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FIGURE 5. MKK7-activated JNK inhibits CK1e-mediated PER2 degradation. A, effect of CHX. 293T cells were transfected with vectors expressing Myc-PER2
and Myc-GFP, plus empty vector (—), CK1e, or MKK7-JNK (WT) alone or in combination, as indicated. Transfected cells were treated with 20 ng/ml CHX at time
0. At the indicated times after CHX treatment, protein extracts were analyzed by WB with anti-Myc, anti-CK1, or anti-JNK Ab to detect Myc-PER2 and Myc-GFP,
CK1¢, and MKK7-JNK (WT) proteins, respectively. B, quantitation of A. Relative band intensities in the blot in A were determined and analyzed as for Fig. 4C. C,
mobility shift of PER2. 293T cells were transfected with vectors expressing Myc-PER2 and Myc-GFP plus either empty vector, MKK7-JNK (WT), MKK7-JNK (KN),
or CK1g, as indicated. Protein extracts were analyzed by WB with anti-Myc, anti-CK1, and anti-JNK. The black arrowhead indicates the band shift induced by
co-expression of CK1¢; the white arrowhead indicates the band supershift induced by co-expression of CK1eand MKK7-JNK (WT). D, sensitivity to phosphatase.
Top, Hel.a cells were co-transfected with vector expressing Myc-PER2 (5659A) plus either empty vector (—) or vector expressing MKK7-JNK (WT) (+). Myc-PER2
(S659A) was immunoprecipitated with anti-Myc Ab, treated (+) or not (—) with alkaline phosphatase (PPA), and analyzed by WB with anti-Myc Ab. Bottom,
MKK7-JNK (WT) was detected by WB with anti-JNK Ab. £, MKK7-JNK suppresses CK1e-induced PER2 ubiquitination. 293T cells were transfected with Myc-PER2
and HA-Ub plus empty vector (—), MKK7-JNK (WT), or CK1 e alone or in combination, as indicated. Top, lysates were immunoprecipitated (/P) with anti-Myc Ab
and subjected to WB analysis with anti-HA Ab to detect ubiquitinated PER2 (PER2-(HA-Ub),). Middle, lysates were immunoprecipitated with anti-Myc Ab and
analyzed by WB using anti-Myc Ab to detect Myc-PER2. Bottom, total cell lysates were analyzed by WB using anti-JNK (MKK7-JNK) or anti-CK1e (CK1€) Abs.

First, the MKK7-JNK (WT) fusion protein, which is a constitu-
tively active form of JNK, can phosphorylate PER2 (Fig. 2).
Importantly, the threonines in the consensus JNK phosphoryl-
ation motifs present in PER2 were phosphorylated in cultured
cells, and co-expression of MKK7-JNK (WT) enhanced this
phosphorylation (Fig. 2E). Second, we showed that JNK inter-
acts with PER2 at both the exogenous and endogenous levels
(Fig. 3). Third, overexpression of MKK7-JNK (WT) inhibited
PER?2 ubiquitination and stabilized PER2 protein (Fig. 4). These
results, together with our observation that the genetic inactiva-
tion of MKK?7 has an influence on circadian gene expression
(Fig. 1), suggest that the MKK7-JNK pathway contributes to
circadian rhythm regulation by controlling PER2 protein levels
and thus PER2 functions.

Many kinases, including CK1e, CK18, CK2, and GSK3j, have
been shown to regulate PER2 functions (13, 14, 17, 36, 37).
Moreover, these kinases can cooperate in this regard because
CK2 reportedly decreases PER2 protein stability by enhancing
CKle-mediated PER2 degradation (36). In our study, we found
that co-expression of MKK7-JNK (WT) decreased CKle-medi-
ated PER2 degradation (Fig. 5). However, our data show that
MKK?7-JNK signaling does not directly inhibit CK1e-mediated
PER2 phosphorylation and may instead phosphorylate PER2

8324 JOURNAL OF BIOLOGICAL CHEMISTRY

residue(s) different from those targeted by CKle-dependent
phosphorylation. In short, MKK7-JNK signaling and CKle
appear to have opposing regulatory effects on PER2 protein
stability that are mediated via differential phosphorylation.
Future studies should establish how the MKK7-JNK cascade
combines with other kinases either to control the oscillatory
mechanism itself or to modulate the signaling pathway that
drives circadian entrainment in response to external signals.
The control of PER2 stability via phosphorylation is associ-
ated with the period length of circadian gene expression (19,
20). Notably, the phosphorylation of PER2 protein regulates its
stability in multiple ways, and this phosphorylation depends
both on which phosphorylation sites are used and on which
kinases are performing the phosphorylation (12, 13). In addi-
tion, interference with phosphorylation-dependent PER2 sta-
bility controls can lead to either short or long circadian periods,
making it difficult to predict how a given level of PER2 stability
will affect the period length of circadian gene expression (18 —
20, 37, 38). For example, both mutation of PER2 Ser-662, which
leads to a lower rate of CKle/3-dependent phosphorylation,
and mutation of PER2 N-terminal phosphoacceptor sites for
CK2 lead to PER2 instability. However, these mutations have
the opposite effect on the circadian period; Ser-662 mutation
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shortens the period, whereas N-terminal mutation extends it
(19, 20, 37). Thus, further elucidation of the processes that
affect PER2 stability are required to unravel the complex and
largely mysterious post-translational controls governing circa-
dian timing in mammals.

Previous work has established that a single kinase is capable
of phosphorylating multiple clock components (13, 14). For
example, CK1e can phosphorylate PER1, PER2, PER3, BMALL,
and CRY1, altering their subcellular localization, protein stabil-
ity, and transcriptional activity and thus contributing to regu-
lation of their functions (17, 39 ~41). Our results indicate that,
in addition to PER2, BMALL is also a target for MKK7-JNK-
mediated phosphorylation. We have not yet obtained enough
data to prove that BMALIL phosphorylation is required for cir-
cadian clock function, and the physiological importance of this
phosphorylation remains under investigation.

