173
http://www.ncbi.nlm.nih.gov/pubmed/21079243
https://doi.org/10.1172/JCI5111
http://www.ncbi.nlm.nih.gov/pubmed/10562308
https://doi.org/10.1074/jbc.M107828200
https://doi.org/10.1074/jbc.M107828200
http://www.ncbi.nlm.nih.gov/pubmed/11581269
https://doi.org/10.1016/s0925-4439%2800%2900079-x
https://doi.org/10.1016/s0925-4439%2800%2900079-x
http://www.ncbi.nlm.nih.gov/pubmed/11113628
https://doi.org/10.1074/jbc.M109.068916
http://www.ncbi.nlm.nih.gov/pubmed/19854836
https://doi.org/10.1074/jbc.M115.693598
http://www.ncbi.nlm.nih.gov/pubmed/26865633
https://doi.org/10.1016/j.bbadis.2010.11.006
http://www.ncbi.nlm.nih.gov/pubmed/21126580
https://doi.org/10.1242/jcs.139394
http://www.ncbi.nlm.nih.gov/pubmed/24777478
https://doi.org/10.1016/j.bcp.2015.08.097
http://www.ncbi.nlm.nih.gov/pubmed/26297909
https://doi.org/10.1038/72287
http://www.ncbi.nlm.nih.gov/pubmed/10655107
https://doi.org/10.1002/jcb.24712
http://www.ncbi.nlm.nih.gov/pubmed/24243530
https://doi.org/10.1074/jbc.M311604200
http://www.ncbi.nlm.nih.gov/pubmed/14660553
https://doi.org/10.1152/ajpheart.00298.2008
http://www.ncbi.nlm.nih.gov/pubmed/18456736
https://doi.org/10.1136/mp.55.1.46
http://www.ncbi.nlm.nih.gov/pubmed/11836447
https://doi.org/10.1016/j.molcel.2016.12.004
https://doi.org/10.1016/j.molcel.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28065597
https://doi.org/10.1016/j.tem.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24380833
https://doi.org/10.1016/j.phrs.2015.06.018
http://www.ncbi.nlm.nih.gov/pubmed/26238180
https://doi.org/10.1161/CIRCRESAHA.112.273839
http://www.ncbi.nlm.nih.gov/pubmed/23118311
https://doi.org/10.1371/journal.pone.0255452

PLOS ONE

Polycystin-1 and IGF-1-induced cardiac hypertrophy

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Boura-Halfon S., Zick Y. Serine kinases of insulin receptor substrate proteins. Vitam Horm. 2009;
80:313—-49. https://doi.org/10.1016/S0083-6729(08)00612-2 PMID: 19251043

Gainullin V. G., Hopp K., Ward C. J., Hommerding C. J., Harris P. C. Polycystin-1 maturation requires
polycystin-2 in a dose-dependent manner. J Clin Invest. 2015; 125:607—-20. https://doi.org/10.1172/
JCI76972 PMID: 25574838

Criollo A., Altamirano F., Pedrozo Z., Schiattarella G. G., Li D. L., Rivera-Mejias P., et al. Polycystin-2-
dependent control of cardiomyocyte autophagy. J Mol Cell Cardiol. 2018; 118:110-21. https://doi.org/
10.1016/j.yjmcc.2018.03.002 PMID: 29518398

Kaur S., McGlashan S. R., Ward M-L. Evidence of primary cilia in the developing rat heart. Cilia. 2018;
7:4. https://doi.org/10.1186/s13630-018-0058-z PMID: 30079247

Villalobos E., Criollo A., Schiattarella G. G., Altamirano F., French K. M., May H. |., et al. Fibroblast pri-
mary cilia are required for cardiac fibrosis. Circulation. 2019; 139:2342-57. https://doi.org/10.1161/
CIRCULATIONAHA.117.028752 PMID: 30818997

Altamirano F., Schiattarella G. G., French K. M., Kim S. Y., Engelberger F., Kyrychenko S., et al. Poly-
cystin-1 assembles with Kv channels to govern cardiomyocyte repolarization and contractility. Circula-
tion. 2019; 140:921-36. https://doi.org/10.1161/CIRCULATIONAHA.118.034731 PMID: 31220931

