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Rationale: Secreted and membrane-bound proteins, which account for 1/3 of all proteins, play critical roles in heart
health and disease. The endoplasmic reticulum (ER) is the site for synthesis, folding, and quality control of these
proteins. Loss of ER homeostasis and function underlies the pathogenesis of many forms of heart disease.

Objective: To investigate mechanisms responsible for regulating cardiac ER function, and to explore therapeutic
potentials of strengthening ER function to treat heart disease.

Methods and Results: Screening a range of signaling molecules led to the discovery that Pak (p21-activated
kinase)2 is a stress-responsive kinase localized in close proximity to the ER membrane in cardiomyocytes.
We found that Pak2 cardiac deleted mice (Pak2-CKQO) under tunicamycin stress or pressure overload
manifested a defective ER response, cardiac dysfunction, and profound cell death. Small chemical chaperone
tauroursodeoxycholic acid treatment of Pak2-CKO mice substantiated that Pak2 loss-induced cardiac damage
is an ER-dependent pathology. Gene array analysis prompted a detailed mechanistic study, which revealed that
Pak2 regulation of protective ER function was via the IRE (inositol-requiring enzyme)-1/XBP (X-box-binding
protein)-1-dependent pathway. We further discovered that this regulation was conferred by Pak2 inhibition
of PP2A (protein phosphatase 2A) activity. Moreover, IRE-1 activator, Quercetin, and adeno-associated virus
serotype-9—-delivered XBP-1s were able to relieve ER dysfunction in Pak2-CKO hearts. This provides functional
evidence, which supports the mechanism underlying Pak2 regulation of IRE-1/XBP-1s signaling. Therapeutically,
inducing Pak2 activation by genetic overexpression or adeno-associated virus serotype-9-based gene delivery
was capable of strengthening ER function, improving cardiac performance, and diminishing apoptosis, thus
protecting the heart from failure.

Conclusions: Our findings uncover a new cardioprotective mechanism, which promotes a protective ER stress
response via the modulation of Pak2. This novel therapeutic strategy may present as a promising option for treating
cardiac disease and heart failure. (Circ Res. 2019;124:696-711. DOI: 10.1161/CIRCRESAHA.118.312829.)
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Novelty and Significance

What Is Known?

Perturbation of endoplasmic reticulum (ER) homeostasis plays an im-
portant role in the development and progression of heart disease.
Unfolded protein response activation is an adaptive mechanism to re-
store ER homeostasis in cardiomyocytes.

Pak (p21-activated kinase)2 is a serine/threonine kinase, activated by
Rac1 (Rac family small GTPase 1)/Cdc42 (cell division cycle 42), be-
longing to the group | Pak family members.

What New Information Does This Article Contribute?

Pak2 is localized in close proximity to the ER membrane in
cardiomyocytes.

Mice deficient of cardiac Pak2 exhibit a defective response to ER stress.
Pak2 promotes a protective ER stress response via activation of the IRE
(inositol-requiring enzyme)-1/XBP (X-box—binding protein)-1-depen-
dent pathway by inhibition of PP2A (protein phosphatase 2A) activity.
Pak2 activation is able to restore ER function, therefore ameliorating
heart failure progression.

Heart failure affects at least 23 million people worldwide with a
rising prevalence despite significant advances in therapies and
prevention strategies. The high prevalence and severity of heart
failure pose an urge to discover new cardioprotective mecha-
nisms. In this study, we show that Pak2 is localized in close
proximity to the ER membrane and is activated in response to
ER stress in cardiomyocytes. Cardiac deletion of Pak2 in mice
causes a defective ER response, cardiac dysfunction, and pro-
found cell death under pressure overload. Conversely, induction
of Pak2 activation by genetic overexpression or adeno-associat-
ed virus serotype-9-based gene delivery is able to protect the
heart through the positive regulation of IRE-1/XBP-1-dependent
unfolded protein response activation via the inhibition of PP2A
(protein phosphatase 2A) activity, thus restoring ER homeostasis.
These findings uncover a novel role of Pak2 in cardioprotection.
Modulation of Pak2 activity may present as a promising novel
therapeutic strategy for treating cardiac disease and heart failure.
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folding and induce ER stress.!? Investigations using several ge-
netically modified mouse models featuring overexpression of
ATF-6, knockout of CHOP (C/EBP homologous protein) in hy-
pertrophic or ischemic conditions clearly suggest that ER stress
underpins the pathogenesis of these cardiac conditions.'*! This
paradigm is further supported by the evidence that ER lumen
expansion, and increased expression of GRP78 and CHOP are
present in failing human hearts.'>'¢ Although considerable prog-
ress has been made in understanding the ER stress response in
the heart, advances in elucidating the mechanistic regulation of
the prosurvival UPR pathway are relatively limited."”

Here, we report that Pak (p21-activated kinase)2, a Racl
(Rac family small GTPase 1)/Cdc42 (cell division cycle 42)-
activated signaling effector, is a stress-responsive kinase local-
ized in close proximity to the ER membrane in cardiomyocytes.
Phenotypic analysis of cardiac Pak2 knockout mice revealed
that Pak2 promoted a protective ER stress response under ER
stress conditions. Gene array data prompted a mechanistic
study demonstrating that Pak2 regulation of the protective ER
function was via the IRE-1/XBP-1-dependent pathway. We
further discovered that this regulation was conferred by Pak2
inactivation of PP2A (protein phosphatase 2A). This proposed

mechanism was corroborated by functional evidence that
IRE-1 activator, Quercetin, and AAV (adeno-associated
virus serotype)-9—delivered XBP-1s were able to relieve ER
dysfunction in Pak2-CKO hearts. Therapeutically, inducing
Pak?2 activation was capable of promoting the protective ER
stress response, thus ameliorating HF progression. Together,
our findings unveil a novel cardioprotective mechanism that
represents a new route for devising future strategies through
modulating the protective ER stress response to treat cardiac
disease and subsequent HF.

Methods

All supporting data are available within the article. Detailed Methods
are available in the Online Data Supplement.