In addition to their circadian clock functions, PER2 and
BMALL participate in non-circadian physiological processes,
such as tumor suppression (34), aging (42), immune responses
(43), and metabolic control (44 —46). MKK7-JNK-dependent
phosphorylation of circadian regulators, such as PER2 and
BMALI, may therefore be a key integrating event that trans-
lates internal and external signals into a variety of physiological
cellular responses, including circadian rhythm adjustment.
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Abstract To guarantee that organism’s biological rhythms remain tied to the
rhythms of its environment, the circadian clock must be able to reset itself in response
to environmental cues. The main environmental stimulus for organisms is light, which
is provided by day—night cycles. Cultured lines of zebrafish cells have been established
as an attractive vertebrate cell-based model suitable for the examination of the light
signaling pathway for entraining the circadian clock. Studies using these cell lines
have revealed critical roles for the mitogen-activated protein kinase (MAPK) sig-
naling pathways in light-dependent circadian entrainment. Here, we show in cultured
zebrafish cells that artificial magnetic fields induce extracellular signal-regulated
kinase (ERK)/MAPK activation with kinetics analogous to those elicited by light,
suggesting that magnetic fields may influence circadian regulation in zebrafish. Our
findings indicate that cultured zebrafish cells represent a valuable system for inves-
tigating the links between magnetic fields and the signaling pathways responsible for
the synchronization of vertebrate circadian clocks under laboratory conditions.

1 Introduction

Circadian clocks are endogenous oscillators that drive the daily rhythms of organisms
ranging from bacteria to humans [1]. These clocks regulate various biochemical,
physiological, and behavioral processes with a periodicity of approximately 24 h [2].
Under natural conditions, circadian rhythms are entrained to this 24 h period by
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environmental time cues, light levels being the most important. The core of the clock
mechanism in almost all organisms studied to date is a transcription/translation-based
negative feedback loop that relies on positive and negative oscillators [3, 4]. In
vertebrates, three basic helix—loop—helix Per-ARNT-Sim (PAS) domain-containing
transcription factors, called CLOCK, NPAS2 and BMAL, constitute the positive
elements. CLOCK or NPAS2 heterodimerizes with BMAL to form a transcriptionally
active complex that binds to E-box elements (CACGTG) present in the promoters of
members of the Period (Per) and Cryptochrome (Cry) gene families. Once the PER
and CRY proteins have been translated, they form heterodimers that can then
translocate to the nucleus to repress CLOCK (NPAS2):BMAL-mediated transcription
through direct protein—protein interaction. These interactions then set up the rhythmic
oscillations of gene expression that drive the circadian clock.

Zebrafish has been established as an attractive vertebrate model suitable for the
examination of the light signaling pathway and its impact on the circadian clock [5, 6].
Not only are the molecular components of the mammalian and zebrafish circadian
oscillators highly similar, but also zebrafish clocks have the unusual attribute of being
directly light responsive. In zebrafish organs, tissues and cultured cells, exposure to an
acute light pulse leads to the transactivation of two clock genes, zCryla and zPer2, and
entrains oscillations of clock gene expression to a new light—dark cycle [7-9].
Importantly, studies in zebrafish have revealed critical roles for the cellular redox state
and mitogen-activated protein kinase (MAPK) signaling pathways in the regulation of
light-dependent gene expression [10, 11]. In a variety of organisms, light induces
reactive oxygen species (ROS) production that alters the redox state within cells [12].
In zebrafish cells, a light-induced change in redox state stimulates extracellular signal-
regulated kinase (ERK)/MAPK signaling, which in turn transduces photic signals to
zCryla and zPer2 transcription [9, 11, 13]. When zCryla and zPer2 expression is
induced by such signals, zCRY 1a and zPER2 proteins can initiate the light-dependent
entrainment process in zebrafish cells kept permanently in the dark.

Magnetic fields have been shown to influence the circadian clock in invertebrate and
vertebrate species [14, 15]. Interestingly, more recent studies have reported that CRY
works as a magnetosensor in birds and Drosophila [16—18]. The underlying molecular
mechanisms of how magnetic fields impact on circadian clocks are, however, unclear.

In this study, we found that magnetic fields increase ERK phosphorylation in
zebrafish cells and that this profile is analogous to that of light-dependent ERK
activation. Because ERK activation is an essential step for the light-dependent
circadian regulation [10, 11], our results indicate that magnetic fields may regulate
the zebrafish circadian clock and further that cultured zebrafish cells are indeed a
valid model system for the analysis of vertebrate circadian clocks.

2 Materials and Methods
2.1 Reagents and Antibodies

Anti-ERK and anti-phospho-ERK primary antibodies were purchased from Cell
Signaling and New England Biolab, respectively. Anti-JNK and anti-phospho-JNK
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primary antibodies were purchased from Santa Cruz Biotechnology and Cell
Signaling, respectively.

2.2 Cell Culture, Enzyme Inhibition and Light Induction

Cultured zebrafish cells were prepared as described previously [19] and maintained
at 28°C in L-15 medium (Sigma—Aldrich) containing 10% fetal bovine serum.
Cultured dishes were kept in a water-jacketed, thermostatically controlled, and
light-sealed incubator (SANYO MIR-154). Illumination was achieved by using a
fluorescent light source equipped within the incubator. The intensity of light in the
present study was approximately 500 lux. This intensity has been reported to be
sufficient for entrainment of circadian gene expression in zebrafish cells [20].

2.3 Immunoblotting

Cells were homogenized in a binding buffer (150 mM NaCl, 1 mM ethylenediami-
netetraacetic acid, 0.5% Nonidet P-40, 1 mM ethyleneglycoltetraacetic acid, 5%
glycerol, and 20 mM Tris—HCI, pH 7.4), containing protease inhibitor mixture tablets.
Lysates were fractionated by SDS-PAGE and transferred by electroblotting onto
polyvinylidene difluoride membranes. Membranes were blocked with 2 or 5% nonfat
milk and incubated for 10 h at 4°C with primary anti-total ERK or anti-phospho-ERK
antibody. Blots were then incubated with the appropriate secondary antibody and
developed with the ECL Western blotting detection system (Amersham Biosciences).

2.4 Magnetic Fields

Magnetic fields were produced by a permanent magnet. The intensity of the
magnetic fields was measured with a tesla meter (KANETEC TM-701). Zebrafish
cells were cultured in 3.5 cm dishes (Iwaki). The culture dishes were placed on the
square magnets (4.5 x 3.7 x 0.6 cm) in such a way that the magnetic poles
horizontally faced each other on either side of the culture dish. For the treatment of
magnetic fields, we prepared a dark room, where the temperature was set at 28°C.
Because zebrafish cultured cells grow in atmospheric CO,, we did not maintain
them in incubator so that their functions were not affected. Untreated control cells
were maintained in separate (but otherwise identical) place of the dark room, so that
the magnetic fields would not affect the control cells. Finally, we did all the
handling in the dark.

3 Results
3.1 Light Inducing Oscillatory Activation of ERK
We first examined the effects of light on ERK/MAPK phosphorylation in cultured

zebrafish cells. Cells were kept in the dark prior to exposure to light, then harvested
at various time points from 0 to 120 min after light stimulation, and protein extracts

@ Springer

—264 -



72 Y. Uchida et al.

were immunoblotted to detect total and phospho-ERK levels. Consistent with our
previous report [11], phospho-ERK levels increased significantly at 5 min after light
exposure (Fig. la). Importantly, we confirmed that phospho-ERK levels were
constant in cultured zebrafish cells kept in the dark without any stimuli (Fig. S1).

