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p38 MAPK reins in right ventricular growth
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Right versus left ventricle and
related cardiomyopathies

During the early stages of mammalian heart
development, first-heart-field progenitors
give rise to the left ventricle (LV), while
second-heart-field progenitors contribute
to the right ventricle (RV) (1, 2). The LV and
RV form a single chamber in the embryonic
heart until they are separated by the inter-
ventricular septum (IVS) at E15 in mice and
day 90 in humans (3). There is a dramatic
shift in the role of the RV from fetal to post-
natal stages. The fetal RV pumps blood to
the lower body and placenta in addition to
the lungs, whereas the postnatal RV is solely
responsible for pulmonary circulation (4).
Accordingly, the growth of the RV adapts to
the low impedance of the pulmonary vascu-
lature and maintains a relatively thin wall.
In contrast, the growth of the LV accelerates
to cope with increased pressure demands
for pumping blood throughout the body,
resulting in a much thicker LV wall (5). The
rapid postnatal LV growth is at least partially
due to its relatively high cardiomyocyte
(CM) proliferation rate and low apoptosis
rate compared with the RV (6). Neverthe-
less, the molecular network responsible
for the differential growth pattern between
the LV and RV is still largely unclear. It has
been proposed that mechanical and envi-
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The right ventricle (RV) is involved in systemic circulation in the fetal
mammalian heart but quickly transitions to being solely responsible for
pulmonary circulation after birth when the left ventricle (LV) becomes the
systemic ventricle. To handle the increased workload, LV growth greatly
outpaces that of the RV during postnatal stages. However, the molecular
basis for this differential growth pattern between the 2 chambers is largely
unknown. In this issue of the JCI, Yokota et al. reveal that the p38 mitogen-
activated protein kinase (MAPK)/IRE1a/XBP1 axis specifically controls
postnatal RV growth by suppressing cell cycle regulatory genes.

ronmental cues, such as blood volume and
pressure (5, 7), may, in part, shape postnatal
LV and RV morphologies. However, molec-
ular mechanisms underlying the differen-
tial growth of the LV and RV, in particular
chamber-specific cell-autonomous intra-
cellular molecular pathways in CMs, remain
to be determined. Although RV dysfunction
is often interpreted as collateral damage
consequent to severe LV dysfunction (5, 8),
RV dysfunction itself can have profound
adverse effects on patient outcome, lead-
ing to specific clinical manifestations such
as pulmonary hypertension, arrhythmias,
and premature death (9, 10). In addition,
there are cardiomyopathies that specifically
affect the RV. For instance, arrhythmo-
genic RV cardiomyopathy (ARVC) and RV
noncompaction (RVNC) are cardiomyopa-
thies that have contractile dysfunction and
arrhythmias predominantly manifested
in the RV (11, 12). Nevertheless, in spite of
these intrinsic developmental and patho-
physiological differences between RV and
LV, therapeutic options for RV dysfunction
remain limited and often include treat-
ments established for LV dysfunction (13).
In this issue of the JCI, Yokota and col-
leagues (14) sought to uncover signaling
mechanisms specific to the RV by examin-
ing activities of mitogen-activated protein
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kinases (MAPKs) in the neonatal mouse
heart. Surprisingly, the researchers found
that p38 MAPK was specifically activated in
the RV while remaining dormant in the LV,
corresponding well with the lower CM pro-
liferation observed in the RV, as p38 MAPK
is known to suppress neonatal CM prolifera-
tion (15). To confirm that p38 MAPK indeed
represses CM proliferation in the RV, the
authors went on to delete genes encoding
p38a and p38B (p38-cdKO) specifically in
CMs. Postnatally, p38-cdKO mice devel-
oped RV-specific enlargement, associated
with increased CM proliferation, increased
CM hypertrophy, and decreased CM apop-
tosis in the RV. These mice progressed to
develop pulmonary hypertension and right
heart failure beyond the neonatal period
without any discernible defects in their LVs.
To further delineate underlying molecular
mechanisms, Yokota et al. (14) compared
LV and RV transcriptomes between p38-
¢dKO and control mice. The authors discov-
ered marked upregulation of cell cycle reg-
ulatory genes in both ventricles of mutants
relative to controls, although differentially
expressed genes (DEGs) in the RV of
p38-cdKO mice tended to have much larger
fold changes than those in the LV. These
findings may partially explain why CM
proliferation substantially increased in the
RV but remained relatively normal in the
LV of p38-cdKO mice. To identify poten-
tial downstream transcription factors (TFs)
that regulate DEGs in p38-cdKO mice,
the authors analyzed putative TF binding
motifs at promoters of the RV-enriched
DEGs, and identified a previously unchar-
acterized candidate, XBP1, in addition to
the classic cell cycle-regulatory TF E2F.
Interestingly, the XBP1 upstream activator
IRElo was significantly upregulated in the
RV of p38-cdKO mice. Consequently, the
nucleus-localized, spliced XBP1 isoform
(sXBP1), whose production is believed to
be mediated by IRE1a (16), was also upreg-
ulated only in the RV of p38-cdKO mice. To
demonstrate that the p38 MAPK/IREla/
XBP1 pathway operates in CMs, Yokota et
al. (14) turned to cultured neonatal rat ven-
tricular myocytes (NRVMs). They found
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Figure 1. Model of DUSP26/p38 MAPK/IRE10/XBP1 pathway in controlling cardiomyocyte (CM)
proliferation in ventricles. (A) In the WT neonatal heart, low DUSP26 levels in the RV are insufficient
to dephosphorylate p38 MAPK, which in turn represses the expression of IRE1a and shuts down the
IRE1a/XBP1 pathway, leading to lower CM proliferation in the RV. In contrast, LV-enriched DUSP26
dephosphorylates p38 MAPK, thus relieving p38 MAPK’s inhibitory effect on the expression of IRE1a,
which splices XbpT mRNA to generate the sXbp7isoform. sXBP1 then translocates to the nucleus and
drives the expression of cell cycle-related genes, promoting CM proliferation. (B) In the p38-cdKO
heart, the expression of IRE1a.in the RV is no longer repressed by p38 MAPK, resulting in ectopic acti-
vation of the IRE1a/XBP1 pathway, which ultimately leads to excessive RV growth and dysfunction. In
contrast, the p38-cdKO LV is unaffected because p38 MAPK activity is already very low in the WT LV.

