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Abstract

Pin1 is an evolutionarily conserved peptidyl-prolyl isomerase that binds and changes the three

dimensional conformation of specific phospho-proteins. By regulating protein structure and

folding, Pin1 affects the stability, interaction and activity of a broad spectrum of target proteins

thus impacting upon diverse cellular processes. This review discusses the pivotal role Pin1 plays

in regulating cardiac pathophysiology by functioning as a “molecular orchestrator” of a myriad of

signal transduction pathways in the heart.
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Introduction: A Place for Pin1 in the Molecular Circuitry of a Cell

Post-translational modifications such as reversible protein phosphorylation form the basis of

several complex signaling cascades governing cellular fate during cardiac

pathophysiological conditions. The dual actions of kinases and phosphatases on serine/

threonine sites determine when and which signal transduction pathways can be initiated or

silenced in a cell, with protein phosphorylation being traditionally considered a mechanism

to turn on signaling and dephosphorylation as means to terminate the signal. However,

beyond this “binary on/off switching mechanism”, a layer of complexity is added by cis-

trans isomerases that act as rheostats in the molecular circuitry and regulate the intensity and

duration of signals by simply modulating the three-dimensional conformation of phospho-

proteins (1, 2). When multiple synergistic or oppositional signaling cascades are triggered,

determining which signal should be amplified or sustained dictates cellular outcome and

governs the difference between cell survival, growth, proliferation or death. An enzyme with

the unique potential to collectively synchronize signals and determine cellular fate is the

peptidyl-prolyl isomerase Pin1 (Peptidyl-prolyl cis/trans Isomerase, NIMA-interacting 1).
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The regulatory role of Pin1 in signaling has received increasing attention in the cancer field

but remains relatively unexplored in the context of cardiac biology. This review discusses

the significance of Pin1 that functions as a “molecular timer” to fine tune the signal

amplitude and duration of a myriad of cardiovascular signaling networks (1, 3, 4).

Pin1 Structure and Regulation: Small Molecule, Big Impact

Pin1 is a small protein (163 amino acids) with a simple structure comprising of a N terminal

WW domain, bearing two Tryptophans 22 amino acids apart, and a C terminal catalytic

peptidyl prolyl isomerase (PPI) domain (Figure 1). The WW domain allows Pin1 to

selectively recognize and bind to phospho-proteins with a Serine/Threonine adjacent to a

Proline residue (5, 6). The presence of Proline generates kinks in the polypeptide chain and

following addition of the phosphate group on the Serine/Threonine residue of the target

substrate, Pin1 catalyzes the isomerization of the protein (5). A novel nuclear import

sequence in the PPI domain permits targeting action of nuclear substrates (Figure 1) (7).

Regulation of Pin1 is facilitated by transcriptional, translational and post-translational

modifications (8). Transcription factor E2F binds to Pin1 promoter and increases Pin1

transcription (9). Growth stimuli like insulin growth factor (IGF) activate Pin1 protein

expression via the phosphatidylinositol 3-kinase (PI3K) and mitogen activated protein

kinase (MAPK) pathways (10). Pin1 is phosphorylated by different protein kinases which

affects its catalytic activity and stability. Polo-like kinase 1 known to be a critical regulator

of mitosis, phosphorylates Pin1 on Ser65 residue which increases Pin1 stability without

affecting isomerase activity (11). On the other hand, phosphorylation of Pin1 at the Ser16

residue by protein kinase A (PKA) inhibits its interaction with target substrates and

consequentially inhibits Pin1 function (12). Similarly, phosphorylation at the Ser71 residue

by death associated protein kinase-1 inhibits Pin1 catalytic activity (13) (Figure 1). Pin1

affects the stability, interaction, activity, and subcellular localization of a broad spectrum of

target proteins thus impacting upon diverse cellular processes (14). Not surprisingly

therefore, deregulation of Pin1 is associated the pathogenesis of cancer, aging, neuro-

degenerative diseases such as Alzheimer’s and Parkinson’s, rheumatoid arthritis as well as

many other inflammatory and autoimmune diseases (8, 15–19).