We next examined the profile of ERK/MAPK phosphorylation in cultured
zebrafish cells exposed to 12 h light—12 h dark (LD) cycle. Cells were kept in the
dark prior to exposure to light, harvested every 2 h after light stimulation, and
protein extracts were immunoblotted to detect total and phospho-ERK levels.
Interestingly, we found that ERK phosphorylation, and therefore activity, oscillated
in response to light stimulation in zebrafish cultured cells (Fig. 1b).

3.2 H,0, Activating ERK/MAPK Signaling in Zebrafish Cells

ROS are well-established second messengers involved in redox signaling that have
been recently identified as key signaling mediators in zebrafish circadian
transcription [9, 12, 13]. We have previously provided evidence that ERK/MAPK
signaling mediates ROS-dependent circadian transcription in cultured zebrafish
cells [9]. However, the direct effect of ROS on ERK phosphorylation in zebrafish
cultured cells has not been examined. We therefore analyzed the effect of H,O,, a
well-known ROS, on ERK phosphorylation levels in zebrafish cells. Cultured

A
Time(min) 0 5 30 60 1’20
WB: o-P-ERK
WB: o-ERK
B [ ]

Time(hr) 2 4 6 810121416 18202224

WB: a-P-ERK

WB: o-ERK

Fig. 1 Light induces oscillatory activation of ERK in cultured zebrafish cells. a Cultured zebrafish cells
were maintained in constant darkness for 2 days. Cells were then exposed to light for the indicated times
and protein extracts were immunoblotted to detect phospho-ERK (P-ERK) and total ERK. Results shown
are representative of three independent experiments. b Cultured zebrafish cells were maintained in
constant darkness for 2 days. Cells were then exposed to light for 12 h. Protein extracts at the indicated
times were immunoblotted to detect phospho-ERK (P-ERK) and total ERK. Results shown are
representative of three independent experiments. The bar above the blots indicates light (white) and dark
(black) periods
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zebrafish cells were kept in the dark prior to H,O, treatment. Cells were then
harvested at various time points from after the start of the H,O, treatment, and
extracts were immunoblotted to detect total and phospho-ERKs. As shown in Fig. 2,
phospho-ERK levels increased significantly at 5 min after start of the H,O,
treatment. Importantly, the profile of H,O,-induced phosphorylation of ERK is
analogous to that of light-dependent ERK activation. These findings are consistent
with the idea that ROS are second messengers activating the ERK/MAPK signaling
pathway to regulate circadian transcription.

3.3 Magnetic Fields Inducing ERK Phosphorylation

It has been previously reported that magnetic fields increase intracellular ROS levels
in cultured cells [21]. In addition, our data showed that treatment of zebrafish
cultured cells with H,O, induced ERK phosphorylation (Fig. 2). We therefore
speculated that magnetic fields may induce ERK phosphorylation in zebrafish
cultured cells. To test this possibility, we examined the effects of magnetic fields on
ERK/MAPK activation. Cultured zebrafish cells were treated with magnetic fields in
the dark. Cells were harvested at various time points from O to 120 min after the
treatment, and extracts were immunoblotted to detect total and phospho-ERKs.
Interestingly, phospho-ERK levels increased significantly at 5 min after treatment
with magnetic fields (Fig. 3a). We also examined the effects of magnetic fields on
the c-Jun N-terminal kinase (JNK) signaling pathway. We found that phosphory-
lation levels of JNK increased significantly at 5 min after treatment with magnetic
fields (Fig. 3b). In contrast, phospho-JNK levels were constant in cultured zebrafish
cells kept in darkness without any stimuli (Fig. S2). Notably, the magnetic field
stimulus used in the present study is ~ 1,000,000 times stronger than the regular
daily variation in the magnetic field, which has been proposed to serve as a zeitgeber
for the circadian clock [22, 23]. Thus, we would like to stress that the strong
magnetic fields we used can have qualitatively different effects on biological
molecules than earth-strength magnetic fields.

Time(min) 0 25 5 40 60 80

WB: o-ERK

Fig. 2 H,0, induces ERK phosphorylation in zebrafish cells. Cultured zebrafish cells were maintained in
constant darkness for 2 days. Cells were then treated with H,O, (10 pM) for the indicated times and
protein extracts were immunoblotted to detect phospho-ERK (P-ERK) and total ERK. Results shown are
representative of three independent experiments
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4 Discussion

In many organisms, external stimuli are connected to a cell’s nucleus via signal
transduction mechanisms, with the MAPK pathway being a prominent signaling
player. Moreover, the role for MAPKSs in circadian clock regulation has been well
established [2, 24, 25]. There are three major MAPKs: JNK, p38, and ERK. We
have previously reported in cultured zebrafish cells that the phosphorylation level of
ERK is induced by light, peaking 5 min after the light onset, and that the acute light
induction of ERK activation is essential for light-dependent circadian clock
regulation [11]. To better characterize the response of ERK activation to light, our
current study examined the profile of ERK phosphorylation in cultured zebrafish
cells exposed to the LD cycle. Interestingly, ERK phosphorylation oscillated in
light-treated cells (Fig. 1). The oscillation pattern of the ERK phosphorylation
seemed to be biphasic. It is conceivable that the first peak during the light phase
may be induced by light and the second peak during the night phase may be
dependent on circadian machinery. It has been demonstrated that the growth factor
stimulation induces oscillation of ERK activation in cultured mammalian cells [26].
Thus, the oscillatory activation of ERK seems to be a conserved biological event
among vertebrates, although its physiological significance still needs to be
investigated.

