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The Mst1 and Mst2 protein kinases are the mammalian homologs
of hippo, a major inhibitor of cell proliferation in Drosophila. Mst1
is most abundant in lymphoid tissues. Mice lacking Mst1 exhibit
markedly reduced levels of the Mst1 regulatory protein Nore1B/
RAPL in lymphoid cells, whereas Mst2 abundance is unaltered.
Mst1-null mice exhibit normal T cell development but low numbers
of mature naïve T cells with relatively normal numbers of effector/
memory T cells. In vitro, the Mst1-deficient naïve T cells exhibit
markedly greater proliferation in response to stimulation of the T
cell receptor whereas the proliferative responses of the Mst1-null
effector/memory T cell cohort is similar to wild type. Thus, elimi-
nation of Mst1 removes a barrier to the activation and proliferative
response of naïve T cells. The levels of Mst1 and Nore1B/RAPL in
wild-type effector/memory T cells are approximately 10% those
seen in wild-type naïve T cells, which may contribute to the
enhanced proliferative responses of the former. Freshly isolated
Mst1-null T cells exhibit high rates of ongoing apoptosis, a likely
basis for their low numbers in vivo; they also exhibit defective
clustering of LFA-1, as previously observed for Nore1B/RAPL-
deficient T cells. Among known Mst1 substrates, only the phos-
phorylation of the cell cycle inhibitory proteins MOBKL1A/B is lost
entirely in TCR-stimulated, Mst1-deficient T cells. Mst1/2-catalyzed
MOBKL1A/B phosphorylation slows proliferation and is therefore
a likely contributor to the anti-proliferative action of Mst1 in naïve
T cells. The Nore1B/RAPL-Mst1 complex is a negative regulator of
naïve T cell proliferation.

Mob1 � Mst1 knockout � RAPL � hippo � Stk4

Mst1 and Mst2 are closely related mammalian class II GC
protein (ser/thr) kinases (1) whose overexpression induces

apoptosis in many transformed cell lines through a combination
of p53- and Jnk-dependent pathways (2–4). Regarding the
physiological roles of these kinases, Kinashi and colleagues
demonstrated that the ability of �CD3/�CD28 and chemokines
to promote the Rap1-GTP-dependent integrin clustering nec-
essary for T cell adhesion and migration (5) is strongly depen-
dent on Mst1 (6), which is proposed to be activated through the
Rap1-GTP recruitment of a Nore1B (also called RAPL)/Mst1
complex to the immunological synapse (7). The Mst1 sub-
strate(s) that mediate this response is (are) not known. Mst1 and
Mst2 are found in constitutive complexes with members of the
Rassf polypeptide family (8, 9), at least two of which, RASSF1A
and Nore1A/RASSF5, are well established tumor suppressors
(10). Nevertheless, direct evidence in support of a tumor sup-
pressor function for Mst1 and/or Mst2 is not yet available.

Mst1 and Mst2 resemble most closely the drosophila protein
kinase hippo and human Mst2 can complement hippo deficiency
(11). Loss of hippo function results in massive overgrowth of the
fly eye, due to an acceleration of cell proliferation together with
a deficit in developmental apoptosis (11–14). The pathway
downstream of hippo has been extensively described (15–17).
Hippo phosphorylates the protein kinase warts/LATS, which is

facilitated by the binding of both kinases to the noncatalytic
scaffold protein salvador/shar-pei; hippo also phosphorylates the
noncatalytic protein MATS, which then binds to warts/LATS,
promoting its autophosphorylation and activation. Activated
warts, in turn, phosphorylates and negatively regulates the
transcriptional coactivator yorkie. Loss of hippo, warts/LATS,
Salvador, or MATS each results in overgrowth of a similar
nature, whereas yorkie loss-of-function reduces growth and is
epistatic to the other components. Studies in mammalian sys-
tems indicate that this pathway is largely conserved; LATS1 (18)
and MOBKL1A/B (19), the mammalian orthologs of warts/
LATS and MATS, are Mst1/2 substrates and negative regulators
of cell proliferation (19, 20). Moreover, mice lacking LATS1
develop soft tissue sarcomas and ovarian tumors (21). Recipro-
cally, YAP, a mammalian homolog of yorkie, is phosphorylated
and negatively regulated by LATS1 (22–24). YAP is amplified in
a wide variety of murine and human tumors (25); overexpression
of YAP transforms mammary epithelial cells in vitro (25) and
produces hyperplasia and cancer in mouse liver (22, 26). As
regards other outputs, Mst1 activated by oxidant stress phos-
phorylates the Foxo1/3a polypeptides in their forkhead domain,
disrupting 14–3-3 binding and inhibiting the ability of Akt to
promote Foxo1/3a nuclear exit (27).