Pin1 and Cardiac Hypertrophy: Choosing Between Signals

Over the past couple of years, our lab has been actively studying the impact of Pin1

signaling in the heart and characterizing a cell specific role in cardiac myocytes and c-kit+

cardiac progenitor cells (CPCs) (1, 4). Pin1is highly expressed and mainly localized to the

nucleus in the neonatal heart; transition into adulthood is associated with a reduction in

expression and switch to cytosolic localization in the myocardium (1). Consistent with a role

in growth and survival signaling, Pin1 expression increases upon cardiac injury such as

pressure overload induced cardiac hypertrophy (1). Cardiac hypertrophy is caused and

effected by the simultaneous action of numerous signaling cascades (20) and to fully

appreciate the impact of Pin1 mediated signaling, we studied effects of Pin1 deregulation

upon cardiac hypertrophy. Global Pin1 knockout mice (Pin1KO) are protected against

pathological hypertrophy, evident as attenuated hypertrophic response, preserved cardiac
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function, and higher survival rates at 4 weeks after thoracic aortic constriction (1).

Consistent inhibition of hypertrophy is also seen in cultured cardiac myocytes with Pin1

silencing following stimulation with serum or phenylephrine, the α1-adrenergic receptor

agonist. Our work has identified inhibition of Akt and MEK as mechanistic targets for the

attenuated hypertrophic response observed upon Pin1 silencing (Table 1) (1). Serine

threonine kinase Akt (or Protein Kinase B) promotes cardiac growth and hypertrophy

downstream of IGF/PI3K signaling pathway (21), while MEK (mitogen-activated protein

kinase/extracellular signal-regulated kinase kinase) is a part of the Raf/MEK/ERK signaling

cascade, also established to be pro-hypertrophic (22). Pin1 stabilizes Akt (23) and positively

regulates MEK phosphorylation and activity (24) through direct interactions, resulting in

cell transformation and carcinogenesis in tumor cells. Indeed, increased interaction of Akt

and MEK with Pin1 is seen under conditions resembling physiological (serum treatment) or

pathological growth (phenylephrine treatment) in cultured cardiac myocytes (1). Reduced

interaction as well as hypo-phosphorylation of Akt and ERK occurs upon Pin1 deletion,

attributing to the diminished hypertrophic response in cardiac myocytes in vitro and in vivo.

The regulation of hypertrophy upon Pin1 gain of function is seemingly debatable (1, 25).

Our work demonstrates that overexpression of Pin1 prevents loss of cardiac function and

significantly blunts the hypertrophic response during heart failure occurring at 6 weeks after

thoracic aortic constriction in mice (1). Reduced cardiac myocyte size concomitantly

associated with decreased phosphorylation and inactivation of MEK, but not Akt, occurs in

cardiac myocytes overexpressing Pin1 when challenged with growth stimuli (1). The

mechanism behind Pin1 overexpression-mediated inhibition of MEK in cardiac myocytes

may be explained by closer examination of the complex Raf/MEK/ERK signaling cascade

(Figure 2). Mitogen mediated-phosphorylation of Raf in its kinase domain is required for

activation of downstream signaling targets including MEK and ERK, while phosphorylation

of Raf on Ser259 residue by PKA or Akt inhibits activation of MEK in cancer cells (26, 27)

and cardiac myocytes (1). Upon Pin1 overexpression, phosphorylation of Raf on Ser259

residue is stabilized, consequentially leading to inhibition of downstream MEK and ERK

signaling (1). It is tempting to speculate that Akt may be directly involved in the

phosphorylation of Raf (Ser259) upon Pin1 overexpression given the evidence that link Pin1

and Akt, however this hypothesis remains to be tested. Interestingly, ERK kinase triggers a

negative feedback mechanism by hyper-phosphorylating and inactivating Raf (28). Re-

activation of Raf by dephosphorylation through protein phosphastases such as protein

phosphatase 2A requires Pin1 interaction and activity (28). Thus Pin1 tightly regulates the

phosphorylation/dephosphorylation status of Raf and controls downstream signaling. By

selectively choosing the signaling cascades to stabilize and modulate, Pin1 participates in

cardiac hypertrophy signaling (Figure 2).

