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Abstract
New therapeutic targets are needed that circumvent inherent therapeutic resistance of glioblastoma

multiforme (GBM). Here, we report such a candidate target in the uncharacterized adaptor protein hMOB3,
which we show is upregulated in GBM. In a search for its biochemical function, we found that hMOB3
specifically interacts with MST1 kinase in response to apoptotic stimuli and cell–cell contact. Moreover,
hMOB3 negatively regulated apoptotic signaling by MST1 in GBM cells by inhibiting the MST1 cleavage-based
activation process. Physical interaction between hMOB3 and MST1 was essential for this process. In vivo
investigations established that hMOB3 sustains GBM cell growth at high cell density and promotes
tumorigenesis. Our results suggest hMOB3 as a candidate therapeutic target for the treatment of malignant
gliomas. Cancer Res; 74(14); 3779–89. �2014 AACR.

Introduction
Glioblastoma multiforme (GBM) is the most common and

aggressive primary human brain tumor, with a median
survival of approximately 14 months after diagnosis. Despite
the benefits of surgical resection and the use of adjuvant
radiochemotherapies, patients almost invariably succumb
to recurrent widespread tumor growth (1, 2). Thus, defining
the mechanism of resistance of GBM cells and discovering
further effective therapeutic targets are crucial medical
goals.
The Hippo pathway is an evolutionarily conserved tumor-

suppressive signal originally identified in Drosophila as a
tumor-suppressive signal (3–9). Deregulation of Hippo signal-
ing components, such as MST and LATS/NDR kinases, MOB1
(Mps One Binder 1) proteins, as well as the downstream
effector YAP, has been reported in numerous animal tumor
models and human malignancies (10).
MST1 (Sterile 20-like kinase 1), the mammalian homolog of

the Hippo kinase, plays a critical role in regulating cellular
apoptosis and proliferation (11–15). MST1 contains an N-
terminal kinase domain, followed by an auto-inhibitory

domain and a C-terminal protein–protein interaction domain
called SARAH (Salvador-RASSF-Hippo; ref. 16). In response to
apoptotic stimuli, MST1 is activated by dimerization-mediated
trans-phosphorylation and caspase-mediated cleavage (17–
20). Cleaved MST1 translocates from the cytoplasm into the
nucleus and induces chromatin condensation by phosphory-
lation of different targets (21–25). Although Akt and JNK have
been reported to phosphorylate MST1 and modulate its cleav-
age (26–29), the regulation of apoptoticMST1 signaling has not
been completely defined.

MOB1 proteins were first characterized in yeast, where
they are essential components of mitotic exit and septation
initiation networks (30, 31). Drosophilamob1/mats functions
as a tumor suppressor by regulating the activation of the
Warts kinase (32, 33). The mammalian genome encodes six
MOB proteins through six different genes, namely MOB1A/B,
MOB2, and MOB3A/B/C (34, 35). Mammalian Mob1A and
Mob1B are essential for embryonic development and prevent
tumorigenesis in a broad range of tissues via a mechanism
similar to that reported in flies (36, 37). The function of
human MOB1 has been characterized as a coactivator of the
MST-NDR/LATS kinase cascade (38, 39). Human MOB2 has
been reported to restrict NDR kinase signaling (34). Although
hMOB3 shares higher amino acid sequence identity (50%)
with hMOB1 than hMOB2 (37%), it neither interacts with nor
activates NDR/LATS kinases (34, 35). Its biochemical func-
tions remain unknown. Therefore, the molecular roles of
hMOB3 in the context of the mammalian Hippo pathway
merit further investigation.

In the current study, we have found that the previously
uncharacterized hMOB3 is overexpressed in GBM. Biochemi-
cally, hMOB3 directly interacts withMST1 kinase in response to
apoptotic stimuli and at high cell density. Functionally, hMOB3
negatively regulates MST1 cleavage during etoposide-induced
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apoptosis and attenuates the apoptotic response. Moreover,
hMOB3 is required to sustain tumor cell proliferation and
growth in vitro and in vivo. Taken together, our study reveals
that hMOB3 restricts the cross-talk between MST1 and cas-
pases during apoptosis and supports tumorigenesis in GBM,
suggesting hMOB3 as a potential target for GBM therapy.

Materials and Methods
Patients

Tissue samples of primary GBM and adjacent non-neoplas-
tic brain were processed in accordance with the guidelines of
the Ethical Committee of the University Hospital of Basel
(Basel, Switzerland). Tumors were diagnosed and graded
according to the World Health Organization (WHO) Classifi-
cation of Tumors of the Nervous System (40).