To define more fully the physiologic roles of Mst1, we gen-
erated mice lacking Mst1 polypeptide expression.

Results
Mst1-Deficient Lymphoid Cells Exhibit Much Lower Nore1B Polypep-
tide but Unaltered Mst2. Mice lacking Mst1 polypeptide expression
were generated from an ES cell line bearing a gene trap inserted
between the first and second exons (see supporting information
(SI) Fig. S1). Mst1-deficient mice survive development, are
fertile, and appear unremarkable. Mst1 is expressed at greatest
abundance in lymphoid organs (Fig. 1A); lymphocytes from the
Mst1 trap/trap mice (henceforth called Mst1�/�) lack Mst1
polypeptide but show unaltered levels of Mst2 (Fig. 1B Left).
Mst1 can be coprecipitated with rassf family polypeptides (9); in
lymphocytes, the Rassf5 isoform Nore1B/RAPL, a Ras-Rap-
binding protein, is a major Mst1 partner (6). Surprisingly, the
level of the Nore1B/RAPL polypeptide is greatly diminished in
the Mst1-null lymphocytes (Fig. 1B Left) despite unaltered
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Nore1B mRNA levels (Fig. 1B Right), whereas the homologous
protein Rassf1C is unaltered. The decrease in Nore1B polypep-
tide in the Mst1�/� cells is probably due to the lack of Mst1
polypeptide per se, inasmuch as transient coexpression of
Nore1B with either wild-type Mst1 or kinase-dead Mst1(K59R)
in HEK293 cells results in higher steady-state levels of Nore1B
polypeptide than when Nore1B is expressed alone (Fig. 1C).

Mst1-Deficient Mice Exhibit Intact T Cell Development but Fewer
Naïve Peripheral T Cells and a High Proportion of Effector/Memory T
Cells in Liver and Lung. The thymus in the Mst1�/� mice is normal
in size and histologic appearance (Fig. S2 A) and the total
number of thymocytes is comparable with Mst1�/� littermates;
the fraction of both CD4� and CD8� cells is slightly, but not
significantly increased (Fig. S2 B and C). In the blood the
number of CD4�, CD8� and total T cells is greatly reduced (Fig.
2A). The Mst1�/� spleen shows a reduction in white pulp (Fig.
S3A) and the numbers of CD4�, CD8�, and total T cells are also
reduced (Fig. 2B); in addition the number of B220� cells is
diminished (data not shown) and, as observed in mice lacking
expression of Nore1B/RAPL (7), marginal zone B cells are
essentially absent (Fig. S3 B and C). In the Mst1�/� spleen (Fig.
2B and Fig. S4B) and lymph nodes (Fig. S5) as well as in the
circulation (Fig. 2 A and Fig. S4A), the fraction of CD4� and
CD8� exhibiting the CD62Lhi/CD44lo naïve phenotype (28) is
markedly reduced, whereas the fraction of CD4� and CD8� cells
bearing the CD62Llo/CD44hi phenotype (a mixture of activated
effector and memory cells) is reciprocally increased; the absolute
numbers of CD62Llo/CD44hi cells in the circulation (Fig. 2 A)
and spleens (Fig. 2B) of the Mst1-null and wild-type mice are
generally similar, although significantly higher number of
CD4�CD62Llo/CD44hi cells are present in the spleens of Mst1-
null mice. The abundance of regulatory T cells (Treg), as
reflected by the numbers of CD4� Foxp3� cells (29), is similar
in the wild-type and Mst1�/� spleens (Fig. S6). We compared

some nonlymphoid tissues of wild-type and Mst1-null mice for
the abundance of T cells. Notably, the relative abundance of CD4
mRNA in Mst1-null lung and liver is 2–2.5-fold greater than in
wild-type tissues (Fig. 2C Left). A cytofluormetric analysis of
CD4� cells in digests of lungs from wild-type or Mst1-null mice
(Fig. 2C Right) demonstrates that the CD4� cells residing in the
lung of the Mst1-null mice exhibit a far higher proportion of the
CD62Llo/CD44hi effector/memory phenotype than the CD4�

cells resident in the lung of wild-type mice. In summary, the
secondary lymphoid organs of the Mst1-null mice contain fewer
mature, naïve T cells but similar or slightly higher numbers of
effector/memory cells; conversely, the lung, liver and heart of the
Mst1-null mice contain higher numbers of CD4� cells that, in the
lung, are predominantly effector/memory cells.