Contradictory findings have recently been reported by Sakai et al wherein adenoviral

mediated overexpression of Pin1 increases cardiac myocyte size and protein synthesis,

indicative of increased hypertrophy (25). A correlation between cardiac hypertrophy and

hyperactivation of Pin1, determined by reduced phosphorylation at Ser16 (25) and Ser71 (1)

residues, is seen upon treatment of cardiac myocytes with Endothelin-1 and thoracic aortic

constriction in mice respectively. Endothelin-1 is a secreted protein that functions as a
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vasoconstrictor and is established to be pro-hypertrophic (25). Endothelin-1-mediated

cardiac hypertrophy is accompanied by increases in phosphorylation of c-Jun-N terminal

Kinase (JNK) and downstream transcription factor c-Jun, both of which are well established

Pin1 targets in non-cardiac cells (29, 30). Interestingly, Endothelin-1-induced hypertrophy

and Pin1 activation are inhibited by Fluvastatin, a pharmacologic HMG-coA reductase

inhibitor which functions to lower cholesterol levels. The mechanistic involvement of Pin1

in mediating Endothelin-1-induced cardiac hypertrophy remains unexplored in the study.

Surprisingly however, overexpression of Pin1 is accompanied by increased phosphorylation

at the Ser16 residue, indicative of Pin1 inactivity (25). It is possible that Pin1 overexpression

activates PKA as a consequence of increased hypertrophy, which in turn inhibits Pin1

through a phosphorylation-dependent feedback mechanism. A clear understanding of the

molecular regulation of endogenous Pin1 in response to physiological and pathological

growth stimuli in cardiac myocytes is needed to decipher the context dependent role of Pin1

overexpression in regulating cardiac hypertrophy.

Pin1 in Cardiac Progenitor Cells: Determining Cell Fate

Proliferation, survival, pluripotency, lineage commitment and differentiation are cellular

outcomes critical to stem and progenitor cells that are modulated directly by Pin1.

Regulation of cell cycle and mitosis remains one of the most well studied roles of Pin1 in

non-cardiac cells. Human Pin1 was in fact discovered in a yeast two hybrid screen for

proteins regulating mitosis, as an interacting partner of NIMA protein kinase (Never In

Mitosis, Gene A) (6), after a study revealed that loss of the yeast homolog of Pin1 causes

defects in cytokinesis (31). Over the years, Pin1 has been touted to regulate cell cycle check

point kinases and function in centrosome duplication and chromosome condensation (32–

34). Pin1 is overexpressed in nearly 38 out of 60 human tumors and is required for survival

and cell cycle progression of tumor cells (35), thus serving as an independent prognostic

marker in several cancers (16, 36). With the development of pharmacological inhibitors,

Pin1 is being tested as viable treatment option for cancer therapy (37). Studies

demonstrating the requirement of Pin1 activity for colony formation and differentiation of

induced pluripotent stem cells implicate Pin1 in maintenance of stem cell self-renewability

and pluripotency (38). By stabilizing Nanog, β-catenin and Notch, Pin1 extends its

influences on stem cell differentiation and commitment (8, 39). Corroborating findings in

other stem cells, our recent study demonstrates Pin1 as a pivotal regulator of stem cell

maintenance in adult c-kit+ CPCs (4).

Endogenous Pin1 expression correlates with the proliferative potential of CPCs, with decline

in Pin1 levels observed under growth arrest conditions such as serum starvation and

Dexamethasone-induced differentiation (4). A tight control of Pin1 expression is apparently

critical for cellular growth and proliferation, as dysregulation of Pin1 via either loss or gain

of function approaches causes cell cycle arrest at the G1/S and G2/M phases respectively in

CPCs (4). Consistently, Pin1KO mice have fewer cycling CPCs positive for cell cycle

marker Ki-67 by 1 week after myocardial infarction. Surprisingly, however, despite the

drastic reduction in number of CPCs, Pin1KO mice have preserved cardiac function and

geometry after myocardial infarction, which may be explained by a pro-survival role exerted

by Pin1. Both Pin1 knockdown and overexpression attenuate cell death in response to serum
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starvation in CPCs (4). This further emphasizes that Pin1 simultaneously impacts upon

several signaling networks bearing unexpected consequences in the cellular and organ level.

Loss of Pin1-induced G1/S phase arrest is accompanied by increased cellular senescence,

decreased differentiation and loss of multipotency/stemness in CPCs. On the contrary, Pin1

overexpression antagonizes senescence, increases lineage commitment and differentially

regulates proteins associated with maintenance of stemness in CPCs (4). By promiscuously

impacting upon a broad range of molecular targets such as Cyclins D and B, cell cycle

inhibitors associated with senescence such as p53 and retinoblastoma, differentiation

markers like smooth muscle actin and cardiac troponin T, as well as stemness markers such

as c-kit, c-Myc, Oct4, KLF4 and Nanog, Pin1 determines the fate of stem cells (Table 1) (4).