Results

Pak2 Is Localized in Close Proximity to the ER
Membrane

To identify signal transducers promoting protective ER stress
response, we examined the abundance and expression pattern
of important cardiac signaling molecules (ERK [extracellu-
lar signal-regulated kinase]-1/2, ERK-5, p38, JNK [c-Jun

A Pak2 Calnexin + DAPI Merge c D
o
2 p<0.01
= 50
: =+
£ sham  1W-TAC  5W-TAC 40 %3;
5 ~
£ P-Pak2 [ e - — |61kDa £ 30 )
;e 4
2 Pak2 [S—————— - G 1KDa | 2 20
G
Pak2 GM130 + DAP Tubu"n: :SZkDa ® 10
o
]
2
2 sham 1W-TAC 5W-TAC
£
]
g
3
§
S
=
E]
2
Pak2 Mito + DAPI Merge
k]
k3
>
£
S
3
]
g
€
S
2
4-
DMSO Tunicamycin (TM p<0.05
B ycin (TM) — E . 8 p<0.01 p<0.01
Py P— P £ T+
~ 3 =0
Pak? | S——————— | D2 2 % 8%
— — — == = |54kDa 23S 2>
p-JNK | 46D Fer2 » £g
INK [T e— e - | 54k D2 g 3
—— —— ——| 46k D2 ag 3
& a
p-P38 — = — |38KkDa 1
P38 | e — w— a— — e 38kDa sham 1W-TAC 5W-TAC
Tubulin | SR S———— |52\ D2 0-—DMSO ™
DMSO Thapsigargin (TG) 41 p<0.05 F
P-PaK2| i o e — == 51Dy L %
Pak2 [T e s —— [61kDa 3 p<0.05
= Hypertrophied -
p-JNK I ©4kDa g3 Control (Ctrl) hearts JE1o
e T & cF? £z
INK | — 2 eina EE . [] P-Pak2 | e——— —— 61kDa | _ =
£ 05
p-P38 — — — |380a S ] Pak? [ o o e —— | 61kDa | S <
iE 3
p3g | e — — o e e [38KDa Tubulin | Se———————— | 52 Da |~ 0
" — N — : Ctrl Hypertrophied
Tubulin 52kDa 0 VSO ™ yp:e;(:xpshle

Figure 1. Pak (p21-activated kinase)2 is activated in response to endoplasmic reticulum (ER) stress. A, Immunocytochemistry showed colocalization
of Pak2 (green) and calnexin (red, an ER marker) in adult rat cardiomyocytes. No colocalization of Pak2 (green) and GM130 (red, Golgi marker) or MitoTracker
(red, mitochondria marker) was found. Tunicamycin (TM; 5 ng/mL)-induced prominent Pak2 expression on the ER membrane. DAPI was for nuclei

staining (scale bar=20 pm). B, Immunoblots of neonatal rat cardiomyocytes under stimulation of TM (5 ng/mL) or thapsigargin (TG; 0.5 pmol/L) for 2 h. C,
Immunoblots of the hearts of C57BL/6N mice subject to 1 or 5 wk transverse aortic constriction (TAC). D, Echocardiography showed the reduced fractional
shortening (FS%) in 5W-TAC-stressed hearts. E, MEK1 (mitogen-activated protein kinase kinase1) phosphorylation was measured as readout of Pak2 kinase
activity (h=6-7). F, Immunoblots of the hypertrophied hearts from nonhuman primates (n=6). Tubulin was the loading control. Student t test or 1-way ANOVA
with Bonferroni correction for post hoc comparisons were used for analyses. Data present as mean+SEM. JNK indicates c-Jun N-terminal kinase.
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N-terminal kinase], Pak1, Pak2, and PKB [protein kinase B]).
Among those, Pak2 was most evidently expressed in close
proximity to the ER membrane and in juxtaposition to the
nucleus that was detected by immunohistochemistry in rat
cardiomyocytes and corroborated by fractional immunoblot
analysis (Figure 1A; Online Figure I). On ER stress using tu-
nicamycin (N-glycosylation inhibitor, 5 pg/mL) or thapsigar-
gin (calcium pump inhibitor, 0.5 pmol/L) for 2 hours, Pak2
phosphorylation was increased, and its expression became
more prominent on the ER membrane (Figure 1A and 1B;
Online Figure IA and IB). Phosphorylation of JNK and p38
was also increased by tunicamycin (Figure 1B). Furthermore,
increased Pak2 phosphorylation and kinase activity were
detected in C57BL/6N mouse hearts after 1 week of trans-
verse aortic constriction (TAC) (Figure 1C through 1E); how-
ever, significantly reduced Pak2 phosphorylation and cardiac
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dysfunction were observed in the mouse hearts which had
undergone prolonged TAC stress for 5 weeks (Figure 1C
through 1E). A similar reduction in Pak2 phosphorylation was
also found in the hypertrophied hearts of primates, which dis-
played cardiac dysfunction'® (Figure 1F). These data suggest
that initial ER stress activates Pak2, whereas prolonged ER
stress impairs its activation, and that Pak2 responsiveness to
ER stress in cardiomyocytes is evident.

Defective ER Stress Response, Cardiac Dysfunction,
and Profound Cell Death in Pak2-CKO Hearts

To mimic a scenario of dampened Pak?2 activation in patholog-
ically stressed hearts, Pak2-CKO mice were generated using
Pak2-Flox mice crossed with o-MHC (a-myosin heavy chain)-
Cre line. These mice were viable and developed to adulthood
without obvious morphological or functional abnormalities.
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Figure 2. Cardiac dysfunction and defective endoplasmic reticulum (ER) response are induced by tunicamycin (TM) in Pak (p21-activated kinase)2-
CKO hearts. A, Echocardiographic analyses after 2 d of TM (2 mg/kg) injection (n=6). B, Immunoblots and quantification of the hearts under TM stress. C,
Transmission electron microscopy detected the ultrastructure of ER in left ventricular papillary muscles. Middle images (scale bar=500 nm) are the higher
magnifications of boxed areas in the left images (scale bar=1 pym). Right images highlighted the ER structure pointed by arrows in the middle images (scale
bar=100 nm). The arrows indicate ER. D, TdT-mediated dUTP nick end labeling (TUNEL) assay by triple staining with DAPI (blue), anti-a-actinin (red), and
TUNEL (green) determined more apoptosis in Pak2-CKO hearts with TM (scale bar=20 um), arrows indicate TUNEL positive nuclei. Quantification of TUNEL
positive nuclei is represented (n=6). Student t test or 2-way ANOVA with Bonferroni correction for post hoc comparisons were used for analyses. Data present
as mean+SEM. CHOP indicates C/EBP homologous protein; FS, fractional shortening; IRE, inositol-requiring enzyme; and n/s, not significant.
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They were used in this study to obtain functional evidence dose intraperitoneal injection of 2 mg/kg) for 48 hours, Pak2-
linking Pak?2 to the cardiac ER stress response (Online Figure CKO mice exhibited severe cardiac dysfunction (fractional
II). Under systemic ER stress induced by tunicamycin (single shortening: 25.86+0.76% compared with 35.08+1.63% in