Cell culture, transfection, and stimulation
HEK293 cell line was obtained from American Type Culture

Collection. Glioma cell lines were described previously (41, 42).
All the cell lines in this study were confirmed with the absence
of Mycoplasma contamination (MycoAlert; Lonza) and regu-
larly authenticated by growth and morphologic observations.
HEK293 and glioma cell lines were maintained in Dulbecco's
Modified Eagle Medium supplemented with 10% fetal calf
serum. Transfection of HEK293 and GBM cells were carried
out using jetPEI (PolyPlus Transfections) and Lipofectamine
2000 (Invitrogen) according to themanufacturer's instructions,
respectively. Apoptosis was induced as indicated in the figure
legends. Okadaic acidwas purchased fromAlexis Biochemicals
(Enzo Life Sciences). Cyclohexylamine, actinomycin D, and
etoposide were obtained from Sigma.

Annexin V assay
Annexin V staining was performed according to the man-

ufacturer's instructions (BD Biosciences) and analyzed by
FACSCalibur. The results were from three independent experi-
ments and presented asmean� standard deviation. Statistical
analysis is performed in Excel with two-tailed paired Student t
test.

Tumor implantation
Aythymic Nude–Foxn1nu mice (Harlan) were maintained in

specific and opportunistic pathogen-free (SOPF) facility with
food and water ad libitum. U87MG cells [8 � 105 in 200 mL
DMEM:Matrigel (1:1 ratio)] were implanted into left flanks.
Tumor diameters were regularly measured via caliper and
tumor volumes calculated as follows: volume ¼ d2 � D �
p/6, where d is shorter tumor diameter and D is longer tumor
diameter. All in vivo experiments were performed under
approved authorization within the Swiss Federal Animal Wel-
fare Law.

Results
hMOB3 is overexpressed in human GBM

In a previous study,we performed amicroarray analysis of 30
human gliomas (41). Interestingly, the mRNA levels of unchar-
acterized hMOB3 family members were found to be deregu-

lated in GBM. Of these, the expression of hMOB3A and
hMOB3C was elevated, whereas hMOB3B was downregulated
(Supplementary Fig. S1A). hMOB3A/B/C are three unique
genes located on different chromosomes. Given that the three
hMOB3 isoforms hMO3A/B/C are about 80% identical (35), we
set out to investigate the function of total hMOB3 protein in
GBM, instead of analyzing each isoform separately. To this end,
we generated a rabbit polyclonal antibody against total hMOB3
that recognizes hMOB3A/B/C proteins but not hMOB1 or
hMOB2 (Supplementary Fig. S1B, S1C, and S1E).

Using this novel antibody, we determined the total hMOB3
protein levels in human GBM samples byWestern blotting and
found it to be upregulated in the majority of solid GBM tumor
samples compared with non-neoplastic human brain tissue
(Fig. 1A). Immunohistochemical staining confirmed total
hMOB3 protein upregulation in human glioblastomas (Fig.
1B). Moreover, scoring of hMOB3 protein expression in 63
clinical GBM samples revealed that 71.4% (45 of 63) of tumors
displayed eithermediumor high hMOB3 expression levels (Fig.
1C and Supplementary Fig. S1F).

To explore the potential prognostic value of hMOB3, we
compared clinical outcome and hMOB3 gene expression using
the Rembrandt database (43). In agreement with our finding
of upregulation of hMOB3A and hMOB3C (Supplementary
Fig. S1A), we did not identify any sample with hMOB3A and
hMOB3C downregulation in human GBM in Rembrandt data-
set (data not shown). Because of limited GBM sample num-
bers, we extended our analysis from "GBM" to "all glioma."
In this dataset, we found a statistically significant correlation
between poor survival and high mRNA expression of hMOB3A
and hMOB3C (Fig. 1D, i and iii); the opposite was found for
hMOB3B where low expression correlates with poor survival
(Fig. 1D(ii)).

Next, we sought to validate these clinical correlations using
The Cancer Genome Atlas (TCGA) Gene Expression database
(44). A total of 167 patient samples with available hMOB3A/B/
CmRNA expression and survival data were extracted (denoted
IlluminaHiSeq data subset). Within these samples, we again
observed highly variable expression of the hMOB3B gene but
relatively stable hMOB3A and hMOB3C expression levels
(Fig. 1E, i), suggesting frequent genetic or epigenetic altera-
tions in the hMOB3B genomic locus. We further generated
Kaplan–Meier curves for differential hMOB3B gene expression
from the same dataset (Fig. 1E, ii). Because records for normal
human brain control tissue were not available, we followed the
common strategy to define the top 25% of the samples with
highest expression as "Up" and the 25% with lowest hMOB3B
expression as "Down." On the basis of these criteria, 50%
survival of patients with low hMOB3B levels was reduced by
40% compared with patients with high hMOB3B levels (10 vs.
16.6 months). These findings indicate that downregulation of
hMOB3B predicts poor survival, fully consistent with the
results from the Rembrandt dataset.