Pin1 expression is affected by modulation of the stromal cell derived factor -1α - CXCR4

receptor pathway, known to be crucial for stem cell homing and survival (40).

Pharmacologic antagonism of the CXCR4 receptor after myocardial infarction increases

proliferation and cardiac specific differentiation of CPCs concomitantly associated with

upregulation of Pin1, attenuated Akt signaling, increased Cyclin D1 expression and

decreased Cyclin D1 phosphorylation (40). With Akt and Cyclin D1 being well established

targets of Pin1 (23, 41), it is likely that some of the phenotypic consequences are directly

mediated by Pin1. The direct contribution of Pin1 in regulating CPC homing and

asymmetric cell division is unknown and remains a topic of future investigations.

Pin1 and Cardiac Aging: Pining to be young

Cardiovascular disease is the leading cause of death in the elderly population and requires

significant understanding of molecular mechanisms of aging to antagonize it. Loss of Pin1

has been correlated with and is directly causal to age associated pathologies including

neurodegenerative diseases and arthritis (16–18, 41, 42). Inferring from evidences in non-

cardiac cells, it is reasonable to postulate that Pin1 is required to antagonize cardiac aging.

Expression and activity of Pin1 drastically decline in the aged myocardium (1) and Pin1KO

mice significantly upregulate molecular markers of senescence and display accelerated

cardiac aging (Hariharan N and Sussman MA, unpublished observations). A clear

delineation of the mechanisms of regulation of a central molecule like Pin1 will potentiate

design of better therapeutic strategies and use of Pin1 to antagonize cardiac aging.

Conclusion: End of the Beginning in Understanding Pin1

Pin1 functions as a “molecular orchestrator”(1), analogous to a conductor in a musical

orchestra, whose principal roles by definition are to set the beat and tempo, lead and

synchronously shape the outcome of the ensemble. By simultaneously modulating the

timing and intensity of several signaling cascades, Pin1 directs signaling networks with

precision and dictates the outcome of the cell, organ and organism as a whole. Our prior

publications demonstrate a compelling role for Pin1 as a desirable interventional strategy to

enhance myocardial survival, blunt pathological cardiac hypertrophy, antagonize cellular

senescence, increase lineage commitment of CPCs and perhaps enhance myocardial

regeneration (1, 4) (Figure 3). Future research should be directed at investigating

mechanisms by which Pin1 may be used to antagonize cardiac aging and attenuate age
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associated cardiovascular diseases, focusing on critical aging-related issues such as

telomeric attrition, stem cell exhaustion, de-sensitization of beta adrenergic receptors,

accumulation of reactive oxygen species, impaired proteostasis and dysfunctional nutrient

sensing mechanisms. Manipulating Pin1 levels in signaling cascades that are deregulated

during aging and cardiac diseases will perhaps hold the key to a healthy heart. However, the

elegance of Pin1 mediated regulation is also a limitation as achieving target specificity is a

significant challenge with Pin1. The pivotal influence of Pin1 on myocardial

pathophysiology needs further recognition and active research to better manipulate Pin1

levels to yield cardioprotective effects.
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Figure 1.
Pin1 is a small enzyme with a simple protein structure. A. Important structural domains of

human Pin1 with their corresponding amino acid start and end sites. B. Amino acid

sequence of human Pin1 indicating the structural domains shown in A. WW domain (amino

acids 8–37, black bold font), peptidyl prolyl isomerase domain (PPI, amino acids 51–162,

red font) and nuclear localization sequence (NLS, amino acids 61–70, blue font) are shown.

The two invariant tryptophans in the WW domain and S16, S65 and S71 residues, important

for Pin1 stability and inactivation are underlined.
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Figure 2.
Pin1 regulation of Raf/MEK/ERK signaling cascade. A. Growth stimuli induce activation of

Ras, which leads to phosphorylation and activation of Raf. Active Raf phosphorylates MEK

which in turns phosphorylates and activates ERK leading to hypertrophy, proliferation or

cellular transformation depending on the cell type and stimulus. Phosphorylation of Raf by

Protein kinase A (PKA) or Akt on Ser259 residue leads to inactivation of Raf and inhibition

of downstream signaling. ERK kinase also inactivates Raf and triggers a negative feedback

mechanism. Re-activation of Raf by dephosphorylation through protein phosphastase 2A