ROS were originally thought to act solely as toxic metabolites due to their high
reactivity with cell components such as deoxyribonucleic acid (DNA), proteins, and
lipids to exert oxidative stress [12, 27]. However, ROS are also ideally suited to be
signaling molecules because they are small in size and can easily diffuse short
distances within a cell. In addition, mechanisms for ROS production by flavin-
containing oxidases, as well as means for their rapid removal by catalases are

Fig. 3 Magnetic fields induce A
ERK phosphorylation in . .
sebrafish cells. Cultured Time(min) 0 5 15 30 45 6090120

zebrafish cells were maintained
in constant darkness for 2 days.
Cells were then exposed to

magnetic fields (30~70 mT) for WB: o~-P-ERK
the indicated times and protein
extracts were immunoblotted to Py
detect phospho-ERK (P-ERK)
and total ERK (a) or phospho-

INK (P-JNK) and total INK (b). WB: o-ERK

Results shown are representative

of three independent B

experiments Time(min) 0 5 15 30 45 6090120

WB: a-P-JNK

WB: a~-JNK
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present in almost all cell types. In a variety of organisms, light induces ROS
production leading to altered redox status [12, 28]. In zebrafish cells, this light-
induced redox change increases the expression level of the zCryla and zPer2 genes,
which are important players of the circadian clock [9, 13]. Our previous work
revealed that the ERK/MAPK signaling pathway couples the light-induced ROS
production to the entrainment of the circadian clock. Indeed, an inhibitor of ERK/
MAPK signaling pathway, U0126, is capable of significantly inhibiting H;0,-
induced expression of the zCryla and zPer2 genes [9]. In support of this idea, we
found that H,0O, increases ERK phosphorylation with kinetics analogous to that of
light-dependent ERK activation.

Previous studies have reported that magnetic fields activate MAPK signaling
pathways [29, 30]. Interestingly, we found that magnetic fields activate ERK
phosphorylation in cultured zebrafish cells. Because magnetic fields have been shown
to increase intracellular ROS levels in cultured cells [21], it is conceivable that
magnetic field-induced ERK activation in our system may be mediated by magnetic
field-mediated ROS production. Furthermore, ERK activation by magnetic fields
raises an important prospect, as it suggests that circadian transcription in zebrafish
cells may be influenced by magnetic fields. Because the light-stimulated ERK/MAPK
signaling pathway induces zCryla and zPer2 gene expression [10, 11], the ERK/
MAPK signaling pathway activated by magnetic fields might also regulate the
expression of these circadian genes. Whether magnetic fields contribute to signaling
pathways regulating circadian clocks in zebrafish still needs to be addressed.

Recent studies have provided evidence for the involvement of CRYs in
magnetoreception [17, 18]. However, activation of ERK/MAPK induced by
magnetic fields in the present study (Fig. 3) seems to be mediated by a CRY-
independent mechanism that is different from the mechanism proposed to play a
role in sensing the geomagnetic field and, indeed, one that is unlikely to be involved
in a directional sense (“compass”) or in detecting the extremely weak (~50 nT)
daily variation. In fact, the proposed effects of the geomagnetic fields on CRY-
based magnetoreception mechanisms involve ‘low-field’ effects, which are typically
in the range of 0.1-1 mT [22, 23]. In addition, the magnetic field stimulus used in
our study is ~ 1,000,000 times stronger than the regular daily variation in the
magnetic field, which has been proposed to serve as a zeitgeber for the circadian
clock [22, 23]. Thus, it should be stressed that the strong magnetic fields in the
present study can have qualitatively different effects on biological molecules than
earth-strength magnetic fields.

The strong magnetic fields have been shown to influence a variety of cellular
regulatory steps. In fact, they can affect transcription of various genes such as
interleukin-6 and bone sialoprotein [31, 32], posttranslational modification of
proteins [29, 30], DNA binding activity of transcription factors [32, 33], and cellular
reduction—oxidation state [21, 34]. Notably, these regulatory elements have critical
roles to establish and maintain many biological systems including the circadian clock
and cell cycle. Thus, it is conceivable that the strong magnetic fields can have multiple
effects on these biological systems. In support of this idea, the magnetic fields have
been shown to affect the growth of neuronal and muscle cells [35, 36], and they also
modulate differentiation of human osteoblasts and embryonic cells [31, 37].
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Vertebrate circadian feedback loops in peripheral cells are affected by an
enormous variety of non-photic stimuli known to induce intracellular signaling
pathways, including those involving protein kinase C, glucocorticoid, Wnt, tumor
growth factor-b/activin, and MAPKSs [5, 38, 39]. Thus, it is likely that a variety of
different signaling cascades are involved in entrainment of peripheral clocks.
However, the mechanisms by which these signaling pathways, alone or in
combination with the other pathways, synchronize peripheral circadian feedback
loops, as well as the physiological role of the non-photic entrainment, are still
poorly understood [5]. Our finding of ERK/MAPK activation by the strong
magnetic fields indicates that these may be a useful tool for producing non-photic
entrainment of the circadian clocks under laboratory conditions. The studies using
the strong magnetic fields as a resetting cue for the circadian clocks may allow more
thorough investigations of the signaling cascades involved in entraining and
maintaining circadian feedback loops and may give insight into how such signaling
mechanisms have evolved.
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Cancer susceptibility and embryonic lethality
in Mob1a/1b double-mutant mice
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Mps one binder 1a (MOB1A) and MOB1B are key components of the Hippo signaling pathway and are mutat-
ed or inactivated in many human cancers. Here we show that intact Mobla or Mob1b is essential for murine
embryogenesis and that loss of the remaining WT Mob1 allele in Mob14*21b/* or Mob1a®*1b*/* mice results in
tumor development. Because most of these cancers resembled trichilemmal carcinomas, we generated double-
mutant mice bearing tamoxifen-inducible, keratinocyte-specific homozygous-null mutations of Mobla and
Mob1b (kDKO mice). kDKO mice showed hyperplastic keratinocyte progenitors and defective keratinocyte ter-
minal differentiation and soon died of malnutrition. RkDKO keratinocytes exhibited hyperproliferation, apop-
totic resistance, impaired contact inhibition, enhanced progenitor self renewal, and increased centrosomes.
Examination of Hippo pathway signaling in kDKO keratinocytes revealed that loss of Mobla/b altered the
activities of the downstream Hippo mediators LATS and YAP1. Similarly, YAP1 was activated in some human
trichilemmal carcinomas, and some of these also exhibited MOB1A/1B inactivation. Our results clearly dem-
onstrate that MOB1A and MOB1B have overlapping functions in skin homeostasis, and exert their roles as

tumor suppressors by regulating downstream elements of the Hippo pathway.

Introduction

Tissue homeostasis requires a balance of cell proliferation, apop-
tosis, and differentiation. During tissue development, progenitor
cells divide for a limited number of times before exiting the cell
cycle and undergoing terminal differentiation (1). When progeni-
tor cells proliferate inappropriately and/or undergo abnormal dif-
ferentiation, cancer can result (2).