To investigate the discrepancy between upregulated total
hMOB3 protein levels in human GBM and its variable prog-
nostic values from theRembrand andTCGAmRNAdatasets,we
studied the interplay within hMOB3 members by single knock-
down of the most variable member, hMOB3B. Interestingly,
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upregulation of total hMOB3 protein in U373MG cells by
specific knockdown of hMOB3B pointed toward compensatory
mechanisms of hMOB3A/C and hMOB3B (Supplementary Fig.
S1D). Therefore, it appears that depletion of hMOB3B results in

the upregulation of hMOB3A/C protein, which indicates that
low levels of hMOB3B in GBMmight result in high hMOB3A/C
levels. This could potentially explain the observed association
between poor survival and low hMOB3B expression (Fig. 1D).

Figure 1. hMOB3 is overexpressed in human GBM. A, Western blot analysis of GBM lysates and non-neoplastic brain tissues (N.B.) with an anti-hMOB3
antibody. Molecular weights are expressed in kDa. B, representative immunohistochemistry images of non-neoplastic brain tissue using an anti-hMOB3
antibody (left, white matter; right, gray matter) and various human GBM tumors [left, GBM with partly gemistocytic differentiation; middle, GBM with
focal spindle-shaped cytomorphology; right, GBMwith specific staining in the tumor (top right) but not adjacent non-neoplastic tissue (bottom left)]. C, scoring
of hMOB3 immunohistochemical staining in 63 human GBM samples (0, negative; 1, low; 2, medium; 3, high). For representative images, see Supplementary
Fig. S1F. D, Kaplan–Meier survival curves for hMOB3 expression taken from the Rembrandt database. Cutoff is a 2-fold change. P value is provided by the
database using log-rank test. Curves represent all patients (blue), patients with upregulation of hMOB3 (red), downregulation (green), and intermediate
expression (yellow). N ¼ patient numbers. (i) Kaplan–Meier curve for hMOB3A. Pup- vs. inter- < 0.01; (ii) Kaplan–Meier curve for hMOB3B. Pup- vs. down- < 0.01,
Pup- vs. inter- ¼ 0.15, Pdown- vs. inter- < 0.05; (iii) Kaplan–Meier curve for hMOB3C. Pup- vs. inter- < 0.05. E, (i), density plot of hMOB3 isoforms expression
levels. Displayed are the normalized expression values for hMOB3A/B/C where 0 represents the expression mean of all samples. (ii) Prognostic value of
hMOB3B expression in the TCGA-Gene Expression (IlluminaHiSeq data subset) database. Kaplan–Meier survival curves for 25% of patients with
highest (Up) versus lowest (Down) of hMOB3B expression levels. Pup- vs. down- ¼ 0.05. A detailed description of data extraction and processing as
well as statistical analysis is provided in the "Statistical analysis and Bioinformatics" section in the Supplementary Materials and Methods.
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Collectively, our analysis indicates that total hMOB3 is
upregulated at the protein level in GBM and that expression
of hMOB3A/B/C is associated with clinical outcomes. On the
basis of these findings, it is tempting to speculate that total
hMOB3 protein has proto-oncogenic properties.

hMOB3 interactswithMST1 in response to apoptosis and
high cell density

Unlike hMOB1 and hMOB2, hMOB3 does not bind to LATS
and NDR kinases (34, 35). To investigate the involvement of
hMOB3 in GBM, we asked whether hMOB3 plays a role in
regulating the upstream Hippo kinase MST1. Because hMOB1
was reported to form a complex with MST1 and NDR1 upon
apoptotic stimulation (38), we first analyzed the physical
interaction between MST1 and hMOB3 under apoptotic con-
ditions. To this end, we performedMBPpull-down assays using

purified Escherichia coli–expressed MBP-tagged hMOB3A as a
bait to purify N terminal Flag-tagged MST1 from etoposide-
treated HEK293 cells. Interestingly, hMOB3A interacted with
MST1 in this experimental setting (Fig. 2A). Consistently,
endogenous MST1 could be coimmunoprecipitated by over-
expressed hMOB3 in response to okadaic acid (Fig. 2B, left) and
vice versa (Fig. 2B, right). However, although hMOB3 bound to
MST1, hMOB3 did not interact with endogenous NDR/LATS
(Supplementary Fig. S2A).We next analyzed the interactions of
MST1 with all hMOB3 members using purified MBP-tagged
hMOB3 to pull down purified untagged human MST1
expressed in Sf9 insect cells. Consistently, untagged MST1
purified from Sf9 cells could be pulled down with MBP-
hMOB3A/B/C, excluding tag-mediated unspecific binding and
illustrating that MST1 and hMOB3 interact directly (Fig. 2C
and Supplementary Fig. S2E). However, to our surprise, the