(PP2A) requires Pin1. Thus Pin1 tightly regulates the phosphorylation/dephosphorylation

status of Raf and controls signaling and cellular outcome downstream of Raf. B and C.
Growth stimuli such as serum, phenylephrine or pressure overload induce cardiac myocyte

hypertrophy. B. Pin1 deletion in cardiac myocytes leads to decreased phospho MEK,

possibly through reduced interaction between Pin1 and MEK, which leads to decreased

phospho ERK and attenuated hypertrophy. C. Pin1 overexpression in cardiac myocytes is

accompanied by stabilization of phosphorylated Raf (S259) which leads to inactivation of

Raf. Consequentially phosphorylation of downstream targets MEK and ERK are decreased

leading to blunted hypertrophy.
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Figure 3.
Pleiotropic effects of Pin1 overexpression in the heart. Overexpression of Pin1 in CPCs

(green boxes) antagonizes cellular senescence, inhibits cellular proliferation and increases

differentiation/lineage commitment, while partially regulating stemness. Pin1

overexpression in cardiac myocytes (blue boxes) attenuates pathological hypertrophy and

may contribute to antagonizing cardiac aging, the mechanism behind which remains to be

determined (‘?’). Pin1 exerts pro-survival effects in response to stress in both CPCs and

cardiac myocytes (yellow box).

Hariharan and Sussman Page 11

Trends Cardiovasc Med. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Hariharan and Sussman Page 12

T
ab

le
 1

Pi
n1

 ta
rg

et
 r

eg
ul

at
io

n 
in

 c
ar

di
ac

 m
yo

cy
te

s 
an

d 
ca

rd
ia

c 
pr

og
en

ito
r 

ce
lls

 (
C

PC
s)

P
in

1 
M

an
ip

ul
at

io
n

C
el

l t
yp

e
T

ar
ge

t
T

ar
ge

t 
R

eg
ul

at
io

n
C

el
lu

la
r 

O
ut

co
m

e
R

ef
.

K
no

ck
do

w
n 

(s
iR

N
A

)
C

ar
di

ac
 m

yo
cy

te
s

A
kt

D
ec

re
as

ed
 p

ho
sp

ho
ry

la
tio

n;
 I

nh
ib

iti
on

 o
f 

do
w

ns
tr

ea
m

si
gn

al
in

g
D

ec
re

as
ed

 h
yp

er
tr

op
hy

(1
)

K
no

ck
do

w
n 

(s
iR

N
A

);
 O

ve
re

xp
re

ss
io

n
(A

de
no

vi
ru

s)
C

ar
di

ac
 m

yo
cy

te
s

M
E

K
D

ec
re

as
ed

 p
ho

sp
ho

ry
la

tio
n;

 I
nh

ib
iti

on
 o

f 
do

w
ns

tr
ea

m
si

gn
al

in
g

D
ec

re
as

ed
 h

yp
er

tr
op

hy
(1

)

O
ve

re
xp

re
ss

io
n 

(A
de

no
vi

ru
s)

C
ar

di
ac

 m
yo

cy
te

s
R

af
-1

In
cr

ea
se

d 
ph

os
ph

or
yl

at
io

n 
(S

25
9)

; I
nh

ib
iti

on
 o

f
do

w
ns

tr
ea

m
 s

ig
na

lin
g

D
ec

re
as

ed
 h

yp
er

tr
op

hy
(1

)

O
ve

re
xp

re
ss

io
n 

(A
de

no
vi

ru
s)

C
ar

di
ac

 m
yo

cy
te

s
Pi

n1
In

cr
ea

se
d 

ph
os

ph
or

yl
at

io
n 

(S
16

)
In

hi
bi

tio
n 

of
 b

in
di

ng
 a

nd
 f

un
ct

io
n

In
cr

ea
se

d 
hy

pe
rt

ro
ph

y
(2

5)

K
no

ck
do

w
n 

(s
iR

N
A

)
C

PC
s

C
yc

lin
 D

D
ec

re
as

ed
 p

ro
te

in
 e

xp
re

ss
io

n
C

el
l c

yc
le

 a
rr

es
t (

G
1/

S)
(4

)

K
no

ck
do

w
n 

(s
iR

N
A

);
 O

ve
re

xp
re

ss
io

n
(l

en
tiv

ir
us

)
C

PC
s

C
yc

lin
 B

D
ec

re
as

ed
 p

ro
te

in
 e

xp
re

ss
io

n
C

el
l c

yc
le

 a
rr

es
t (

G
1/

S)
C

el
l c

yc
le

 a
rr

es
t (

G
2/

M
)