Aranguiz P., Romero P., Vasquez F., Flores-Vergara R., Aravena D., Sanchez G., et al. Polycystin-1
mitigates damage and regulates CTGF expression through AKT activation during cardiac ischemia/
reperfusion. Biochim Biophys Acta Mol Basis Dis. 2021; 1867:165986. https://doi.org/10.1016/j.bbadis.
2020.165986 PMID: 33065236

CarverK. C., Piazza T. M., Schuler L. A. Prolactin enhances insulin-like growth factor | receptor phos-
phorylation by decreasing its association with the tyrosine phosphatase SHP-2 in MCF-7 breast cancer
cells. J Biol Chem. 2010; 285:8003—-12. https://doi.org/10.1074/jbc.M109.066480 PMID: 20080972

Parnell S. C., Puri S., Wallace D. P., Calvet J. P. Protein phosphatase-1alpha interacts with and
dephosphorylates polycystin-1. PLoS One. 2012; 7:€36798. https://doi.org/10.1371/journal.pone.
0036798 PMID: 22675472

Cérdova-Casanova A., Olmedo |., Riquelme J. A., Barrientos G., Sanchez G., Gillette T. G., et al.
Mechanical stretch increases L-type calcium channel stability in cardiomyocytes through a polycystin-1/
AKT-dependent mechanism. Biochim Biophys Acta Mol Cell Res. 2018; 1865:289-96. https://doi.org/
10.1016/j.bbamcr.2017.11.001 PMID: 29126879

Ravichandran L. V., Chen H., Li Y., Quon M. J. Phosphorylation of PTP1B at Ser(50) by Akt impairs its
ability to dephosphorylate the insulin receptor. Mol Endocrinol. 2001; 15:1768-80. https://doi.org/10.
1210/mend.15.10.0711 PMID: 11579209

Incerpi S., Hsieh M. T., Lin H. Y., Cheng G. Y., De Vito P., Fiore A. M., et al. Thyroid hormone inhibition
in L6 myoblasts of IGF-I-mediated glucose uptake and proliferation: new roles for integrin alphavbeta3.
Am J Physiol Cell Physiol. 2014; 307:C150-61. https://doi.org/10.1152/ajpcell.00308.2013 PMID:
24808494

PLOS ONE | https://doi.org/10.1371/journal.pone.0255452  August 18, 2021 15/15


https://doi.org/10.1016/S0083-6729%2808%2900612-2
http://www.ncbi.nlm.nih.gov/pubmed/19251043
https://doi.org/10.1172/JCI76972
https://doi.org/10.1172/JCI76972
http://www.ncbi.nlm.nih.gov/pubmed/25574838
https://doi.org/10.1016/j.yjmcc.2018.03.002
https://doi.org/10.1016/j.yjmcc.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29518398
https://doi.org/10.1186/s13630-018-0058-z
http://www.ncbi.nlm.nih.gov/pubmed/30079247
https://doi.org/10.1161/CIRCULATIONAHA.117.028752
https://doi.org/10.1161/CIRCULATIONAHA.117.028752
http://www.ncbi.nlm.nih.gov/pubmed/30818997
https://doi.org/10.1161/CIRCULATIONAHA.118.034731
http://www.ncbi.nlm.nih.gov/pubmed/31220931
https://doi.org/10.1016/j.bbadis.2020.165986
https://doi.org/10.1016/j.bbadis.2020.165986
http://www.ncbi.nlm.nih.gov/pubmed/33065236
https://doi.org/10.1074/jbc.M109.066480
http://www.ncbi.nlm.nih.gov/pubmed/20080972
https://doi.org/10.1371/journal.pone.0036798
https://doi.org/10.1371/journal.pone.0036798
http://www.ncbi.nlm.nih.gov/pubmed/22675472
https://doi.org/10.1016/j.bbamcr.2017.11.001
https://doi.org/10.1016/j.bbamcr.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29126879
https://doi.org/10.1210/mend.15.10.0711
https://doi.org/10.1210/mend.15.10.0711
http://www.ncbi.nlm.nih.gov/pubmed/11579209
https://doi.org/10.1152/ajpcell.00308.2013
http://www.ncbi.nlm.nih.gov/pubmed/24808494
https://doi.org/10.1371/journal.pone.0255452