Figure 2. hMOB3 interacts with MST1. A, hMOB3A interacts with Flag-tagged MST1. After incubation of purified E. coli–expressed MBP or MBP-hMOB3A
with etoposide-pretreated Flag-tagged MST1 overexpression HEK293 cell lysates, complexes were analyzed via MBP pull-down assay followed by
immunoblotting. B, overexpressed hMOB3 interacts with endogenous MST1 upon okadaic acid (0.5 nmol/L) treatment (left) and vice versa (right). U87MG
cell lysates overexpressing HA-tagged hMOB3 (left) or HA-tagged MST1 (right) with or without treatment were analyzed by immunoprecipitation (IP).
Complexes and input lysates were assayed by immunoblotting. C, hMOB3A/B/C interacts with MST1 directly. After incubation of purified E. coli–expressed
MBP or MBP-hMOB3A/B/C with purified SF9-expressed untagged MST1, the complexes were analyzed via MBP pull-down assay followed by
immunoblotting. D, hMOB3 interacts with MST1 upon stimulation of cell death and at high cell density. Lysates of HEK293 cells coexpressing HA-
tagged MST1 and Flag-tagged hMOB3A were treated with the indicated reagents [etoposide, 100 mmol/L; anti-Fas, 0.5 mg/mL, cyclohexylamine (CHX),
15 mg/mL; actinomycin D, 2 mmol/L; okadaic acid, 0.5 nmol/L] at around 50% confluence or cultured to 100% confluence, and were analyzed by
immunoprecipitation. Complexes and input lysates were assayed by immunoblotting. E, hMOB3 interacts with active MST1. After incubation of purified E.
coli–expressed MBP-hMOB3A with untreated or okadaic acid (0.5 nmol/L) pretreated, etoposide (100 mmol/L)-pretreated or cell–cell contact-conditioned
Flag-tagged MST1-overexpressing HEK293 cell lysates, complexes were analyzed via MBP pull-down assay followed by immunoblotting.
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interaction between MST1 and hMOB3 in HEK293 cells was
lost at low cell density (50%) without any stimulation (Fig. 2B
and D, lane 1 and Supplementary Fig. S2B).
Wenext askedwhether the interaction ofMST1with hMOB3

occurs under general apoptotic stress. To address this ques-
tion, we coexpressed hMOB3A with MST1 in HEK293 cells.
Before immunoprecipitation, the cells were treated with var-
ious apoptotic stimuli or grown to 100% confluence. Strikingly,
in contrast to low cell density without any treatment, hMOB3/
MST1 complex formation was induced by a broad range of
apoptotic stimuli as well as by increased cell–cell contact due
to high cell density (Fig. 2D). To avoid artificial binding of two
overexpressed proteins inside cells, we confirmed the inter-
action by in vitro pull-down using purified E. coli–expressed
MBP-tagged hMOB3A as a bait. Consistently, MST1 was only
pulled down fromstressedHEK293 cells (Fig. 2E). In the reverse
approach, hMOB3A was also immunoprecipitated by MST1 in
HEK293 cells (Supplementary Fig. S2D).
To gain insight into the domains of MST1 responsible for

binding to hMOB3, we generated a series of MST1 truncation
mutants illustrated in Fig. 3A. We tested the interaction
between these mutants and wild-type hMOB3A by coimmu-
noprecipitation and found that the minimal fragment of MST1
required for binding of hMOB3 comprises the kinase domain
and the auto-inhibitory domain (Fig. 3B and C). However,
neither the kinase domain nor the auto-inhibitory domain
alone was sufficient for the association with hMOB3 (Fig. 3B,
lane 7 and Fig. 3C, lane 3). Notably, the SARAH domain was
found to be dispensable for the interaction as SARAH domain
deletion mutant showed similar affinity as the wild-type full-
lengthMST1 (Fig. 3B). A C-terminalMST1 fragment containing
the auto-inhibitory domain and the SARAH domain also did
not form a complex with hMOB3, further confirming that the
SARAH domain is not involved in this binding (Fig. 3C, lane 2).
Next, we asked whether the kinase activity of MST1 is

required for its interaction with hMOB3. As illustrated
in Fig. 3A, the regulation of MST1 activity requires the ATP-
binding site Lys59 and the phosphorylation of Thr183 (20).
Therefore, we investigated the interaction using two inactive
MST1 mutants. Remarkably, the interaction between MST1
and hMOB3 was abolished when MST1 was mutated into an
inactive form either by conversion of the ATP-binding site
Lys59 to Arg or the phosphorylation site Thr183 to Ala (Fig. 3B,
lane 5 and Fig. 3D, lane 4). As expected, binding was restored
when Thr183 wasmutated to glutamic acid (Fig. 3D, lane 5). We
also observed the binding ofMST1T183E and hMOB3 at 50%cell
density (Supplementary Fig. S2F), further indicating that phos-
phorylation of threonine 183 is critical for the interaction. To
further confirm the observation of activity of MST1-dependent
interaction with hMOB3, we treated untagged MST1 purified
from Sf9 cells with lambda-phosphatase to dephosphorylate
MST1 before pull-down experiments. Significantly, phospha-
tase treatment decreased binding ofMST1 to hMOB3A (Fig. 3E,
lane 3).
Taken together, our analysis indicates that the interaction

between MST1 and hMOB3 is induced by apoptosis and cell–
cell contact stress and depends on MST1 phosphorylation and
kinase activity, while the SARAH domain is dispensable.