Mst1-Deficient Naïve T Cells Exhibit Much Stronger Proliferative
Responses to �CD3. We next examined some functional responses
of purified peripheral T cells. The incorporation of 3H-thymidine
in response to both �-CD3 and to �-CD3/�-CD28 in vitro in total
T cells from Mst1-null spleens is two- to fivefold greater than in
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Fig. 1. Characterization of Mst1-null mice. (A) Expression of Mst1, Mst2 and
some other relevant polypeptides in mouse tissues. Mst1/2, Nore1B, and Mob1
expression in mouse organs were analyzed by immunoblot and anti-actin
served as a loading control. (B) Polypeptide and mRNA expression in spleen
from wild-type and Mst1 gene trap mice. Left, Immunoblot of spleen extracts
for the polypeptides indicated. Right, Northern blot of splenic RNA. 18S and
28S ribosomal RNAs serve as internal controls. (C) The Mst1 polypeptide
enhances the level of coexpressed Nore1B/RAPL. Vector encoding FLAG-
tagged Nore1B was cotransfected in HEK293 cells with empty vector or vector
encoding FLAG-Mst1(WT) or FLAG-Mst1(K59R). An immunoblot of the ex-
tracts for Mst1, Nore1B, and endogenous actin is shown.
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Fig. 2. Peripheral T cell cohorts in wild-type and Mst1-deficient mice. (A) T
lymphocytes in the blood of wild-type and Mst1-null mice. The number of
CD4�, CD8�, and naïve CD4� and CD8� T cells in the peripheral blood of
Mst1-null mice compared with wild-type mice (n � 4 pairs of Mst1-null and
wild-type littermates). Asterisks in this and all subsequent figures indicates a
P � 0.05 or lower calculated from a two-tailed Student t test. Black bars are
Mst1�/� and white bars are Mst1�/� in this and all later figures. (B) T cell
populations in the Mst1-null and wild-type spleen. Splenocytes isolated from
Mst1-null and littermate wild-type mice were stained with antibodies to CD4,
CD8, CD62L, and CD44 and analyzed by cytofluorimetry. There is a significant
reduction in the total numbers of CD4� and CD8� T cells in the Mst1-null
spleens that is due largely to a reduction in the total numbers of naïve
CD4�/CD62Lhi and CD8�/CD62Lhi subsets. There is a reciprocal increase in the
percentage of effector/memory CD4� and CD8� cells (labeled CD44�) but
the total cell numbers in those subsets is comparable or slightly increased in
the Mst1-null (n � 6 pairs of Mst1-null and wild-type littermates). (C) The
relative abundance of CD4� mRNA and CD4� T cell subsets in some nonlym-
phoid tissues. Left, Total RNA was isolated from the indicated tissues of
wild-type and Mst1-null mice. The amount of CD4 mRNA relative to that of
�-actin was measured by Q-PCR and the value for the Mst1-null (KO) was
divided by the wild-type value. The abundance of CD4 mRNA in the lung,
heart, and liver of Mst1-null mice is significantly higher than that in the
corresponding wild-type tissue. Right, the CD4� cells present in digests of the
lungs of wild-type and Mst1-null mice were analyzed for expression of CD62L
and CD44 by cytofluorimetry. An equal number of cells from each digest was
counted.

20322 � www.pnas.org�cgi�doi�10.1073�pnas.0810773105 Zhou et al.

http://www.pnas.org/cgi/data/0810773105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0810773105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0810773105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0810773105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0810773105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0810773105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0810773105/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0810773105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0810773105/DCSupplemental/Supplemental_PDF#nameddest=SF6


T cells from spleens of wild-type littermates (Fig. 3A). This
hyperproliferative response of Mst1-deficient total splenic T
cells is also seen in cells stained with CFSE, which undergo some
cell division in vitro even in the absence of any added stimulus
(Fig. S7). Examining the CD4� subsets, it is evident that the
up-regulated proliferative response is due entirely to a marked
hyperproliferation of the Mst1-null CD62Lhi naïve cells (Fig.
3B); furthermore, their high incorporation of 3H-thymidine in
response to �-CD3 is only modestly augmented by the additional
stimulation with �CD28. In contrast, the Mst1-null CD4�/
CD62Llo cells show a proliferative response that is similar to that
of the matched wild-type subset. Thus, the deficiency of Mst1
results in a dramatic up-regulation and disinhibition of the
proliferative response of naïve T cells to engagement of the T cell
receptor but little or no change in the response of the effector/
memory cohort.