A C sham 2W-TAC 6
Pak2-Flox Pak2-CKO Pak2-Flox Pak2-CKO z ___P005 p<005
50 H
@ Pak2-Flox sham p-\RE1| - L p— o |110kDa za
w0 - Paka-CKO sham H
RE[— == == —= — — — —110kpa &
© & Pake-Flox TAC PERK T2
® %~ Pak2-CKO TAC P [ oo - -JMOKDa £
20 # PERK [ S s s s 48 S G 98 140Da =
. —eIFZa[ - e ‘ Pam Flox Pak? CKO Paka-Flox Pak2-CK( DakQ CKO
10. P 38kDa T wem  2wTAC
CIF2a = — — —— — | 38kDa
T T ™ cleaved
Basal w 2w ATF6 ————55kDa &
GRP78[ = e e . e W S S | 78KkDa 53 p<0.05
B a-actinin TUNEL + DAPI Merge s
ATF4 b - A |4okDa 3 _ e00s
=2
] —_— 57kDa £
2
3 * il Calreticulin 55kDa &
i
{ 2
< ERO1 —— 60kDa O ,l
< Pak2-Flox Pak2-CKO Pak2-Flox Pak2CKO
0 EDEM1 —— 74kDa Eaar— TAC
oy 5 ? HRD1 - 75kDa
H P4 4
Derlin3 — — 27kDa 4
] £ <0.05 <005
] Armet —— 17kDa 3 g _ pO®
< Hyou1 -— 150kDa £ o
o
CHOP [ e o e e e S | 7D £,
Cleaved = z
Caspase3 ™| 17kDa é 2
© p<0.001 Tubulin | === ——— —— — e == === (50kDa & ]
- " Paic2Flox Pak2.CKO Paka Flox Paka.OKO
P o T sem 2W-TAC
]
23
g
g E
&5 20
o2
zZS
2 10
Pak2-Flox Pak2-CKO
TAC
50 _ p000t 15
Pak2-CKO oo _pe000t
D sham 2W-TAC ® s P<0.001
z
Saline TUDCA Saline TUDCA H p<0.01 20 10
g0 E— g £
p-IRE1 S - e —]{i0kDa £ 2 % z
IRET [ s s s s s s == | 110kDa 55 ©0s
& 10
p-PERK e s et s | 140KDE ns
pp————— PP 00
PERK — i o Saline  TUDCA  Saline  TUDCA 53”":“ TUDCA Sa"’;eWT:(\:JDCA
-elF2a — == | 381 Da T aem  awmac am
P sham 2W-TAC FaiaCRO
CIF20 | s wan W S S e | 38kDa .
cleaved - - == == — ——|55kDa & 005
ATF6 _ - H
GRP78 s ws | 78kDa §.
ATF4 B 45KDa g a-actinin TUNEL + DAPI
oI [T _ . BB s70a 2
Calreticulin | 55kDa l_-r_l i
ERO1 SN e ey | 60kDa Saline TUDCA  Saline  TUDCA Q
sham 2W-TAC L~
EDEM1 —— == | 74kDa z
&
HRD1 o e d— - | 75\Da s g
Derlin3 == w s |27kDa S &
3 k4
Armet - 17kDa % 10 a
s
Hyou1 T S [150kDa £
3 s
cHop[ - - - e |27KDa  § ’
Cleaved 5 s |
Caspase 3 B - — o e [17kDa = s o
Tubulin 52kDa Saline  TUDCA  Saline  TUDCA p<0.01
'sham 2W-TAC

8 8

20

TUNEL-positive nuclei
(110* myocytes)
3

o

Saline TUDCA
Pak2-CKO 2W-TAC
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controls), an exacerbated ER response with blunted IRE-1
phosphorylation and significantly increased expression of
GRP78 and CHOP (Figure 2A and 2B). Transmission elec-
tron microscopy examination revealed an expanded ER lumen
in the myocardium of tunicamycin-injected Pak2-CKO mice
(Figure 2C). Meanwhile, profound apoptosis was observed,;
the number of TdT-mediated dUTP nick end labeling-positive
nuclei was nearly 2x more than that of controls (Figure 2D;
Online Figure III). In addition, a-MHC-Cre hearts did not
display distressing responses to tunicamycin (Online Figure
IV). Next, we used TAC to provoke cardiac disease-mimetic
ER stress and examined mouse heart function at weekly in-
tervals. Fractional immunoblots showed an increased Pak2
in the organelle preparation in Pak2-Flox hearts subjected to
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TAC (Online Figure V). After 2 weeks of TAC, Pak2-CKO
mice developed cardiac dysfunction and pronounced cardio-
myocyte apoptosis, but less fibrosis compared with Pak2-Flox
and o-MHC-Cre mice (Figure 3A and 3B; Online Figures VI
through VIII; Online Table I). Consistent with these findings,
augmented protein levels of CHOP and cleaved caspase-3,
but decreased GRP78 expression and IRE-1 phosphorylation
were detected in the Pak2-CKO heart (Figure 3C). We have
also checked a wide range of ER stress molecules and discov-
ered that expression levels of Edem (ER degradation enhanc-
ing alpha-mannosidase-like protein)-1, Derlin-3, calreticulin,
PDI (protein disulfide isomerase), HRD-1 (HMG-CoA re-
ductase degradation-1 homolog), ERO (ER oxidoreductin)-1,
Armet (arginine-rich, mutated in early-stage tumors), and
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Figure 4. Altered gene profile in Pak (p21-activated kinase)2-CKO hearts stressed by tunicamycin (TM). A, The diagrams determined differentially
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Hyou (hypoxia upregulated protein)-1 were less in Pak2-CKO
hearts after TAC, whereas expression of p-PERK, PERK,
ATF-4, p-elF2a (eukaryotic translation initiation factor 2A),
elF2a, and cleaved ATF-6 was comparable between CKO and
control mice (Figure 3C).

To corroborate these results, we tested the ability of a small
chemical chaperone, tauroursodeoxycholic acid (TUDCA),"
to evaluate whether it could relieve Pak2 loss induced-ER
dysfunction in a pressure-overloaded heart. TUDCA (intra-
peritoneal injection of 300 mg/kg per day) was applied on
Pak2-Flox and o-MHC-Cre mice for 2 weeks, commenc-
ing on the second day after TAC. TUDCA improved cardiac
function and ER stress response (Online Figure IX). TUDCA
also markedly alleviated the pernicious ER stress response in
Pak2-CKO heart, leading to a reduced expression of CHOP
and less cleaved caspase-3, whereas IRE-1 phosphorylation
was enhanced, and expression levels of Edem-1, Derlin-3,
PDI, HRD-1, ERO-1, Armet, and Hyou-1 were restored
(Figure 3D). Meanwhile, improved cardiac performance and
less apoptosis were detected (Figure 3E and 3F; Online Figure
X). The above data demonstrate that Pak2 loss-induced car-
diac damage is an ER-dependent pathology.

Altered Gene Profile of Chaperones and ERAD
Components in Pak2-CKO Hearts

Next, we performed Affymetrix gene array analysis (Mouse
Genome 430 2.0 arrays) to gain molecular insights into mech-
anisms responsible for the defective ER response and cardiac
dysfunction in the Pak2-CKO heart. Interestingly, of 45000
analyzed transcripts, 467 genes were significantly altered
(P<0.05) in Pak2-CKO hearts in the tunicamycin-induced ER
stress condition. Functional annotation by DAVID version 6.2
revealed that ER chaperones (Figure 4A) and apoptosis/in-
flammation were the main overrepresented clusters. Changes
in GRP78, GRP94, PDI, ERO]I for N-glycosylation, disulfide
bond formation and quality control, CHOP, TNF, IL-6 for ex-
ecution of apoptosis were marked. Quantitative polymerase
chain reaction (QPCR) analyses further validated the array data
and confirmed that protein folding, assembly, and quality con-
trol chaperones were noticeably enhanced in the Pak2-CKO
heart treated by tunicamycin (Figure 4B). Intriguingly, mol-
ecules involved in ERAD, such as Derlin3, Edeml, p97, Herp,
and Hrdl, failed to be upregulated (Figure 4C), which was con-
sistent with what we observed in 2 weeks TAC stressed-Pak2
CKO hearts (Figure 3C). These ERAD components are known
to be transcriptional targets of XBP-1.2 XBP-1 is able to work
on both ER stress element and UPR element, which enables it
to regulate not only chaperones, but also ERAD components.*

Pak2 Potentiates Protective ER Stress Response
Through IRE-1/XBP-1 Signaling

Prompted by the gene array data that XBP-1-dependent gene
regulation was impaired in tunicamycin stressed Pak2-CKO
hearts, we then examined whether this impairment occurred in
TAC-stressed Pak2-CKO hearts. qPCR analysis demonstrated
that ERAD genes, but not chaperones, were not upregulated in
response to 1-week TAC when Pak2 was absent (Figure 5A).
Meanwhile, we then sought evidence on whether Pak2 regu-
lates the ER stress response through the IRE-1/XBP-1 branch.