hMOB3 negatively regulates cleavage of MST1 in GBM
cells

Having demonstrated that hMOB3 is highly upregulated
in GBM and that hMOB3 interacts with MST1, we next
addressed the biologic effect of hMOB3 on the activity of
MST1 in GBM (Fig. 4). The kinase domain and auto-inhib-
itory domain of active MST1 also interacts with caspases
during apoptosis (17–21). Therefore, we focused on the
interplay of hMOB3, MST1 cleavage, and caspases in the
cellular apoptotic response of GBM cells. To this end, we
generated hMOB3-overexpressing U373MG cells and evalu-
ated the apoptotic response to the standard chemotherapy
drug etoposide. Notably, the cleavage of endogenous MST1
was reduced in hMOB3-overexpressing cells compared with
control cells (Fig. 4A). We next determined the biologic
consequences of hMOB3 overexpression by analyzing the
apoptotic response. In agreement with decreased levels of
cleaved MST1, overexpressed hMOB3 attenuated apoptosis,
as reflected by decreased levels of cleaved poly (ADP-ribose)
polymerase and caspase-3 proteins (Fig. 4A). Furthermore,
Annexin V staining revealed a decrease in apoptotic cells of
approximately 40% in hMOB3A/B/C-overexpressing cells
upon etoposide treatment (Fig. 4B).

As cleaved MST1 translocates into nucleus (21), we next
analyzed signaling downstream of MST1 cleavage. In the
absence of a suitable immunofluorescence antibody to ana-
lyze the subcellular distribution of endogenous MST1, we
performed subcellular fractionation assays to examine nucle-
ar translocation of cleaved MST1 in etoposide-treated cells.
Consistent with a decrease in total levels of cleaved MST1,
nuclear cleaved MST1 was also significantly reduced in
hMOB3-overexpressing U373MG cells (Fig. 4C). Histone
H2B has been reported to be a key substrate mediating
apoptotic MST1 signaling (24). We further analyzed H2B
Ser14 phosphorylation in response to etoposide and found
a decrease in Ser14 phosphorylation in hMOB3B-overexpres-
sing U373MG cells (Fig. 4D).

To further test our conclusions on the effect of endoge-
nous hMOB3 on MST1 cleavage and apoptosis, and given the
functional redundancy of hMOB3A/B/C (Fig. 4A and B), we
generated a construct containing two independent short
hairpin RNAs targeting all hMOB3 isoforms (shRNA-MOB3
B2#AC1#; described in Supplementary Materials and Meth-
ods; Supplementary Fig. S1C and S1D; hereafter referred
shMOB3). We subsequently used this construct to generate
tetracycline-inducible hMOB3 knockdown U373MG cells.
Strikingly, etoposide-induced MST1 cleavage was higher
after tetracycline-induced hMOB3 knockdown than in con-
trol cells without tetracycline treatment (Fig. 4E). We
observed a similar phenotype in three additional clones
(Supplementary Fig. S3A). To examine further whether
hMOB3 attenuates apoptotic cleavage of MST1, we also
generated stable knockdown cells in the U87MG and LN229
lines. Similar enhanced cleavage of MST1 and apoptosis was
observed in stable hMOB3 knockdown U87MG and LN229
cells compared with U87MG_shLacZ or LN229_shLuc con-
trol cells, respectively (Fig. 4G and Supplementary Fig. S3B).
Moreover, Annexin V staining revealed an increase in
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apoptosis of approximately 1.8- and 1.6-fold in hMOB3-
depleted U373MG and U87MG cells, respectively (Fig. 4F
and Fig. 4H). Collectively, these data further support the
notion that hMOB3 negatively regulates apoptotic cleavage
of MST1 in GBM cells.

To examine whether there is any correlation between
hMOB3 protein levels and the apoptotic response in GBM cell
lines, we treated 10 glioma-derived cell lines with etoposide for

24 hours before measuring MST1 cleavage and apoptosis
markers (Supplementary Fig. S3C). On the basis of their
sensitivity to etoposide, we performed a Pearson correlation
test and found a correlation coefficient of �0.6 between
hMOB3 protein and cleaved MST1, indicative of a moderate
negative correlation. Taken together, our data suggest that
hMOB3 significantly contributes to modulate the sensitivity of
GBM cells to the chemotherapeutic agent etoposide.