The Mst1-null CD4� T cells also show enhanced production
of the cytokines IL-2, IFN-�, and IL-4 in response to �-CD3,
both in the absence and presence of �-CD28 (Fig. S8). In
contrast to the hyperproliferative response, which is observed
only in the Mst1-null naïve T cells, both the naïve and effector/
memory T cell cohorts from Mst1-null mice exhibit enhanced
cytokine production. Elimination of Mst1 does not, however,
alter the proclivity of naïve CD4� cells to differentiate toward a
Th1 or Th2 phenotype in vitro in response to the appropriate
stimulation (Fig. S9).

In Normal Mice, Mst1 and Nore1B Polypeptide Levels Are Greatly
Reduced in Effector/Memory Compared With Naïve T Cells. The
marked disinhibition of the proliferative response engendered by

Mst1 removal led us to inquire whether down-regulation of Mst1
expression is a normal part of the program for the transition of
T cells from a naïve to an activated effector or memory pheno-
type. Strongly in support of this view, the abundance of the Mst1
polypeptide (Fig. 3C Left) and mRNA (Fig. 3C Center) in
wild-type CD4�/CD62Llo effector/memory cells is reduced ap-
proximately 10-fold compared with that in the wild-type CD4�/
CD62Lhi naïve cells, whereas the content of Mst2 polypeptide
(Fig. 3C Left) is similar in these two subsets. Moreover, the
abundance of the Nore1B polypeptide (Fig. 3C Left) in the
CD4�/CD62Llo subset is reduced in parallel to Mst1 and to a
similar extent. These data identify Mst1 as a likely determinant
of the threshold for activation of naïve T cells (30). Naïve cells
lacking Mst1 gene expression entirely, as well as wild-type
memory cells, which exhibit greatly reduced levels of Mst1 and
Nore1B, both exhibit a much more robust proliferative response
to TCR stimulation compared with wild-type naïve cells. The
augmented cytokine responses of the Mst1-null effector/memory
CD4� cohort (Fig. S8), unaccompanied by an augmented pro-
liferative response (Fig. 3B Right) implies that the low level of
Mst1 that prevails in differentiated CD4� cells no longer exerts
an antiproliferative effect but continues to restrain T cell cyto-
kine production.

Freshly Isolated Mst1-Deficient T Cells Exhibit High Rates of Ongoing
Apoptosis. The occurrence of a hyperproliferative response of
Mst1-null naïve T cells to stimulation of the TCR in vitro together
with low numbers of total T cells in the spleen and lymph nodes
in vivo raises the possibility that the naïve cells may become
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activated in vivo even without exogenous immunization and lost
thereafter through apoptosis (31). We therefore measured the
Annexin V surface reactivity of freshly isolated total T cells, an
indicator of ongoing apoptosis. Regardless of the source, the
prevalence of Annexin V reactivity is much higher in the freshly
isolated Mst1-null T cells than the wild-type T cells (Fig. 3D),
consistent with an increased rate of T cell apoptosis in vivo.
Overexpression of Mst1 per se is well known to promote apo-
ptosis (8), so that the higher rate of in vivo apoptosis in the
Mst1-null T cells appeared paradoxical. We therefore examined
the occurrence of apoptosis in vitro in response to �CD3 and
�CD3��CD28 (Fig. 3E). In response to TCR stimulation in
vitro, the Mst1-null naïve T cells do show less apoptosis com-
pared with wild-type naïve cells; in contrast, the Mst1-null
effector/memory cells continue to exhibit in vitro the higher rate
of apoptosis seen in vivo, indicating that Mst1 does not exert an
appreciable proapoptotic effect in this subset.