Skin is a tissue that begins as a single-layered epithelium made
up of keratinocytes that later stratify and differentiate into hair
follicles (HFs) or interfollicular epidermis (IFE). Disruption of
signals balancing growth and differentiation in keratinocytes
can initiate skin cancers. The most common skin cancer is basal
cell carcinoma (BCC), the nodular subtype of which originates
from HFs. Trichilemmal carcinomas are also HF-derived skin
cancers, but are much more rare and show characteristic abnor-
malities of outer hair root sheath differentiation (3). Although
impairment of the Sonic Hedgehog (SHH) intracellular signal-
ing pathway is now well established as the cause of BCC (4, 5),
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the molecular mechanism underlying the development of trichi-
lemmal carcinomas is unknown.

The evolutionarily conserved Hippo signaling pathway was first
identified as regulating the cell proliferation and apoptosis-con-
trolling organ size in Drosophila (6, 7). In mammals, the canonical
Hippo pathway includes the following: Neurofibromin 2 (NF2)
(8), the Mammalian STE20-like protein (MST) kinases (9), large
tumor suppressor homolog (LATS) and Nuclear Dbf2-related
(NDR) kinases (10), the adaptor proteins SAV1 (WW45) (11) and
MOB (12), and their downstream transcriptional coactivators YAP1
and its paralog transcriptional coactivator with PDZ-binding motif
(TAZ, WWTR1) (13). All of these molecules (except YAP1 and TAZ)
have been implicated as tumor suppressors. For example, mice defi-
cient in Lats1 or Mst1/2 develop various cancers (14, 15), SAV1 and
MOB are mutared in human cancer cell lines (16, 17), and Hippo
components are reduced in human cancer samples (18). Homozy-
gous-null mutant mice lacking Nf2, Mst1/2, Sav1, Lats2, or Yapl are
all embryonic lethal (15, 19-22), precluding study of these media-
tors in tumorigenesis. To complicate marters, multiple homologs
of each mammalian Hippo element exist, and a noncanonical
Hippo pathway influences the localization and activity of canonical
Hippo components (15, 23). Thus, the precise physiological func-
tions of Hippo elements in mammals remain obscure.
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Figure 1

Loss of Mob7a/1b impairs mouse embryo survival. (A) Morpholo-
gies of representative E6.5 embryos of the indicated genotypes from
Mob1a#+1btr intercrosses. Mob1a¥A1bt' embryos were absorbed
after implantation. (B) Left: photographs of E3.5 blastocysts of the
indicated genotypes on day 0 and after culture for 8 days. The ICM
is surrounded by TE giant cells. Right: mean ICM ratio (ICM area/TE
area) + SEM plotted for blastocysts of the indicated genotypes (n = 8/
group); *P < 0.01. (C) Quantitative PCR determination of mRNAs for
the indicated genes in EBs generated from ERCreMob1a1ptr ES
cells. ES cells were cultured with/without tamoxifen for 2 days, and
control and mutant EBs were generated using the hanging drop meth-
od after culture for 3 days (Cdx2, Eomesodermin, Oct3/4, Sall4) or
4 days (Nanog, Fgf5, Pax6, Sox2, Pdgfra, Gata4). mRNA levels in the
mutant are expressed as the percentage increase over control values;
*P < 0.05. (D) Immunostaining to detect the indicated proteins in blas-
tocysts of the indicated genotypes. Nuclei were visualized with DAPI.
Resulits shown are representative of at least 3 independent trials and
at least 3 mice/group. Data are presented as the mean + SEM, and
P values were determined using the 2-tailed Student’s ¢ test.

MOBI was originally shown in yeast to regulate mitotic exit
and modulate cytokinesis (24-29). In Drosophila, dMOBI (MATS)
overexpression is tumor suppressive, while loss of dMOBI trig-
gers tumor development (17). In humans, 7 MOB homologs
(hMOB1A-B, 2A-C, 3, 4, where MOB indicates Mps one binder)
have been identified (30), and hMOB1A (hMATS1, MOBKL1B)
and hMOB1B (hMATS2, MOBKL1A) share 95% amino acid iden-
tity. Although no apparent functional domain has been found in
hMOB1A/1B, only these 2 MOB proteins can bind to and activate
LATS1/2 (31). In vitro, hMOB1A overexpression inhibits cell pro-
liferation, while suppression of hMOB1B or hMOB1A mediated
by shRNA or siRNA increases proliferation (30) or impairs mitotic
exit (32), respectively. In vivo, the hPMOBIA gene is mutated in mel-
anoma and breast cancer cell lines, and its expression is downregu-
lated in human colorectal and non-small-cell lung cancers (17, 33,
34). However, the normal function of hMOB1 proteins in vivo is
unknown. To assess whether MOBL1 is an important functional
component of mammalian Hippo signaling and to determine
whether MOB1 is truly a tumor suppressor in vivo, we generated
and characterized double-mutant mice lacking Mobla and Mob1b.

Results
Embryonic lethality of Mob1a/1b-null mutant mice. We first generated
single-mutant mice bearing a null mutation of Mobla (Mob1a**) or
a trapped mutation of Mob1b (Mob1b”/*) (Supplemental Figure 1,
A-D; supplemental material available online with this article;
doi:10.1172/JCI63735DS1) but no abnormalities were observed
in morphology, body weight, histology, or life span (Supplemen-
tal Figure 1E and data not shown). We then attempted to gener-
ate double-homozygous-null mutant (Mob1a®21b7/") mice, but
no viable pups were obtained (Supplemental Table 1), indicating
that complete loss of Mob1 is embryonic lethal. We next analyzed
embryos from MobIA%*1b"/ intercrosses at various time points
during gestation. By E6.5, although decidua were formed, 28% of
embryos were absorbed too severely to genotype (Figure 1A and
Table 1). Thus, MOB1A and MOB1B have overlapping functions,
and MOBI is essential for postimplantation embryogenesis.

To pinpoint the embryonic defect, we obtained individual blas-
tocysts (E3.5) from Mobla®*1b"/" intercrosses and cultured them
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for 8 days. Mobla®21b"* blastocysts appeared normal at E3.5,
but showed growth failure of the inner cell mass (ICM) by day 8
(Figure 1B). In contrast, the trophectoderm (TE) of Mobla®*1b"/
blastocysts developed normally.