(4
)

K
no

ck
do

w
n 

(s
iR

N
A

)
O

ve
re

xp
re

ss
io

n 
(l

en
tiv

ir
us

)
C

PC
s

p5
3

In
cr

ea
se

d 
pr

ot
ei

n 
ex

pr
es

si
on

D
ec

re
as

ed
 p

ro
te

in
 e

xp
re

ss
io

n
Se

ne
sc

en
ce

In
hi

bi
ts

 s
en

es
ce

nc
e

(4
)

K
no

ck
do

w
n 

(s
iR

N
A

)
O

ve
re

xp
re

ss
io

n 
(l

en
tiv

ir
us

)
C

PC
s

R
b

In
cr

ea
se

d 
pr

ot
ei

n 
ex

pr
es

si
on

D
ec

re
as

ed
 p

ro
te

in
 e

xp
re

ss
io

n
Se

ne
sc

en
ce

In
hi

bi
ts

 s
en

es
ce

nc
e

(4
)

K
no

ck
do

w
n 

(s
iR

N
A

)
O

ve
re

xp
re

ss
io

n 
(l

en
tiv

ir
us

)
C

PC
s

α
-S

m
oo

th
 m

us
cl

e 
ac

tin
D

ec
re

as
ed

 p
ro

te
in

 e
xp

re
ss

io
n

In
cr

ea
se

d 
pr

ot
ei

n 
ex

pr
es

si
on

D
ec

re
as

ed
 d

if
fe

re
nt

ia
tio

n
In

cr
ea

se
d 

di
ff

er
en

tia
tio

n
(4

)

K
no

ck
do

w
n 

(s
iR

N
A

)
O

ve
re

xp
re

ss
io

n 
(l

en
tiv

ir
us

)
C

PC
s

C
ar

di
ac

 T
ro

po
ni

n 
T

D
ec

re
as

ed
 m

R
N

A
 e

xp
re

ss
io

n
In

cr
ea

se
d 

m
R

N
A

 e
xp

re
ss

io
n

D
ec

re
as

ed
 d

if
fe

re
nt

ia
tio

n
In

cr
ea

se
d 

di
ff

er
en

tia
tio

n
(4

)

K
no

ck
do

w
n 

(s
iR

N
A

)
O

ve
re

xp
re

ss
io

n 
(l

en
tiv

ir
us

)
C

PC
s

c-
ki

t
D

ec
re

as
ed

 p
ro

te
in

 e
xp

re
ss

io
n

D
ec

re
as

ed
 s

te
m

ne
ss

(4
)

K
no

ck
do

w
n 

(s
iR

N
A

)
C

PC
s

c-
M

yc
D

ec
re

as
ed

 p
ro

te
in

 e
xp

re
ss

io
n

D
ec

re
as

ed
 p

ro
lif

er
at

io
n,

 m
ul

tip
ot

en
cy

(4
)

K
no

ck
do

w
n 

(s
iR

N
A

)
C

PC
s

O
ct

4
D

ec
re

as
ed

 p
ro

te
in

 e
xp

re
ss

io
n

D
ec

re
as

ed
 m

ul
tip

ot
en

cy
(4

)

K
no

ck
do

w
n 

(s
iR

N
A

)
O

ve
re

xp
re

ss
io

n 
(l

en
tiv

ir
us

)
C

PC
s

K
L

F4
D

ec
re

as
ed

 p
ro

te
in

 e
xp

re
ss

io
n

In
cr

ea
se

d 
pr

ot
ei

n 
ex

pr
es

si
on

D
ec

re
as

ed
 m

ul
tip

ot
en

cy
D

if
fe

re
nt

ia
l r

eg
ul

at
io

n 
of

 m
ul

tip
ot

en
cy

(4
)

K
no

ck
do

w
n 

(s
iR

N
A

)
O

ve
re

xp
re

ss
io

n 
(l

en
tiv

ir
us

)
C

PC
s

N
an

og
D

ec
re

as
ed

 p
ro

te
in

 e
xp

re
ss

io
n

In
cr

ea
se

d 
pr

ot
ei

n 
ex

pr
es

si
on

D
ec

re
as

ed
 m

ul
tip

ot
en

cy
D

if
fe

re
nt

ia
l r

eg
ul

at
io

n 
of

 m
ul

tip
ot

en
cy

(4
)

Trends Cardiovasc Med. Author manuscript; available in PMC 2015 August 01.