We indeed detected blunted IRE-1 phosphorylation and a re-
duced level of active spliced XBP-1 (XBP-1s) in the Pak2-
CKO heart 1 week after TAC, which was considered as a time
point to observe changes in the signaling cascade (Figure 5B).
We also discerned that phosphorylation of ASK-1 (apoptosis
signal-regulating kinase 1) and JNK-1/2 was enhanced in the
Pak2-CKO hearts, but PERK phosphorylation and ATF-6 acti-
vation were comparable to control mice (Figure 5B). In addi-
tion, we found reduced expression of Derlin-3, HRD-1, Armet,
and Hyou-1 in the Pak2-CKO hearts (Figure 5B). Hypertrophic
responses of Pak2-CKO mice were enhanced after TAC.
Herein, expression and phosphorylation of prohypertrophic
molecules PKB, ERK-1/2, and mTOR (mammalian target of
rapamycin) were checked, but no significant change was found
between Pak2-CKO and control mice (Figure 5B).

A similar phenomenon was observed in neonatal rat car-
diomyocytes (NRCMs); Pak2-knockdown—inhibited IRE-1
phosphorylation and XBP-1 splicing induced by tunicamycin
(Figure 5C). Conversely, forced expression of constitutively
active Pak2 (T402E) in NRCMs was sufficient to increase
IRE-1 phosphorylation at Ser724 and XBP-1 splicing with-
out additional stressors. Interestingly, overexpression of Pak2
kinase-dead form (T402A) did not induce such increases
(Figure 5D). Furthermore, to ascertain whether Pak2 is an
ER-associated molecule, we constructed pEF/myc/ER-Pak2
(T402A)-KDEL and pEF/myc/ER-Pak2 (T402E)-KDEL vec-
tors, which delivered Pak2-T402A and Pak2-T402E into the
ER lumen. ER lumen retention of the kinase-dead form and
kinase-active form did not affect the activation of IRE-1/XBP-
1 signaling (Online Figure XIA and XIB). However, we used
a vector having Ribophorin I (an ER transmembrane glyco-
proteins) N-terminal transmembrane domain fused with Pak?2-
T402A, which directed Pak2-T402A expression anchoring at
the ER membrane, and Pak2-T402A was found to impair the
activation of IRE-1/XBP-1s signaling (Online Figure XIC
and XID). These data clearly indicate that Pak2 is not an ER
lumen-resident protein, but is localized in close proximity to
the ER membrane for activating IRE-1/XBP-1s in the cytosol.

Next, we investigated whether Pak2 impacted on XBP-1
transcriptional activity through IRE-1. A luciferase reporter
gene carrying human Hrdl promoter region (-1 to —3324
containing XBP-1-specific UPR element sites) was used in
NRCMs. Intensified Hrdl1 luciferase activity was induced by
overexpression of Pak2 (T402E) but not its kinase-dead form
(T402A; (Figure 5E). Tunicamycin-induced Hrd1 promoter
activity was reduced by Pak2 knockdown (Figure 5F). In addi-
tion, Pak2 overexpression-induced Hrd1 activity was reduced
by IRE-1 knockdown (Figure 5G). In addition, we evaluated
whether Pak2 promoted XBP-1 activity on ERAD function.
A mutant protein of alATmut (al-antitrypsin), an ER lu-
minal misfolded protein, was chosen as an ERAD substrate.
Coinfection of Ad-o.1 ATmut and Ad-Pak2-T402E in NRCMs
followed by cycloheximide (100 pg/mL) chase experiments
was found to enhance the clearance of o.l ATmut within a time
window of 4 to 8 hours, whereas this clearance was retarded
by XBP-1 knockdown (Figure 5H). Furthermore, tunicamy-
cin-triggered aggregation of ubiquitinated proteins was abol-
ished in Pak2-T402E overexpressed cardiomyocytes (Online
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704 Circulation Research March 1, 2019

Figure XII). Finally, we discovered that Pak2 overexpression
protected cardiomyocytes from tunicamycin-induced apopto-
sis, however, this protective effect was blunted by knockdown
IRE-1 or XBP-1 (Figure 51 through 5K). The data above sug-
gest that cardioprotection by Pak?2 regulation of ER function is
through the IRE-1/XBP-1-dependent pathway.

Pak2 Stimulates IRE-1/XBP-1 Signaling Through
Inactivation of PP2A Activity

Next, we attempted to dissect the molecular basis by which
Pak2 elicited IRE-1/XBP-1 signaling. Given that Pak2 in-
creased IRE-1 phosphorylation at Ser724, which is a key site
for its autophosphorylation, we first probed whether Pak2
acted on IRE-1 phosphorylation through direct association of
IRE-1, causing its conformation change, and then inducing its
autophosphorylation. However, immunoprecipitation assays
in various experimental conditions failed to detect either en-
dogenous or exogenous Pak2 interaction with IRE-1 (Online
Figure XIITA and XIIIB). We then investigated whether Pak2
instigated IRE-1 phosphorylation through negative regulation
of PP2A, a protein phosphatase able to dephosphorylate IRE-
1.2 Based on this assumption, we performed a series of im-
munoprecipitation assays and observed that Pak2 interacted
with the catalytic subunit of PP2A (PP2Ac) endogenously
and exogenously (Figure 6A; Online Figure XIIIB). IRE-1
association with PP2Ac was also detected, but this interaction
was disrupted by tunicamycin stress (Figure 6B). Because
PP2Ac phosphorylation at Tyr307 inhibits its phosphatase
activity,” we then detected PP2Ac phosphorylation at Tyr307
and its activity. Indeed, we discovered that Pak2-T402E over-
expression in NRCMs increased PP2Ac phosphorylation at
Tyr307, but decreased its phosphatase activity (Figure 6C
and 6D). Conversely, Pak2-knockdown—prevented PP2Ac
phosphorylation at Tyr307 in tunicamycin-treated NRCMs
(Figure 6E). In addition, we detected that Pak2-T402E was
able to directly phosphorylate recombinant PP2Ac using in
vitro kinase assay (Online Figure XIV). Furthermore, reduc-
tions in IRE-1 phosphorylation and XBP-1 splicing caused
by Pak2 knockdown were restored by PP2Ac knockdown or
the treatment of the PP2A inhibitor, Calyculin (Figure 6F).
Consistent with these findings, reduced Hrd1l promoter ac-
tivity caused by Pak2 knockdown was recovered by PP2Ac
knockdown (Figure 6G). Also, we noticed that similar to the
tunicamycin effect on promoting GRP78 dissociation from
IRE-1, Pak2-T402E overexpression was able to cause dis-
sociation of IRE-1 and GRP78 without additional stressors
(Figure 6H). Moreover, PP2Ac phosphorylation at Tyr307
was increased in pressure-overloaded Pak2-Flox hearts, but
not in Pak2-CKO hearts (Figure 6I). Consistent with this, as-
sociation of PP2Ac and IRE-1 was detected in Pak2-CKO
myocardium after TAC, but not in Flox hearts (Figure 6J).
We have also checked PP2Ce, another IRE-1-specific phos-
phatase,” but did not find an association of Pak2 or IRE-1
with PP2Ce (Online Figure XVA). Meanwhile, PP2Ce