To create conditional tamoxifen-inducible MobI mutants, we
generated ERCreMoblaf1b/" ES cells and established embryoid
bodies (EBs) using the hanging drop method. Control and mutant
EBs were cultured for 2 days with (or without) tamoxifen to delete
Mob1 and then grown without leukemia inhibitory factor (LIF) for
3-4 days. Quantitative RT-PCR examination showed that Gata4
and Pdgfra mRNAs (essential for primitive endoderm formation)
were markedly suppressed in Mob1a®21b*/ EBs, whereas Cdx2
and Eomesodermin mRNAs (essential for TE) were only slightly
inhibited (Figure 1C). Levels of Oct3/4 (Pou5f1) and Sall4 mRNAs
(essential for ICM), as well as Nanog, FgfS, Pax6, and Sox2 mRNAs
(essential for primitive ectoderm), were normal in the double-
mutant EBs. Immunostaining of double-mutant blastocysts with
antibodies recognizing CDX2 or Troma-1 (TE markers), NANOG
or SOX2 (primitive ectoderm markers), or Oct3/4 confirmed that
the levels of these proteins were also normal in the absence of
Mob1. However, levels of GATA4 and PDGFRA proteins (primitive
endoderm markers) were greatly reduced in the mutants (Figure
1D). Moreover, YAP1, which is usually expressed only in the nuclei
of TE cells, was abnormally activated and expressed in the nuclei of
ICM cells (Figure 1D). Thus, Mob1a%1b"/" embryos have a defect
in primitive endoderm formation.

Mob1a¥*1b"/" and Mob1a®21b"/* mice show increased susceptibility to
tumorigenesis. Mob1a®* 1" and Mob14*1b"7* mice were born alive
and were healthy and fertile, but 52% of them had dental maloc-
clusion (Supplemental Figure 2A). In addition, 25% of these het-
erozygotes exhibited disequilibrium due to disorganized inner ear
hair bundles in the cochlear organ of Corti (Supplemental Figure
2B and Supplemental Video 1), and 31% showed histological evi-
dence of increased trabeculae in femurs (Supplemental Figure 2C).

Because mutation or reduced expression of MOBIA occurs in
cancer patients (33), we monitored tumorigenesis in Mobla®*1b"/,
Mob1a21b"/*, and Mobla®*1b"/* (control) mice over 70 weeks. Vari-
ous tumor types arose spontaneously in 100% of Mob1a%*1b#7 and
Mob1a*51b"/* mice, but in only 4% of controls (Figure 2, A and B,
and Table 2). Southern blotting confirmed the loss of the WT Mob1
allele in all cumors (Figure 2C). In most mutants, skin tumors in
the form of facial swellings (Figure 2A) were observed. Benign exos-

Table 1

Viability of embryos of the indicated Mob1a genotypes
from Mob1a2*+1b intercrosses at the indicated stages
of embryogenesis

Genotype of Mob1a

Total ++ A+ AJA Absorbed
Viable 108 39 69 0
E16.5 3 1 2 0
E14.5 15 4 11 0
E10.5 19 8 9 0 2
E9.5 27 11 13 0 3
E7.5 19 3 12 0 4
E6.5 47 11 23 0 13
E3.5 33 9 16 0 0
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Figure 2

Loss of Mob1a/1b promotes tumorigenesis. (A and B) Tumor types arising in Mob1a¥21bt" or Mob1a®*1b mice. (A) Macroscopic or micro-
scopic photographs of the indicated gross or H&E-stained tumors in mutant mice. Yellow arrows, tumor masses. Scale bars: 100 um. (B) Kaplan-
Meier analysis of tumor onset and survival for the Mob7a221bt* (n = 31), Mob1a¥+1btr (n = 48), and control Mob1a¥+1b+ (n = 22) mice in A.
(C) Southern blots of tumor DNA showing loss of the WT Mob1 allele. Top (hybridized to probe A of Supplemental Figure 1A): lanes 1-3, control
thymic DNA from Mob1a**, Mob1a+, and Mob7a** mice, respectively; lanes 4-5, osteosarcomas; 6-7, fibrosarcomas; 8-9, skin cancers;
10-11, breast cancers; 12—13, salivary gland cancers of Mob1a¥+1 bt mice. Bottom (probe C): 13, control tail DNA of Mob1b*+, Mob1b*, and
Mob1bt mice, respectively; 4-5, osteosarcomas; 6-7, fibromyosarcomas; 8-9, skin cancers; 10-11, liver cancers of Mob7a%21bt"* mice. Results
shown are representative of at least 3 independent trials and at least 3 mice/group. Data are presented as the mean + SEM, and P values were
determined using the 2-tailed Student’s t test.
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Table 2
Total tumor numbers (incidence) for the mice in Figure 2A

Mob1ar+1h  Mob1a*2A1bt*  Qverall
Skin cancer 23 (100%) 14 (100%) 37 (100%)
Exostosis 20 (87%) 14 (100%) 34 (92%)
Osteosarcoma 7 (30%) 2 (14%) 9 (24%)
Fibrosarcoma 6 (26%) 2 (14%) 8 (22%)
Liver cancer 0(0%) 7 (50%) 7 (19%)
Breast cancer 5 (22%) 1(7%) 6 (16%)
Lung cancer 0 (0%) 2 (14%) 2 (5%)
Salivary gland cancer 1 (4%) 1(7%) 2 (5%)

tosis in calvaria occurred in 92% of animals with just 1 WT Mobl
allele as well as extraskeletal osteosarcomas (24%), subcutaneous
fibrosarcomas (or myofibrosarcomas) (22%), breast cancers (16%),
lung cancers (5%), and salivary gland cancers (5%). Liver cancers
were found only in Mebl1a»21b*/* mutants (50%). Interestingly,
none of our Mob1-deficient mice developed colon tumors or mela-
nomas, unlike MOB1A-deficient humans (17, 33). Nevertheless,
MOB1 is a powerful tumor suppressor in multiple tissues in vivo.

Keratinocyte-specific Mobla/1b-deficient mice show gross skin abnor-
malities and die during lactation. Because the dominant tumor in
Mobla®*1b"" and Mob1a®21b"/* mice arose in the skin, we gener-
ated tamoxifen-inducible, keratinocyte-specific Mobla/1b double-
homozygous mutant mice (Krt14CreERMob1af/f1b7/"). The Kera-
tin-14 (Krt14) promotor directs gene expression in the basal layer
of epidermal and follicular keratinocytes, including stem cells in
the HF bulge. Thus, tamoxifen-induced, Krt14-controlled Cre-
mediated deletion of a floxed gene disrupts expression of that gene
throughout the IFE and HFs (35). When we administered tamoxi-
fen to Krt14CreERMob14"A1b"/ mice at P1, we created double-
homozygous conditional mutant mice [RDKO(P1)] that initially
appeared healthy. Single-mutant mice (Kr¢t14CreERMob1a/f1b"/)
without tamoxifen or Krt14CreERMob14%#1b*/* mice with tamoxi-
fen were indistinguishable from the WT in gross appearance, histol-
ogy, and survival (data not shown), allowing us to choose Krt14Cre-
ERMob1a1b" mice without tamoxifen as controls. Southern
blotting confirmed that tamoxifen disrupted the Moblafo~ allele
in almost all keratinocytes of kDKO(P1) mice, leaving the Mobla?
allele (Supplemental Figure 3A). In addition, immunostaining
using an Ab recognizing both MOB1A and MOB1B (Supplemen-
tal Figure 3B) confirmed that the MOB1A and MOB1B proteins
are expressed both in IFE cells (especially in the granular layer) and
in HF cells (especially in matrix cells and outer root sheath cells)
in normal mice and humans (Supplemental Figure 3, C and D). In
contrast, MOB1A and MOBI1B proteins were not detected in the
epidermis of kDKO(P1) mice (Supplemental Figure 3C).