Figure 3. hMOB3 binds to the active MST1 N-terminus kinase domain and auto-inhibitory domain. A, primary structure of wild-type MST1 and an
overview of HA- or GFP-tagged mutant derivates. Amino acids Arg59 and Thr183 are the ATP-binding and auto-phosphorylation sites, respectively. Arg59 and
Thr183weremutated toLysandAla, respectively.K59RandT183Amutants are kinasedead.B, etoposide (Etop; 100mmol/L)-pretreatedor untreated lysatesof
HEK293 cells containing the indicated combinations of HA-taggedMST1 forms and Flag-tagged hMOB3A (wild-type) were analyzed by immunoprecipitation
(IP). Complexes and input lysates were analyzed by immunoblotting. C, etoposide (100 mmol/L)-pretreated HEK293 cell lysates co-overexpressing the
indicated combinations of GFP-tagged MST1 forms and Flag-tagged hMOB3A (wild-type) were analyzed by immunoprecipitation. Complexes and input
lysates were analyzed by immunoblotting. D, HEK293 cells overexpressing HA-tagged MST1 alone or co-overexpressing the indicated combinations of HA-
taggedMST1 forms and Flag-tagged hMOB3A (WT) were harvested and lysed at different cell confluences and the lysates analyzed by immunoprecipitation.
Complexes and input lysates were analyzed by immunoblotting. The T183E mutant is not constitutively active but functions similar to the wild-type (20).
E, purified SF9-expressed, untagged active wild-type MST1 was first treated with lambda-phosphatase (PPase). Untreated or treated MST1 was then
subjected to pull-down assaywith purifiedE. coli–expressedMBPorMBP-tagged hMOB3A. Complexes and input lysateswere analyzed by immunoblotting.

Tang et al.

Cancer Res; 74(14) July 15, 2014 Cancer Research3784

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/14/3779/2702577/3779.pdf by guest on 19 M

ay 2023



hMOB3 binding to MST1 is essential for hMOB3-
mediated MST1 regulation
We next examined the activity of hMOB3 on MST1 using

MST1 binding-deficient hMOB3 mutants. Because hMOB1
phosphorylation on Thr12 and Thr35 by MST1 is needed for
MST1/hMOB1/LATS complex formation (11), we mutated
Thr12 and Ser38 to alanines and tested the interaction with
MST1 (Fig. 5A). Surprisingly, we found that these two resi-
dues, which are conserved between hMOB3 and hMOB1 (34,
35), are dispensable for the hMOB3–MST1 interaction (Fig.
5A). Therefore, based on the structure of hMOB1A (45), we
generated a series of mutations in residues potentially critical
for this interaction. Significantly, we found that Arg108/Lys109
in hMOB3A, which are conserved among hMOB3A/B/C

(Lys107/Lys108 and Arg107/Arg108 for hMOB3B and hMOB3C,
respectively), are critical residues, because hMOB3/MST1
complex formation was completely abolished by mutating
both residues to glutamic acid (Fig. 5A). We used the R108
K109EE mutant to generate U373MG cells stably expressing
binding-deficient mutant hMOB3A (Fig. 5B). Cleavage of
MST1 and apoptotic responses were analyzed in control,
hMOB3A wild-type and hMOB3A binding-deficient cells upon
etoposide treatment. Significantly, MST1 cleavage and cas-
pase-3 activation were reduced in wild-type hMOB3A-over-
expressing cells but not in cells overexpressing the MST1
binding-deficient mutant (Fig. 5B). Quantification of Annexin
V–positive cells confirmed a decrease in apoptosis of 48% in
U373MG cells overexpressing wild-type hMOB3, whereas cells

Figure 4. hMOB3 inhibits apoptotic
MST1 cleavage. A, U373MG cells
stably expressing Myc-empty-
vector (Myc EV) or Myc-tagged
hMOB3A/B/C were treated with
DMSO or etoposide (Etop; 100
mmol/L) for 12 or 24 hours. Treated
cells were harvested for
immunoblotting. B, in parallel,
apoptosis after a 24-hour
treatment was analyzed by
FACS-based Annexin V staining.
�,P < 0.05; ��,P < 0.01. C, U373MG
cells overexpressing either empty-
vector (EV) or Myc-tagged hMOB3
(hMOB3-Myc) were treated for 24
hours with etoposide (100 mmol/L),
fractionated (lysate, total lysate;
Cyto, cytoplasma; Nuc, nucleus),
andprocessed for immunoblotting.
D, in parallel, pretreated and
treated U373MG cell total lysates
were analyzed by immunoblotting.
E, U373MG clone C4 cells stably
expressing shRNA targeting all
three hMOB3 isoforms in a
tetracycline-inducible manner
(U373MG Tet-ON shMOB3 C4)
were treated with etoposide (100
mmol/L) in the presence or absence
of tetracycline (left). The untreated
and 24-hour treated cells were
harvested for immunoblotting. F, in
parallel, apoptosis before and after
24-hour etoposide treatment was
analyzed by FACS-based Annexin
V staining. �, P < 0.05. G, pooled
U87MG cells constitutively and
stably expressing shRNA targeting
E. coli LacZ or all three hMOB3
isoforms were treated with
etoposide (200 mmol/L; right). The
untreated and 24-hour treated
cells were harvested for
immunoblotting. H, in parallel,
apoptosis before and after 24-hour
etoposide treatment was analyzed
by FACS-based Annexin V
staining. ��, P < 0.01.
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expressing the MST1 binding-deficient mutant were affected
by etoposide to a similar level as controls (Fig. 5C).