phosphatase activity was unchanged in Pak2-overexpressed
cardiomyocytes (Online Figure XVB).

In a further attempt, we performed rescue experiments
in Pak2-CKO hearts, to obtain functional evidence for
supporting the proposed mechanism responsible for Pak2
regulation of IRE-1/XBP-1 signaling. To do so, we admin-
istrated an IRE-1 activator, Quercetin, to Pak2-CKO mice
by gavage on the second day after TAC (10 mg/kg per day).
After 2 weeks, compared with vehicle-TAC group and sham
groups, CKO hearts receiving Quercetin displayed im-
proved cardiac performance and less cardiomyocyte death
(Figure 6K and 6L; Online Figure XVIA). Meanwhile, hy-
pertrophic response was reduced; increased IRE-1 phospho-
rylation and augmented XBP-1s expression were observed
(Online Figure XVIB and XVIC). Second, AAV-9—packed
XBP-1s under a TnT (troponin T) promoter was injected on
the same day as TAC commencing. After 2 weeks of TAC,
forced expression of XBP-1s relieved distressing ER stress
responses in Pak2-CKO hearts, as well as showing reduced
cardiac hypertrophy, improved cardiac performance, and
less apoptosis (Figure 6M and 6N; Online Figure XVID
through XVIF).

Collectively, these data illustrate that the signaling mech-
anism for the IRE-1/XBP-1-dependent protective ER stress
responses in the heart is likely through Pak2 inactivation of
PP2A.

Pak2-Dependent Protective ER Stress Response in
Human Cardiomyocytes

To seek human-relevant data for this cardioprotective action,
we evaluated the Pak2-entailed ER stress response and bene-
ficial effects of TUDCA in human-induced pluripotent stem
cell-derived cardiomyocytes. Knockdown of Pak2 in induced
pluripotent stem cell-derived cardiomyocytes markedly re-
duced tunicamycin-induced IRE-1 phosphorylation, conse-
quently, increased expression of CHOP and cleaved caspase-3
was detected (Figure 7A). qPCR analyses showed that mRNA
expression level of molecules involved in ERAD (Derlinl,
Derlin3, Edeml, Herp, and Hrdl) failed to respond to tu-
nicamycin stimulation in Pak2-knockdown—induced pluripo-
tent stem cell-derived cardiomyocytes (Figure 7B). However,
TUDCA treatment considerably increased IRE-1 phospho-
rylation and GRP78 expression, while reduced expression
of CHOP and cleaved caspase-3 (Figure 7C; Online Figure
XVIID).

Therapeutic Potential of Pak2 Activation by
Promoting Protective ER Function

Moving forward, we endeavored to translate the above-de-
scribed signaling mechanism to derive therapeutic options
for the alleviation of ER dysfunction in cardiac disease.
First, we generated Pak2 cardiac overexpression mice un-
der an MHC-promoter (Pak2-T402E-Tg) to investigate
whether Pak2 activation, constituted from developmental

Figure 5 Continued. comparisons were used for analyses. Data present as mean+SEM. Armet indicates arginine-rich, mutated in early-stage tumors; ATF,
activating transcription factor; CHOP, C/EBP homologous protein; EDEM, ER degradation enhancing alpha-mannosidase-like protein; elF2a, eukaryotic
translation initiation factor 2A; ERK, extracellular signal-regulated kinase; ERO, ER oxidoreductin; FS, fractional shortening; HRD, HMG-CoA reductase
degradation-1 homolog; Hyou, hypoxia upregulated protein; IRE, inositol-requiring enzyme; JNK, c-Jun N-terminal kinase; mTOR, mammalian target of
rapamycin; n/s, not significant; PDI, protein disulfide isomerase; PERK, protein kinase-like ER kinase; and PKB, protein kinase B.
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Figure 6. Pak (p21-activated kinase)2 stimulates IRE (inositol-requiring enzyme)-1/XBP (X-box-binding protein)-1 signaling through inactivation of
PP2A (protein phosphatase 2A) activity. A, Association of endogenous PP2Ac with Pak2 or (B) IRE-1 and PP2Ac was observed by immunoprecipitation

in neonatal rat cardiomyocytes (NRCMs), whereas tunicamycin (TM) disrupted the interactions. IgG was controlled for nonspecific interaction. C,
Immunoblots showed that PP2Ac phosphorylation was increased by overexpression of Pak2-T402E in NRCMs. D, PP2Ac phosphatase activity assay in
H9C2 detected that PP2Ac activity was decreased by Pak2-T402E and calyculin (10 nmol/L, pan-PP2A pharmacological inhibitor; n=5-7). E, Inmunoblots
showed that PP2Ac phosphorylation induced by TM was blocked by Pak2 knockdown in NRCMs. F, Immunoblots displayed that under TM, blunted IRE-1
phosphorylation in Pak2-knockdown NRCMs was restored by calyculin (upper) or PP2Ac knockdown (siPP2Ac, lower). Polymerase chain reaction (PCR)
determined that XBP-1 splicing in Pak2-knockdown NRCMs was reconciled by calyculin or siPP2Ac. G, Hrd1 reporter luciferase activity induced by TM was
blocked by Pak2 knockdown; however, PP2Ac knockdown restored this activity in HOC2 cells (n=5-6). H, Immunoprecipitation showed that Pak2-T402E
disrupted association of GRP78 (glucose-regulated protein 78; Myc-tagged) with IRE-1 (V5-tagged) in HIC2 cells. I, Immunoblots showed increased PP2Ac
phosphorylation in Pak2-Flox-transverse aortic constriction (TAC) hearts, but not in Pak2-CKO hearts. J, Immunoprecipitation detected association of
PP2Ac and IRE-1 in Pak2-CKO myocardium after TAC. K, Echocardiographic assessment and (L) TdT-mediated dUTP nick end labeling (TUNEL) assay of
Pak2-CKO hearts treated with Quercetin (10 mg/kg; scale bar=20 pm, n=6). M, Echocardiographic assessment and (N) TUNEL assay of adeno-associated
virus serotype-9 (AAV-9)-XBP-1s injected Pak2-CKO hearts (n=6). One- or 2-way ANOVA with Bonferroni correction for post hoc comparisons were used for
analyses. Data present as mean+SEM. FS indicates fractional shortening.
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Figure 7. Pak (p21-activated kinase)2-dependent protective endoplasmic reticulum (ER) stress response in human-induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs). A, Imnmunoblotting and (B) quantitative polymerase chain reaction (qPCR) analyses of tunicamycin (TM; 2 ng/mL)
stressed iPSC-CMs (n=5-6, *P<0.05 siPak2 vs siScr [scramble siRNA] with TM stimulation for 6 h). Two-way ANOVA with Bonferroni correction for post hoc
comparisons was used for analyses. Data present as mean+SEM. C, The diminished IRE (inositol-requiring enzyme)-1 phosphorylation in Pak2-knockdown
iPSC-CMs was restored by tauroursodeoxycholic acid (TUDCA) treatment (200 ng/mL), whereas CHOP (C/EBP homologous protein) and cleaved caspase-3