By 13 days of age, kDKO(P1) mice were significantly smaller
than control littermates and readily identified by their “wrinkled-
bear” facial skin (Figure 3A) and ruffled hair (Figure 3A). These
mutants’ front paws (Figure 3A), ears, and lips were hyperplastic
and enlarged. All kDKO(P1) mice died of malnutrition within
10-30 days of birth (Figure 3), likely due to dysphagia caused by
hyperplasia of the oral cavity epithelium.

We next analyzed the architecture of kDKO(P1) skin at various
time points after birth. In WT mice, dividing keratinocytes are
restricted to the basal epidermal layer. As these cells exit the cell

The Journal of Clinical Investigation

http://www.jci.org

research article

cycle, they differentiate to form the spinous and granular skin lay-
ers as well as the dead, enucleated stratum corneum layers. The ana-
gen phase of hair development thickens the skin until day 17, when
the first catagen phase is triggered and skin thickness regresses
until day 19. Hair remodeling then begins its lifelong cycle of spon-
taneous regrowth and regression (36). We saw this pattern clearly
in our biopsy series from control mice (Supplemental Figure 4).
However, the IFE and HFs of kDKO(P1) mice showed hyperplastic
multilayered epithelium at day 16 (Figure 3B), and impaired epi-
dermal regression during caragen (Supplemental Figure 4; day 19).
In addition, parakeratosis (reduced enucleation) was evident in the
stratum corneum layer of kDKO(P1) mice (Figure 3C).

To investigate keratinocyte differentiation, we used immuno-
staining to detect keratin markers in the fat pad epidermis, which
allows easy analysis of epidermal layers. Keratin-15* (KRT15%)
cells, the most primitive in IFE, normally form a single basal layer
attached to the IFE basement membrane (BM). This configura-
tion was clearly visible in our controls, whereas the KRT15* cells
of EDKO(P1) mice, although nearly normal in number, were scat-
tered inside the IFE without attachment to the BM (Figure 3D). In
control mice, KRT14" and KRTS*cells were present in 1 or 2 IFE
layers (as expected), but appeared in multiple layers in kDKO(P1)
mice (Figure 3D). Moreover, there were increased numbers of
irregularly organized KRT10* cells in the suprabasal layers of
kRDKO(P1) epidermis (Figure 3D). Filaggrin* cells, the most highly
differentiated keratinocytes, were present in kDKO(P1) epidermis
but at a reduced percentage (Figure 3D). Similar IFE alterations
were observed in the back skin of kDKO(P1) mice (Figure 3E and
Supplemental Figure 5). KRT17* outer root sheath cells were
significantly increased in back skin HFs of kDKO(P1) mice, and
Trichohyalin® inner root sheath cells were elevated slightly (Figure
3E). Thus, the phenotype of kDKO(P1) mice may be largely due
to abnormal expansion of immature stem/progenitor skin cells.

To try to overcome the early lethality of RDKO(P1) mice, we
waited until RDKO mice reached 28 days of age before treating
them with tamoxifen for 7 days. However, like kDKO(P1) mice, all
of these kDKO(P28) mice showed keratinocyte hyperplasia (Fig-
ure 3F) and died within 15-55 days after treatment (Supplemental
Figure 6). Thus, MOB1 deficiency in epidermal cells severely dis-
rupts normal IFE and HF development and homeostasis.

Tumorigenic anomalies in Mobla/1b double-homozygous mutant kerati-
nocytes. To determine whether loss of MOB1 conferred tumorigen-
ic properties on keratinocytes, we first immunostained RDKO(P1)
skin with anti-Ki67 Ab and found increased numbers of Ki67*
proliferating epithelial cells (Figure 4A). In control mice at P13, a
few Ki67* cells were located among basal IFE cells and outer root
sheath cells, with more scattered among HF matrix cells. However,
the incidence of Ki67* cells in RDKO(P1) skin at P13 was 1.5 times
higher than in controls, and Ki67* cells were also found in the
suprabasal layers normally quiescent in control epidermis. In addi-
tion, TUNEL-positive apoptotic cells were reduced in kDKO(P1)
epidermis (Figure 4B). Thus, increased proliferation and repressed
apoptosis may contribute to kDKO(P1) epidermal hyperpla-
sia. Cell-plating studies revealed that the saturation density of
kEDKO(P1) keratinocytes was also increased (Figure 4C). Because
the cell size (forward scatter) of control and mutant keratinocytes
showed no difference by FACS analysis (data not shown), the
increased saturation density of the mutant suggests impaired con-
tact inhibition. Histological analysis confirmed that the mutant
basal epidermal layer showed significantly increased cell density
Volume 122 Number 12
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Figure 3

Characterization of keratinocyte-specific Mob1a/1b double-homozygous
mutant mice. (A—C) Features of 16-day-old Krt14CreERMob1a1 bt
mice that were originally left untreated (control) or treated with tamoxifen
(kDKO) at P1. (A) kDKO(P1) mice have a wrinkled-bear facial appear-
ance (top left), ruffled, shaggy body hair (bottom left), abnormally large
front paws (top right), and decreased survival (bottom right). (B) H&E-
stained longitudinal and transverse sections of the back skin of the mice
in A. kDKO(P1) mice show hyperplasia of IFE and HF. Scale bars: 50
um. (C) kDKO(P1) mice show parakeratosis (reduced enucleation) in
stratum corneum layers. Scale bar: 20 um. (D) Immunohistochemical
analyses of fat pad epidermis of the mice in A using Alexa Fluor 488—
tagged Abs recognizing the indicated differentiation markers corre-
sponding to a specific skin layer. DAPI, nuclei. Scale bar: 50 um. (E)
Immunohistochemical analyses of back skin of the mice in A using Abs
recognizing the indicated skin layer markers. For top panels, cells were
stained with Alexa Fluor 568—tagged anti-KRT14 Ab. DAPI, nuclei. Scale
bars: 20 um. For bottom panels, cells were stained with Alexa Fluor
488-tagged anti-Trichohyalin Ab and Fluor 568—tagged anti-KRT17 Ab.
Scale bar: 50 um. (F) H&E-stained longitudinal sections of skin from
42-day-old Krt14CreERMob1a®1 bt mice that were left untreated
(control) or treated with tamoxifen (kDKO) at P28. The kDKO(P28)
mutant shows hyperplasia of IFE and HFs. Scale bar: 200 um. Results
shown are representative of at least 3 independent trials and at least
3 mice/group. Data are presented as the mean = SEM.