Furthermore, we rescued the U87MG hMOB3 knockdown
cells with wild-type or MST1 binding mutant hMOB3A and
analyzed their apoptotic response to etoposide (Fig. 5D and E).
Indeed, apoptotic response (Fig. 5D and E) was only rescued by
wild-type hMOB3A but not the binding-deficient mutant.

Taken together, our results strongly suggest that hMOB3
restricts MST1 apoptotic signaling via a direct physical
interaction.

hMOB3 sustains cancer cell proliferation and tumor
growth

We found that hMOB3 protein levels are increased in human
GBM samples (Fig. 1A and B) and hMOB3 interacts with MST1
under high cell density (Fig. 2D and E). To investigate whether
hMOB3 contributes to cancer cell proliferation in vitro and
tumorigenesis in vivo, we analyzed cell proliferation upon
tetracycline-inducible hMOB3 knockdown in U373MG cells.

Knockdown of hMOB3 did not alter cell proliferation at low
density up to day 2. However, from day 4 onward, when cells
started to form cell–cell contacts, knockdown of hMOB3
progressively led to a drop in cell proliferation, with a maxi-
mum of 32% reduction at day 8 (Fig. 6A). Cell viability mea-
surements indicated that the reduction in cell number was not
due to apoptosis (data not shown). Endpoint MTT assays
indicated a decline in cell growth of approximately 40% (Fig.
6B). We next investigated the involvement of hMOB3 in
tumorigenesis in vivo using a mouse xenograft model. As our
standard U373MG flank tumor model did not yield tumors
after 6 months (data not shown), we established a flank tumor
model using constitutively hMOB3-depleted U87MG cells as
defined in Fig. 4G. Although the shLacZ control cells started to
form palpable tumors after approximately 8 weeks, MOB3
knockdown cells showed negligible growth in vivo up to 14
weeks (Fig. 6C). Tumor weight analysis at week 15 further
confirmed that hMOB3 is essential for tumor growth (Fig. 6D).
Collectively, our U87MG cell-based flank tumor model

Figure 5. Binding capacity of
hMOB3 is essential for its inhibitory
effect on apoptotic MST1
cleavage. A, generation and
characterization of an MST1
binding-deficient mutant. Glu55,
Arg108Lys109, His165, and
Thr15/Ser38 were mutated to
Lys55, Glu108, Glu109, Ala165, and
Ala15/Ala38, respectively. Lysates
of etoposide-treated or untreated
HEK293 cells containing the
indicated combinations of HA-
tagged full-length wild-type MST1
and Flag-tagged hMOB3A
forms were analyzed by
immunoprecipitation (IP).
Complexes and input lysates were
analyzed by immunoblotting. B,
U373MG cells stably expressing
the Myc-empty-vector (Myc EV) or
Myc-tagged wild-type hMOB3A or
the Myc-tagged R108E/K109E
(RKEE) mutant were treated with
etoposide (Etop; 100 mmol/L) for 12
or 24 hours. Treated cells were
harvested for immunoblotting. C, in
parallel, apoptosis after 24-hour
treatment was analyzed by FACS-
based Annexin V staining.
�, P < 0.05. D, U87MG_shMOB3
cells stably expressing the Myc-
empty-vector or Myc-tagged wild-
type rescue hMOB3A or the
Myc-tagged rescue R108E/K109E
mutant were treated with
etoposide (200 mmol/L) for
24 hours. Treated cells were
harvested for immunoblotting.
E, in parallel, apoptosis after
24-hour treatmentwas analyzedby
FACS-based Annexin V staining.
�, P < 0.05.
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suggests that hMOB3 is required for GBM cell growth in vivo.
In summary, our findings suggest that hMOB3 supports tu-
mor cell growth in vitro and in vivo.

Discussion
Genetic profiling has greatly advanced our understanding

of molecular mechanisms underlying tumorigenesis and
drug resistance. On the basis of microarray analysis of
malignant gliomas, we recently identified Mnk1 and MerTK
as potential therapeutic targets for the treatment of GBM
(41, 42). In the current study, we have discovered that the
previously uncharacterized adaptor protein hMOB3A/B/C is
deregulated in GBM (Fig. 1). Of note, we found that hMOB3A
and hMOB3C were increased at the mRNA level (Supple-
mentary Fig. S1A). Consistent with our findings, data
obtained from the Rembrandt database also showed upre-
gulation of hMOB3A and hMOB3C in human GBM samples