were reduced by TUDCA.

stage, could render the mice resistant to TAC-induced ER
stress. A few Pak2-T402E-Tg mouse lines were analyzed
and line 3.22 was chosen for this study. Pak2 expression
level in this line at 8 weeks of age was =4x of that in non-
Tg mice (Online Figure XVIIIA). Fractional immunoblots
demonstrated a greater amount of Pak2 expression in the
cytosol and organelle preparation (Online Figure XVIIIB).
The Pak2-T402E-Tg mice developed to term and ap-
peared normal, which suggests that Pak2 overexpression
and activation in the hearts did not affect their develop-
ment (Online Figure XVIIIC and XVIIID), therefore line
3.22 was a viable model for studying the role of Pak2 in
ER stress. Pressure overload by TAC was applied to Pak2-
T402E-Tg mice and we analyzed their cardiac function on
a weekly basis. Strikingly, Pak2-T402E-Tg mice were re-
sistant to rigorous TAC stress up to 5 weeks, displaying
preserved cardiac performance and less cardiomyocyte
death (Figure 8A and 8B; Online Table II; Online Figure
XVIIE). It is worthy of note that cardiac fibrosis content
was less in Pak2-T402E-Tg than non-Tg mice (Online
Figure XVIIIF). CHOP and cleaved caspase-3 were found
to be at a lower expression level while GRP78 level was
increased compared with non-Tg mice (Figure 8C).
Consistent with these findings, increased IRE-1 phospho-
rylation and augmented XBP-1s expression were observed
in the Pak2-T402E-Tg heart following 3 weeks of TAC
(Figure 8D). Also, increased expression of GRP78, HRD-
1, Derlin-3, Calreticulin, EDEM-1, Armet, and Hyou-1 was
detected (Figure 8D). In addition, qPCR analyses showed
that mRNA expression of key ERAD components (Edem1
and Hrdl) was upregulated in Pak2-T402E-Tg heart af-
ter 3 weeks of TAC (Online Figure XIXA). However, the
increased IRE-1 phosphorylation did not further enhance
regulated IRE-1-dependent decay (RIDD) activity. qPCR

analyses showed that the mRNA expression levels of 6
RIDD-specific substrates (Blosl, Hgnat, Scara3, Pmp22,
and Col6) were comparable between Pak2-T402E-Tg and
non-Tg mice (Online Figure XIXA). Moreover, expression
and phosphorylation of PKB, ERK-1/2, and mTOR were
comparable between Pak2-T402E-Tg and non-Tg mice
(Online Figure XIXB). Finally, we tested whether Pak2
activation, via AAV-9-mediated gene delivery, could pro-
vide therapeutic benefits by promoting the protective ER
stress response to prevent HF progression. C57BL/6 N
mice undergoing TAC for 1 week were injected with TnT
promoter-driven AAV-9-Pak2-T402E (1x10" genomic par-
ticles) or AAV-9-GFP (as the control) under continuing
TAC, and cardiac function was monitored on a weekly ba-
sis (Figure 8E; Online Figure XX). After 4 weeks of TAC,
in the meantime as 3 weeks after injection, cardiac con-
tractility of AAV-9-GFP injected mice became deteriorated
(Figure 8F; Online Table III); therefore, subsequent anal-
yses were taken at this time point. Excitingly, we found
that AAV-9-Pak2-T402E injected hearts had significantly
improved cardiac performance with reduced ventricu-
lar mass and apoptosis occurrence (Figure 8F through 8I;
Online Figure XXI). Most noticeably, AAV-9-Pak2-T402E
hearts demonstrated salutary ER stress responses, showing
that IRE-1 phosphorylation and XBP-1 splicing levels were
higher (Figure 8J). Also, protein expression of HRD-1,
Derlin-3, Calreticulin, EDEM-1, and Hyou-1 was increased
(Figure 8J). Compared with AAV-9-GFP hearts, which ex-
perienced ER dysfunction, transcript levels of key chap-
erones (GRP78, EROI, and PDI) and ERAD components
(Edeml and Hrdl) were enhanced (Figure 8K), whereas
apoptotic molecules, CHOP and cleaved caspase-3 were
lowered (Figure 8J). Taken together, data obtained from
pressure overload models reveal the beneficial effects of
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Pak2 activation in promoting the protective ER stress re-
sponse that prevents HF progression.

Discussion

Secreted and membrane-bound proteins, representing =35%
of total proteins, play critical roles in myocardial health and
disease. These proteins undergo a coordinated process of syn-
thesis, folding, secretion, and degradation in the ER.>* We
discovered that Pak2 is abundantly expressed in close prox-
imity to the ER membrane in cardiomyocyte. Directed by this
clue, we have made novel discoveries in this study: (1) mice
deficient of cardiac Pak2 exhibit a defective response to ER
stress, contractile impairment and profound apoptosis; (2)
Pak?2 inactivation of PP2A is the molecular basis for stimu-
lation of IRE-1/XBP-1-dependent UPR activation; (3) IRE-1
activator, Quercetin, and AAV-9—delivered XBP-1s relieve ER
dysfunction in Pak2-CKO hearts; (4) Pak2 activation achieved
by genetic overexpression or AAV-9—-based approach is able
to facilitate ER function, alleviate deleterious ER stress re-
sponse, and therefore ameliorate HF progression (Figure 8L).