(control: 7.6 + 0.36 nuclei per 50 pm BM; mutant: 8.9 + 0.38 nuclei
per 50 wm BM; n = 5; P < 0.05). Morphologically, mutant basal
cells were elongated and columnar rather than round like control
basal cells (Figure 4D), also indicating defective contact inhibition.

Because yeast MOBI regulates mitotic exit and cytokinesis (24-29),
we speculated that mammalian MOB1 might affect processes
that support cell division. Indirect immunofluorescence analysis
of control and kDKO(P1) keratinocytes using anti-y-tubulin and
anti-o-tubulin Abs revealed an increase in centrosome number (>2
centrosomes/cell) (Figure 4E). Aberrant centrosome numbers are
associated with multipolar spindle formation that impairs chro-
mosome segregation. Indeed, a greater percentage of kDKO(P1)
keratinocytes exhibited multi-polar spindles (Figure 4F). Micronu-
clei, which are cytoplasmic chromosomal fragments generated by
aberrant mitosis, were also increased in kDKO(P1) keratinocytes
(Figure 4G). Similar defects were observed in Mobla and Mobl1b
double-homozygous mutant embryonic fibroblasts (MEFs) (Sup-
plemental Figure 7, A-C).

To determine which mitotic stage was altered in kDKO(P1) kera-
tinocytes, we divided the mitotic process into 4 parts based on cell
morphology: part I, cells progressing from the round morphology
of a resting cell to chromosome alignment (cortesponding to pro-
metaphase); part II, from chromosome alignment to ingression of
the cleavage furrow (metaphase/late anaphase); part I, from ingres-
sion to furrow completion (late anaphase/telophase); and part IV,
from furrow completion to cell division (cytokinesis). We used time-
lapse video microscopy to measure the duration of each of parts I-IV
in control and kDKO(P1) keratinocytes. Part IV was significantly
accelerared in MOB1-deficient cells compared with controls, while
part I was slightly faster in the mutant (Supplemental Figure 8, A
and B). No significant differences were detected for parts I and IIL
Thus, loss of MOB1 accelerates a cell’s exit from mitosis.

We noted that RDKO(P1) mice had an apparent increase in the
number of skin progenitors in the IFE (Figure 3D). We therefore
performed RT-PCR to evaluate stem/progenitor cells in the HFs.
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CD34* and LGR6" cells are the most immature HF stem cells
located in the bulge and isthmus. We found that Cd34 and Lgr6
mRNAs were normal or reduced in RDKO(P1) keratinocytes, but
that markers of activated stem/progenitor cells, such as Sox9 and
Lgrs, were elevated (Figure 4H). These findings were confirmed by
FACS analysis and immunohistochemistry (Figure 4H). However,
despite their normal numbers, CD34* cells in mutant HFs could
not localize to the proper bulge area (Supplemental Figure 9). This
result mirrors the failure of HF stem cells to localize to the basal
cell layer in MOB1-deficient IFE and HFs (Figure 3D). In addition,
SOX9* cells (which are normally located in the bulge at P21) were
markedly increased among kDKO(P1) keratinocytes and scattered
throughout the HFs (Figure 4H). To determine how MOB1 inacti-
vation affected HF stem cell self renewal, we quantified the ability
of the total kDKO(P1) keratinocyte population to form colonies
in culture. A lack of MOB1 induced a 2.1-fold increase in colony-
forming efficiency (Figure 4I). When these primary colonies were
replated to test their ability to form secondary colonies, a 3.0-fold
increase in secondary colony-forming efficiency was observed
in the absence of MOB1 (Figure 4I). Thus, MOB1 inactivation
enhances the self renewal of activated stem/progenitor kerati-
nocytes. This property, along with hyperproliferation, apoprotic
resistance, impaired contact inhibition, increased centrosome
number, and accelerated mitotic exit, may account for the frequent
cancers observed in MobI-deficient mice.

MOBI1-mediated regulation of the LATS1/2-YAP1 pathway controls skin
homeostasis. To characterize the mechanisms driving the kDKO(P1)
phenotype, we investigated the effects of MOB1 loss on signaling
mediated by YAP1 and its upstream kinases LATS1/2. In vitro,
MOBI1 is important for the full activation of LATS kinases (37),
and activated LATS1/2 phosphorylate YAP1 and inhibit its nucle-
ar localization (38). Using immunohistochemistry, we found that,
in control mice, YAP1 was localized in the nuclei of most outer
root sheath cells, in some HF matrix cells, and in some IFE basal
cells (Figure SA). However, kDKO(P1) mice exhibited not only
greater numbers of nuclear YAP1* cells in these sites but also some
nuclear YAP1* cells in the upper IFE layer (Figure 5A). Immunob-
lotting of keratinocytes confirmed that the phosphorylation of
YAP1 on Ser127 was reduced, but that total YAP1 was increased
in the absence of MOB1 (Figure 5B), especially in the nucleus (Fig-
ure 5C). When we cultured keratinocytes under high cell density
conditions, YAP1 was inactivated and localized in the cytoplasm in
control cells (Figure 5D). In contrast, in kDKO(P1) keratinocytes,
YAP1 remained activated and positioned in the nucleus even at
high-cell density (Figure SD). Thus, MOBL1 is required for density-
induced subcellular localization of YAP1.

We next investigated LATS1/2 phosphorylation in control and
mutant keratinocytes. Immunoblotting demonstrated that, in the
absence of any stimulation, levels of phospho-LATS1(T1079) and
phospho-LATS2(T1041) were below the assay detection limit even
in control keratinocytes (Figure SE). We then stimulated control
and kDKO(P1) keratinocytes with okadaic acid (OA), which acti-
vates the MST kinases acting upstream of LATS1/2 (39). While OA-
stimulated control keratinocytes showed vigorous phosphorylation
of LATS1/2, OA-stimulated kDKO(P1) keratinocytes did not. Strik-
ingly, total LATS1/2 protein levels were also reduced in the mutant.
This inhibition of LATS1/2 phosphorylation was not due solely to
the reduction in total LATS1/2 proteins because levels of phospho-
LATS1/2 were also markedly decreased when total LATS1/2 protein
levels in each sample were adjusted to equality prior to electropho-
4511
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