Elimination of Mst1 Inhibits �CD3-Induced LFA-1 Clustering. The low
numbers of peripheral CD4/CD62L hi cells in the Mst1-null mice
led us to examine the expression of various chemokine and
adhesion receptors on these cells compared with wild type (Fig.
S10). The abundance of mRNA encoding KLF2, a transcription
factor critical for maintenance of the chemokine receptor pat-
tern of naïve T cells (32), and the mRNAs encoding CCR7 and
CXCR4, the dominant chemokine receptors in naïve T cells (33),
is similar in wild-type and Mst1-null CD4/CD62Lhi cells (Fig.
S10 Upper). Although their absolute abundance is very low,
modest up-regulation of CCR6 and CXCR3 mRNA is evident in
the Mst1-null cells (Fig. S10 Lower), perhaps reflecting some
admixture of central memory cells (33). These data indicate that
the low numbers of peripheral CD4/CD62Lhi cells in the Mst1-
null mice are not due to altered expression of their chemokine
or adhesion receptors.

Elimination of Nore1B/RAPL (7) or depletion of Mst1 (6) is
reported to interfere with inside-out signaling to T cell integrins.
In confirmation, we find that elimination of Mst1 reduces the
ability of TCR activation and chemokines to promote T cell
adhesion to ICAM-1 whereas the response to PMA is unaffected
(Fig. 4A Left). In addition, the migration of Mst1-null T cells
toward CCL21/SLC is also substantially reduced, although in
comparing CD4� naïve cells from Mst1 and wild-type spleens,
the magnitude of this reduction, although significant, is less (Fig.
4A Right). The ability of �-CD3 or SLC to induce the clustering
of LFA-1 is also diminished in the Mst1-null T cells (Fig. 4B).
Thus, as with the deletion of Nore1B/RAPL itself, the elimina-
tion of Mst1, which is accompanied by a marked decrease in
Nore1B/RAPL, impairs LFA-1 clustering and adhesion.

T Cell Tyrosine Phosphorylation, Ca�� Mobilization, and MAPK Acti-
vation Are Unimpaired by Mst1 Deficiency. To gain insight into the
molecular basis for the hyperproliferative response exhibited by
Mst1�/� naive cells, we examined several of the signal transduc-
tion pathways relevant to T cell growth control (34, 35). The
increase in tyrosine phosphorylation into total cellular polypep-
tides and specifically into CD3�, ZAP70, Lck, and PLC� in
response to �-CD3��-CD28 is similar in splenic T cells from
wild-type and Mst1-null mice (Fig. S11 A). In addition, the
increase in cytosolic (Ca2�) in Mst1-null and wild-type CD4�/
CD62Lhi naïve T cells in response to cross-linking �-CD3 is
identical (Fig. S11B). Examining more distal responses, the
ability of �CD3��CD28 to stimulate the phosphorylation of erk,
p38, and Akt at sites necessary for the activation of these kinases,
as well as the phosphorylation of I�B is indistinguishable in total
splenic T cells from Mst1-null and wild-type mice, whereas TCR
activation of Jnk is more robust and sustained in the Mst1-null
cells (Fig. S11C Left). A similar pattern is observed in comparing
the Mst1-null and wild-type CD4�/CD62Lhi naïve subsets, ex-

cept that evidence for Jnk hyperactivation in the Mst1-null is
lacking (Fig. S11C Right).

Stimulation of the T Cell Receptor Activates Mst1 and Promotes
Phosphorylation of a Subset of Mst1-Dependent Substrates. Mst1
and Mst2 are 76% identical and share an identical activation loop
sequence. Mst1/2 activation requires autophosphorylation of the
activation loop, which can be monitored as a reflection of the
activation state (9). Mammalian Lats1 is directly phosphorylated
at a carboxyl-terminal site by Mst2 (18), which together with
Lats1 activation loop autophosphorylation results in Lats1 ac-
tivation. Lats1 in turn phosphorylates and inhibits YAP by
promoting nuclear exit (22–24). Mst1/2 phosphorylates the
mammalian MATS orthologues, MOBKL1A and MOBKL1B
(at Thr-12 and Thr-35), which enables MOBKL1A/B binding to
Lats1 and promotes Lats1 autophosphorylation; MOBKL1A/B
phosphorylation per se is sufficient to inhibit cell cycle progres-
sion in U2OS cells (19). The FoxO1/3a polypeptides are also well
documented Mst1 substrates (27). Stimulation of splenic total T
cells from wild-type mice with �CD3��CD28 results in a rapid
activation of Mst1/2 activation loop phosphorylation, which is
completely lacking in the Mst1-null T cells (Fig. 5A Left),
indicating that Mst2 contributes very little to overall Mst1/2
activity in T cells. Concomitant with Mst1 activation, a brisk
phosphorylation of MOBKL1A/B is evident in the wild-type T
cells, and as with Mst1 autophosphorylation, this is completely
absent in the Mst1-null T cells. Stimulation of wild-type T cells
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Fig. 4. The effect of Mst1 deletion on T cell adhesion and migration. (A) Left,
Mst1 deficiency impairs inside-out activation of T cell binding to ICAM-1. CD3�

T cells from Mst1-null and wild-type littermates were stimulated in ICAM-1-
coated wells (3 �g/ml) for 30 min at 37°C with carrier, anti-CD3, 100 nM SLC,
or 10 ng/ml PMA. After washing the number of retained cells were counted
and expressed as % of input. The mean and SE of triplicate determinations
from one of two independent experiments is shown. Right, Transwell migra-
tion of T cells toward SLC. CD3� or CD4�CD62Lhi cells (1 � 106) from Mst1-null
and wild-type littermates were placed in a 24-transwell migration chamber.
Cells were permitted to migrate through a 5-�m filter for 3 h into a lower
chamber containing 0 or 200 ng/ml SLC. The mean and SE of triplicate
measurements from one of two independent experiments are shown. (B)
LFA-1 clustering in Mst1-null and wild-type cells. CD3� T cells from Mst1-null
and wild-type littermate mice were stimulated with 100 nM SLC or 10 �g/ml
anti-CD3 (145–2C11) for 15 min. followed by fixation in 4% paraformalde-
hyde. The fixed cells were stained with anti-LFA-1 � (M17/4), followed by Texas
red conjugated anti-Rat IgG. Original magnification was 100�; a single cell is
shown in the Inset. Similar results were obtained in two independent
experiments.
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with �-CD3��-CD28 produces a modest increase in Lats1/2
carboxyl-terminal phosphorylation and a somewhat slower in-
crease in Lats1/2 activation loop phosphorylation. Elimination of
Mst1 has little effect on the Lats1 carboxyl-terminal phosphor-
ylation and no effect on Lats1/2 autophosphorylation. In re-
sponse to �-CD3��-CD28, a slight increase in YAP phosphor-
ylation is evident, which is similar in the wild-type and Mst1-null
T cells, whereas Foxo1/3a phosphorylation is unaltered. A
similar pattern of Mst1/2 substrate phosphorylation is evident in
�-CD3��-CD28-stimulated CD4�/CD62Lhi naïve T cells except
little or no stimulation of YAP phosphorylation is evident (Fig.
5A Right). We also compared wild-type CD4�/CD62Lhi naïve
cells with wild-type CD4�/CD62Llo effector/memory cells (Fig.
5B); as expected from the lower content of Mst1 in the effector/
memory cells (Fig. 3D), there is a much weaker Mst1/2 auto-
phosphorylation and greatly reduced MOBKL1A/B phosphor-
ylation, despite unaltered MOBKL1A/B polypeptide content.

Given the robust �CD3��CD28-stimulated MOBKL1A/B
phosphorylation and its total dependence on Mst1, the relatively
modest stimulation of Lats1/2 and YAP phosphorylation and
their relative insensitivity to Mst1 elimination is surprising, as is
the lack of FoxO1/3a phosphorylation in response to �-CD3��-
CD28. We therefore stimulated total splenic T cells with more
vigorous, nonspecific stimuli, that is, H2O2, which is known to
activate Mst1/2 (Fig. 5C Left) and PMA� ionomycin (Fig. 5C
Right), which promotes near maximal T cell activation. Both of
these treatment result in activation of Mst1 and vigorous phos-
phorylation of MOBL1A/B, Lats1/2, YAP, and FoxO1/3a, which
are each greatly attenuated or (for MOBKL1A/B) abolished in
the Mst1-null T cells. Thus, it is clear that although Lats1/2, YAP
and FoxO1/3a are, like MOBKL1A/B, downstream targets of

Mst1 in T cells (Fig. 5D), they are not significantly phosphory-
lated in wild-type T cells by stimulation with �-CD3��-CD28
that is sufficient to promote a robust proliferative response.
Consequently, deficient Mst1-catalyzed Lats1/2 or Foxo1/3
phosphorylation cannot account for the hyperproliferative re-
sponse of Mst1-null naïve T cells to �CD3��CD28. Thus,
although all three of these potential Mst1 substrates have been
shown to exert antiproliferative effects (19, 20, 36) only
MOBKL1A/B remains a viable candidate as the effector of
Mst1’s antiproliferative effect in naïve T cells, as its phosphor-
ylation is stimulated by �CD3��CD28 and lost entirely in the
Mst1-null cells. Inasmuch as the best characterized target of
phospho-MOBKL1A/B is Lats1 (19, 37), the present data indi-
cates that other Mst1 substrates and/or targets of phospho-
MOBKL1A/B remain to be identified.