The serine/threonine kinase Pak2 is a member of the group
I Pak family. Previous studies described a functional dichot-
omy of Pak2 in cell survival.®? Activation of full-length
Pak2-stimulated cell survival, whereas the caspase-3—cleaved
short form, Pak2-p34, promoted cell death.”’” Since the studies
in mouse fibroblasts and HEK293T used forced expression of
Pak2-p34 or Pak2-D212N (caspase resistant form), it is not
entirely clear whether Pak2-p34 has physiological functions.
Instead, it may exist as a transient form before its degradation
by the 26S proteasome. Functional evidence of a prosurvival
role for Pak2 was first obtained in zebrafish, where removal of
Pak?2 led to hemorrhage because of autonomous endothelial
cell defects.?® Further studies in mice reported that global de-
letion of Pak2 culminated in embryonic demise.” Moreover,
endothelial-specific deletion of Pak2 led to flawed blood ves-
sel formation, which suggests the indispensable role of Pak2
in endothelial cell survival and angiogenesis.*® Akin to the
previous study reporting Pak2 localization on the ER mem-
brane of 293T and COS-7 cells,*! we discovered that a signifi-
cant amount of Pak2 is expressed in close proximity to the ER
membrane in cardiomyocytes. Moving forward, we unveiled
an important protective role of Pak?2 in pathologically stressed
hearts for promoting UPR of the ER stress response. Greater
hypertrophy in Pak2-CKO was likely a consequence of im-
paired UPR, because perturbation in ER homeostasis could
cause accelerated ER-to-cytosolic Ca?* efflux through the
InsP3R (InsP3 receptor).* Increased cytosolic Ca** concen-
tration is apparently a master regulator in promoting hyper-
trophic remodeling.** Worth mentioning, a previous study by
Vettel et al* reported that Pak2 was an integral component of

Gipy/PI3K (Gi protein beta gamma complex/phosphoinosit-
ide 3 kinase)-dependent prohypertrophic signaling. However,
without functional evidence, their description of this signaling
model in NRCMs using pharmacological inhibitors could not
duly support Pak2 as a prohypertrophic factor in physiology
and disease, because of the immature nature of NRCMs and
lack of specificity in pharmacological agents.

Analogous to many stress-responsive signaling molecules,
Pak?2 loss under resting conditions did not cause any abnor-
mality, implying that Pak2 may be dispensable for main-
taining basal ER homeostasis in the heart. However, in the
presence of superimposed stress, like tunicamycin or hemo-
dynamic stress, Pak2 became activated to promote protective
ER stress response and to accelerate protein folding to ensure
protein quality control, resulting in relief of severe ER stress.
This paradigm could explain why mice without cardiac Pak2
behaved normally under nonstressed conditions but failed to
handle stress challenges.

On a relevant note to our previous studies, Pakl, a close
family member of Pak2, was reported to protect the heart from
pressure overload through positive regulation of JNK-NFAT
(c-Jun N-terminal kinase-nuclear factor of activated T cells)
pathway.* Pak1 expression was also examined in this study,
and it was abundantly expressed in the cytosol of cardiomyo-
cytes, which is distinct from the expression pattern of Pak2.
Although Pak2 expression is enriched at ER membranes, a
small portion of cytosolic expression was observed, which in-
dicates that Pak2 may have other functions apart from its role
in promoting ER function. With regards of this assumption,
future investigation is needed.

GRP78 is a key chaperone because it holds 3 UPR sensors
at bay in the ER. Its dissociation from the UPR sensors is a
hallmark of ER stress response. It is interesting to mention in
our data that increased GRP78 by tunicamycin and decreased
GRP78 by TAC was observed in Pak2-CKO hearts. This dis-
crepancy in GRP78 expression is likely because of timing dif-
ference in ER stress response. Tunicamycin stimulation for 48
hours caused an acute ER stress response, where ER chaper-
ones, including GRP78, were upregulated to ease the accu-
mulation of aberrantly folded proteins. This upregulation was
also discerned by the gene array in this study. The increase of
GRP78 expression was augmented in the condition of Pak2
loss, which could be explained by the effect of ATF-6 for com-
pensating the impaired action of XBP-1s. GRP78 is known to
be subject to transcriptional regulation by both XBP-1s and
ATF-6.%%%7 On the contrary, 2 weeks of TAC caused a chronic
ER stress response. In this sustained predicament, ATF-6
might be unable to compensate for faulty XBP-1s action. As a
consequence, GRP78 was decreased and that indicated severe
ER stress in Pak2-CKO hearts.

Figure 8 Continued. quantification of multiple ER stress markers in AAV-9-Pak2-T402E-injected mice. Polymerase chain reaction (PCR) was to show XBP
(X-box—binding protein)-1 splicing level. K, Transcript levels of ER chaperones and ER-associated degradation (ERAD) components were examined by
quantitative PCR (n=7-8, *P<0.05 AAV-9-Pak2-T402E vs AAV-9-GFP under TAC). Student t test or 2-way ANOVA with Bonferroni correction for post hoc
comparisons were used for analyses. Data present as mean+SEM. L, Schematic diagram of Pak2 cardioprotection against deleterious ER stress. Armet
indicates arginine-rich, mutated in early-stage tumors; ATF, activating transcription factor; CHOP, C/EBP homologous protein; EDEM, ER degradation
enhancing alpha-mannosidase-like protein; elF2a, eukaryotic translation initiation factor 2A; ERK, extracellular signal-regulated kinase; ERO, ER
oxidoreductin; FS, fractional shortening; HRD, HMG-CoA reductase degradation-1 homolog; Hyou, hypoxia upregulated protein; IRE, inositol-requiring
enzyme; JNK, c-Jun N-terminal kinase; mTOR, mammalian target of rapamycin; n/s, not significant; PDI, protein disulfide isomerase; PERK, protein kinase-

like ER kinase; PKB, protein kinase B; and PP2A, protein phosphatase 2A.



Binder et al

The highlight of this study is the dissection of the molec-
ular basis for Pak2 facilitation of UPR during the protective
ER stress response. Followed by extrapolation of gene array
data, we postulated that Pak2 participation in ER protective
action was via the IRE-1/XBP-1 branch of the ER stress re-
sponse. IRE-1 activator, Quercetin, and AAV-9—delivered
XBP-1s were able to relieve ER dysfunction in Pak2-CKO
hearts, which provides functional evidence that establishes
the Pak2-IRE-1/XBP-1 signaling cascade responsible for
cardioprotection.