that inhibiting p38 MAPK activity was suf-
ficient to induce IRE1lo expression, increase
expression of active sXBP1 relative to inac-
tive, unspliced XBP1 (uXBP1), and enhance
NRVM proliferation. In contrast, prolifera-
tion was attenuated in p38 MAPK-inhibited
NRVMs when XBP1 was knocked down,
highlighting the essential role of the p38
MAPK/IRE1lo/XBP1 pathway in controlling
CM proliferation.

A remaining question was why p38
MAPK was specifically activated in the RV
of neonatal mice. To address this question,
the authors examined genes with chamber-
specific expression patterns and found that
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a member of the dual-specific phosphatase
family, DUSP26, had higher expression
in the LV than in the RV. Knocking down
DUSP26 in NRVMs led to significantly
increased p38 MAPK activity and attenu-
ated NRVM proliferation. These findings
suggest that increased DUSP26 expression
in the LV may result in greater inhibition of
p38 MAPK in the LV than in the RV, leading
to higher p38 MAPK activity in the RV.

Unanswered questions and
future directions

This elegant study by Yokota and col-
leagues (14) provides a much-needed
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mouse model of RV dysfunction. Tak-
ing advantage of this model, the authors
delineated a p38 MAPK/IREla/XBP1
pathway that is specifically activated in the
RV to limit CM proliferation (Figure 1A).
In p38-cdKO mice, however, IREla is no
longer repressed by p38 MAPK, leading
to ectopic activation of the IREla/XBP1
pathway and increased CM proliferation
in the RV (Figure 1B). Although this study
adds intriguing knowledge about RV-
specific signaling pathways in the neona-
tal heart, these findings raise many ques-
tions. Biochemical assays might be needed
to determine whether DUSP26 directly
dephosphorylates p38 MAPK in vitro and
invivo, and in turn reduces its activity. It is
also unclear whether additional chamber-
specific phosphatases and/or kinases
might act upstream of p38 MAPK.

IREla/XBP1 is a well-established
pathway in the cellular response to ER
stress (17). Remarkably, Yokota and col-
leagues link this pathway to the regula-
tion of CM proliferation in the RV (14).
Although the expression of IRElo was
specifically induced in the RV of p38-
¢dKO mice, the molecular mechanism
for this selective expression is unknown.
As p38 MAPK is unlikely to directly reg-
ulate IREla transcription, it might acti-
vate an intermediate transcriptional
repressor(s) that in turn represses IRElo
transcription. Identification of such
IREla/XBP1 pathway factors will pro-
vide additional targets to modulate CM
proliferation in the RV.

Another fascinating question con-
cerns the identification of direct down-
stream XBP1 targets that regulate the
cell cycle. Although XBP1 consensus
binding sequences were enriched in RV
DEGs of p38-cdKO mice, whether XBP1
directly regulates these genes by targeted
DNA binding remains to be determined.
Although the authors inactivated XBP1
and found that inhibiting p38 failed to
upregulate one of the putative cell cycle
targets of XBP1, Ccnb2, it remains unclear
whether Ccnb2 or other cell cycle-related
genes that are dramatically upregulated
in the RV of p38-cdKO mice are direct
downstream target genes of XBP1. Fur-
ther experiments using XBP1 ChIP-seqin
CMs from the heart would be useful. On
the other hand, cell cycle-related genes
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in the LV, albeit to a lesser extent than
observed in the RV. Are these genes also
targeted by XBP1 in the LV? Since p38
MAPK was barely activated in the LV and
expression of IRElo was unaffected in
the LV of p38-cdKO mice, it is unlikely
that cell cycle-related genes in the LV are
regulated by the p38 MAPK/IRElo/XBP1
pathway. XBP1 ChIP-seq performed in
the LV and RV could test the hypothesis
that XBP1 targets differently between
the 2 ventricles.

In Yakota et al. (14), mechanistic studies
onthe pivotal role of the p38 MAPK/IRE1a/
XBP1 axis in regulating CM proliferation
were largely carried out with in vitro-cul-
tured NRVMs. It remains to be seen wheth-
er these observations faithfully reflect the
situation in vivo. It would be interesting
to see whether ablating/reducing IREla
expression in p38-cdKO mice could atten-
uate the RV enlargement and dysfunction
phenotype. Alternatively, administering
IRElo inhibitors that specifically block
sXBP1 splicing (18, 19) to p38-cdKO mice
might demonstrate that the p38 MAPK/
IREla/XBP1 pathway plays a similar role
in neonatal CMs in vivo as in NRVMs. If
deemed effective in ameliorating RV phe-
notypes of p38-cdKO mice without det-
rimental effects on normal LV function,
IRElo inhibitors might hold tremendous
potential for treating RV abnormalities and
dysfunction in human patients.
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