(Fig. 1D); conversely, hMOB3B seems to be downregulated.
The chromosome locus 9p21, on which the hMOB3B and
IFNK genes are located, is frequently deleted (52%) or epi-
genetically inactivated in GBM (44, 46, 47), which might
explain the varying mRNA levels of hMOB3B in our array and
the publicly available Rembrandt and TCGA datasets.
Importantly, we found that total hMOB3 protein levels were
prominently upregulated in human GBM samples (Fig. 1A–
C), suggesting possible oncogenic properties of hMOB3
protein in GBM. Consistently, hMOB3A/C upregulation cor-
related with unfavorable clinical outcomes in the Rembrandt
database, also pointing toward a potential proto-oncogenic
function of hMOB3. In an attempt to reconcile the converse
deregulation of the respective hMOB3 isoforms in GBM, we
found that knockdown of hMOB3B resulted in an upregula-
tion of total hMOB3 protein levels (Supplementary Fig. S1D).
This suggests that, in response to inactivation of hMOB3B,
compensatory upregulation of hMOB3A and C might pro-
vide GBM cells with increased oncogenic potential. However,
the basis of the compensation mechanisms is currently
unknown and requires further analysis.

Although the role of hMOB1 protein has already been
studied in tissue cultured cells and recently confirmed in a
knockout mouse model (36, 38, 39), the function of hMOB3
protein remained unknown. In a previous study, we found that
hMOB3 does not interact with NDR or LATS (34), but did not
address MST1 as a potential interaction partner for hMOB3.
As hMOB1 interacts with MST1, we asked whether hMOB3
might do so as well. Indeed, we observed that all three hMOB3
isoforms directly interact with mammalian Hippo, MST1 (Fig.
2). Importantly, the hMOB3–MST1 interaction is induced by
apoptosis andhigh cell density.Moreover,MST1 kinase activity
is required for the interaction (Fig. 3B, D, and E). MST1 kinase
activity is regulated by various mechanisms (16), importantly
by binding to SAV, RASSAF, or to itself via the SARAH domain.
Interestingly, the SARAH domain of MST1 is dispensable for
hMOB3 binding (Fig. 3B and C), suggesting a different mode of
their interaction rather than classical SARAH-mediated sig-
naling integration.

MST1 is a well-characterized proapoptotic kinase that
potentiates apoptosis by cross talking with caspases and
regulating downstream substrates (18, 19). Significantly, our
observations suggest that hMOB3 regulates the cleavage pro-
cess of MST1, which potentiates the apoptotic activity of the
kinase (19). Overexpression of hMOB3 restricts MST1 cleavage
and protects against the induction of apoptosis. Conversely,
depletion of hMOB3 in GBM cell lines reduces MST1 cleavage
and sensitizes cells to apoptosis induction (Fig. 4). Importantly,
we demonstrate that the protective effect of hMOB3 critically
depends on its direct binding toMST1, becauseMST1 binding-
deficient mutant did not protect against apoptosis induction
(Fig. 5). This antiapoptotic property of hMOB3 is likely to
confer a considerable survival benefit to brain tumor cells,
particularly if exposed to chemotherapeutic agents such as
etoposide. A comprehensive recent meta-analysis revealed
that etoposide treatment significantly improves overall sur-
vival in high-grade gliomas (48). Our data suggest that con-
comitantly blocking the interaction between hMOB3 and

Figure 6. hMOB3 sustains tumor cell growth in vitro and in vivo. A, growth
curve of pooled U373MG Tet_ON shMOB3 cells (C1/C4/C6) in the
absence or presence of tetracycline. Depletion of hMOB3 was achieved
by the addition of 2 mg/mL tetracycline for 96 hours. B, endpoint MTT
analysis of U373MGTet_ON shMOB3 cells in the absence or presence of
tetracycline. ��, P < 0.01. C, growth curves of flank tumors derived from
constitutively hMOB3-depleted U87MG cells (U87MG_shMOB3) versus
U87MG_shLacZ cells in vivo. Tumor volumes (cm3) were measured
and plotted. D, tumors weight (g) derived from U87MG_shLacZ and
U87MG_shMOB3 cells were measured and plotted. ��, P < 0.01.
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MST1 might further increase the therapeutic benefit of
etoposide.

Tumor cells tend to have a proliferative advantage over the
surrounding non-neoplastic cells. We also find that hMOB3
significantly contributes to the proliferation rate of GBM cells
(Fig. 6A and B), further supporting its potential role as an onco-
protein. Importantly, we confirm this observation in a xeno-
graft model in vivo where depletion of hMOB3 suppresses
tumor growth (Fig. 6C and D).

Taken together, our results characterize hMOB3 as a poten-
tial biomarker with clinical prognostic value for GBM. Negative
regulation of the apoptotic cleavage of MST1 signaling by
hMOB3 improved cellular survival in response to the standard
chemotherapeutic agent etoposide. In our study, targeting
hMOB3 sensitized GBM cells to etoposide and blocked tumor
cell growth. Thus, hMOB3 manipulation warrants further in-
depth analysis as it may represent a promising therapeutic
strategy to target GBM.
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