IRE-1 is the most fundamental ER stress sensor contain-
ing both a serine/threonine kinase domain and an endoribo-
nuclease domain that regulates UPR conserved from yeast to
humans.” The unphosphorylated, inactive IRE-1 is a mono-
mer and is bound to the chaperone GRP78.** On the accu-
mulation of unfolded/misfolded proteins in the ER, IRE-1 is
triggered to dissociate from GRP78 and undergoes dimeriza-
tion of its cytosolic kinase domain. This dimerization brings
about the positioning of the cytoplasmic kinase domains in
close proximity, which allows the trans-autophosphorylation
of the kinase activation loop.*® IRE-1 phosphorylation is
thus an important and necessary step for its RNase splicing
activity, which leads to XBP-1 splicing, RIDD process, and
activation of the UPR.* Our data demonstrated that Pak2-
stimulated IRE-1 phosphorylation, and the resulting activa-
tion of transcriptional factor XBP-1s upregulated expression
of chaperones and ERAD components to relieve ER stress.
As a consequence, clearance of al-antitrypsin from the ER
lumen was expedited. Conversely, Pak2 loss or its kinase-
dead form failed to activate XBP-1 transcriptional activity.
These findings further established that regulation of IRE-1/
XBP-1 was dependent on Pak2 kinase activity. Although we
did not obtain evidence that Pak2 directly interacted and then
phosphorylated IRE-1, we discerned an action through PP2A
inactivation to preserve IRE-1 phosphorylation at Ser724, a
key event responsible for IRE-1 RNase activity. Further, we
observed that Pak2 physically interacted with PP2Ac and
affected its phosphorylation at tyrosine 307 (Tyr307) in re-
sponse to ER stress, thereby inhibiting its phosphatase ac-
tivity. PP2Ac knockdown or calyculin treatment was able to
restore Pak2-knockdown—induced reductions in IRE-1 Ser724
phosphorylation and XBP-1 splicing. Of note, PP2Ac in vitro
kinase assay showed Pak2 direct phosphorylation of PP2Ac.
PP2Ac was known to contain 15 Ser sites and 18 Thr sites,
however, which Ser/Thr site is subject to Pak2 catalysis is re-
quired for future investigations by proteomics analysis and
site mutagenesis approach. In aggregate, the proposed ac-
tion model is likely that Pak2 interacts and phosphorylates
PP2Ac at Ser/Thr site(s), resulting in PP2Ac conformational
shift that gives rise to permitting Tyr307 phosphorylation by
receptor-associated tyrosine kinases or inhibiting its auto-
dephosphorylation.* Tyr307 phosphorylation leads to a re-
duction in PP2Ac phosphatase activity, consequently causing
increased IRE-1 activation. In addition, PP2Ac binding with
IRE-1 was observed in the unstressed condition, and this asso-
ciation was present under stress situation when Pak2 was lost.
From multiple lines of evidence, it is reasonable to propose
that initiation of IRE-1 autophosphorylation requires not only
its dissociation from GRP78 but also inactivation of PP2A to
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prevent IRE-1 dephosphorylation. Pak2 appears as a negative
regulator of PP2A for stimulating IRE-1 phosphorylation and
subsequent XBP-1 splicing. In Pak2-CKO hearts under TAC
or tunicamycin stimulation, Pak2 deficiency resulted in a loss
of its inhibitory effect on PP2A. Consequently, IRE-1 failed
to reach its optimal phosphorylation state to elicit UPR of
the protective ER stress response. Thereafter, the ER stress
response swiftly turned into a malicious process causing car-
diomyocyte death, contractility impediment, and eventually,
cardiac pathology progression to HF became inevitable. In ac-
cordance with this proposed action model, a previous study
also reported that PP2A inactivation was required for IRE-1
activation in pancreatic cells through a mechanism involving
RACK-1 (receptor of activated protein C kinase-1)—dependent
scaffolding function.”!

Another intriguing observation unveiled from this study
was that both Pak2 loss and overexpression caused less fibro-
sis in TAC condition. This finding suggests that cardiac Pak2
may have a dichotomous action on ECM (extracellular ma-
trix) remodeling. Because many ECM components are secret-
ed proteins that are reliant on proper ER function, it would be
very tempting to speculate that Pak2 regulation of ER function
could be involved in ECM homeostasis in the heart. In ad-
dition, whether Pak2 activation could antagonize profibrotic
pathways in the heart is currently unknown. Those assump-
tions require future investigations.

With regard to cardiomyocyte death in Pak2-CKO mice,
distorted UPR and reduced ERAD were the apparent causality.
Aberrantly folded proteins trapped in the ER lumen or in the
cytosol cause proteotoxicity, which is featured as lumen dam-
age and protein trafficking jam.® Meanwhile, mounting CHOP
level and leaky Ca*" in the cytosol instigate multiple and in-
extricably linked prodeath cascades, ultimately triggering
apoptosis and necroptosis.'®'#? Of note, this Pak2-regulated
cardioprotective effect which preserved ER function was veri-
fied in human cardiomyocytes. The human relevance of this
regulatory mechanism forms a translational grounding to pro-
pose a therapeutic role for Pak2 in relieving ER dysfunction.

To test this possibility, we used 2 mouse models of Pak2
activation. Cardiac overexpression of active Pak2 allowed the
mice to withstand offensive ER stress induced by 5 weeks of
TAC. This beneficial effect of Pak2 prompted us to explore
whether Pak2 activation has therapeutic value. In the thera-
peutic model, TAC-stressed C57BL/6N mice were injected
with AAV-9—packed active Pak2. AAV-9-Pak2-T402E-injected
mice had significantly improved cardiac performance and
reduced apoptosis. Relief of ER stress in these mice signifi-
cantly halted pathological progression from hypertrophy to HE.
More interestingly, Pak2 activation did not cause adverse IRE-
1-dependent RIDD activity. According to the structural analy-
sis, IRE-1 contains multiple phosphorylation sites positioned at
the linker region, kinase activation loop and RNase domain.*
Among these, Ser724, Ser726, and Ser729 at the kinase acti-
vation loop are responsible for IRE-1 autophosphorylation and
subsequent RNase activity.” Based on literature and our data,
it is tempting to speculate that Pak2 stimulation of IRE-1 phos-
phorylation at its kinase activation loop via inhibition of PP2A
activity is protective by virtue of XBP-1 splicing. Onerous
ER stress could dampen Pak2 activation and induce other
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phosphorylation events at the linker region or RNase domain by
heterokinases rather than autophosphorylation that may act as
recruitment sites for RIDD substrates and TRAF (tumor necro-
sis factor receptor-associated factor) binding for ASK/JNK sig-
naling, thereby gearing IRE-1 toward prodeath action. Indeed,
enhanced phosphorylation of ASK and JNK was detected in
TAC-stressed Pak2-CKO hearts in this study, suggesting that
the selective action of IRE-1 for ASK and JNK phosphoryl-
ation is independent from Pak2-induced IRE-1 activation for
XBP-1 signaling. To prove this hypothesis, several issues need
to be investigated, including whether individual phosphoryla-
tion events influence dimer/oligomer formation and conversion,
and how dimer/oligomer controls survival signal or death sig-
nal. Despite a dichotomy of IRE-1 activation in cell fate, IRE-1
global knockout was embryonically lethal and hepatic IRE-1
deletion caused liver stenosis,* indicating a primary protective
function of IRE-1 in physiology and disease. Similarly, a pleth-
ora of IRE-1 RNase inhibitors (eg, 4u8C and STF-083010) are
used for anticancer therapy because of their ability to induce
apoptosis.* Although functional evidence of IRE-1 in the heart
is not available, a previous study in cardiac XBP-1s overexpres-
sion mice ascertained a protective role of XBP-1s in combating
ischemia and reperfusion injury,* which supports our data.

In conclusion, this study uncovers a new cardioprotective
mechanism by Pak?2 stimulation of the IRE-1/XBP-1 branch
of UPR under ER stress conditions. The virtues of Pak2 acti-
vation provide the rationale for developing novel therapeutic
strategies to treat ER dysfunction, a major pathological de-
terminant underlying many forms of heart disease and HF in
humans.
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