Discussion
These data identify a key physiological function of Mst1 in T
cells; the Nore1B/Mst1 complex is a major negative regulator of
the proliferative response of naïve T cells to stimulation of the
T cell antigen receptor. This, together with the marked decrease
in Nore1B and Mst1 abundance during the progression of
wild-type T cells from a naïve to an effector/memory phenotype
strongly supports the conclusion that a physiologic reduction in
Nore1B/Mst1 is responsible, at least in part, for the greater
sensitivity of effector/memory T cells to antigen receptor acti-
vation and the decreased requirement for costimulation to elicit
a proliferative response. The two clear-cut cell intrinsic actions
of Mst1 itself, that is, its antiproliferative action and its promo-
tion of LFA-1 clustering, would appear to be opposing in their
effect on the immune response, however, the impact of the
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enhanced proliferative responsiveness appears to predominate
in the Mst1-null mice, at least in the absence of a specific immune
challenge. The Mst1-null mice exhibit relatively normal thymo-
cyte development but many fewer splenic naïve T cells, unaltered
lymph node size and increased numbers of effector/memory T
cells in several tissues; this phenotype, which differs markedly
from that of CD11a (i.e., LFA-1)-deficient mice (38), is unlikely
to be due primarily to aberrant T cell migration, inasmuch as the
expression of mRNAs encoding KLF2 (32), S1P1 and a variety
of chemokine receptors is similar in wild-type and Mst1-null
CD4�/CD62Lhi T cells (Fig. S8). Rather, the low numbers of
naïve T cells in the secondary lymphoid organs of the Mst1-null
mice is most simply explained by a lower threshold in the
Mst1-null naïve T cells for antigen-stimulated proliferation,
resulting in their ready activation, presumably in response to
endogenous antigens. The increased apoptosis of all Mst1-null T
cell subsets may thus reflect the higher ongoing rate of T cell
activation and progression through an immune response (31).
This would be expected to be expressed as autoimmunity,
however, activation of LFA-1 is required for some immune
responses (38), and ongoing autoimmunity can be interrupted by
interference with LFA-1 function (39). Thus, the net outcome of
these opposing Mst1 outputs on various aspects of the immune
response cannot be confidently predicted and will require more
detailed analysis.

The coordinate decrease in Nore1B and Mst1 polypeptide
abundance emphasizes the operation of Nore1B and Mst1 as a
complex in these cells, functioning in a manner analogous to the

regulatory and catalytic subunits of, for example, PKA. Nore1
binds in a GTP-dependent way in vitro or in a 2-hybrid assay to
several Ras-like GTPases, including Ki- and Ha-Ras, RRas,
MRas/RRas3, Rap1, and Rap2a (40); it is likely that more than
one of these serves as a physiologic partner depending on the
cellular context. Nore1B, the isoform expressed primarily in
lymphoid cells, was retrieved in a two-hybrid screen using
activated Rap1 (and therefore named RAPL) and endogenous
Nore1B can be coprecipitated from T cells with endogenous
activated Rap1 (41). Previous work has shown that a complex of
Mst1 and Nore1B mediates the clustering of the integrin LFA-1
in T cells elicited by receptor activation of Rap-1 (6, 7). Thus,
although a specific identification of the ras-like GTPase that
underlies the antiproliferative action of the Nore1B/Mst1 com-
plex in naïve T cells remains to be accomplished, Rap1-GTP is
the leading candidate.

Materials and Methods
The methods used for the generation and genotyping of Mst1-deficient mice,
for the isolation of mouse immune cells, and their characterization by flow
cytometry, immunofluorescence, and immunoblotting, as well as methods for
Northern blot and for the measurement of T cell Ca�� flux, proliferation,
apoptosis, cytokine production, and adhesion and migration are provided in
detail in SI Materials and Methods.
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