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ABSTRACT

Reactive oxygen species (ROS) are constantly pro-
duced in cells, an excess of which causes oxida-
tive stress. ROS has been linked to regulation of
the Hippo pathway; however, the underlying detailed
mechanisms remain unclear. Here, we report that
MOB1, a substrate of MST1/2 and co-activator of
LATS1/2 in the canonical Hippo pathway, interacts
with and is acetylated at lysine 11 by acetyltrans-
ferase CBP and deacetylated by HDAC6. MOB1-K11
acetylation stabilizes itself by reducing its bind-
ing capacity with E3 ligase Praja2 and subsequent
ubiquitination. MOB1-K11 acetylation increases its
phosphorylation and activates LATS1. Importantly,
upstream oxidative stress signals promote MOB1
acetylation by suppressing CBP degradation, in-
dependent of MST1/2 kinase activity and HDAC6
deacetylation effect, thereby linking oxidative stress
to activation of the Hippo pathway. Functionally, the
acetylation-deficient mutant MOB1-K11R promotes
lung cancer cell proliferation, migration and invasion
in vitro and accelerates tumor growth in vivo, com-
pared to the wild-type MOB1. Clinically, acetylated
MOB1 corresponds to better prediction of overall
survival in patients with non-small cell lung cancer.
Therefore, as demonstrated, an oxidative stress-CBP
regulatory axis controls MOB1-K11 acetylation and
activates LATS1, thereby activating the Hippo path-
way and suppressing YAP/TAZ nuclear translocation
and tumor progression.

INTRODUCTION

The classical Hippo signaling pathway mainly includes
MST1/2 kinase, LATS1/2 kinase, their scaffold proteins
SAV1, MOBI1 and the primary downstream effectors
YAP/TAZ. This pathway regulates cell proliferation, dif-
ferentiation, survival and death, and thereby controls tis-
sue growth, embryonic development and organ regenera-
tion (1-5). In particular, MOBI is an important co-activator
in the Hippo pathway, belonging to the Mps One Binder
(MOB) family. First discovered in yeast, the MOB family is
highly conserved in evolution, which is crucial for cell sur-
vival, morphogenesis (6), spindle pole body duplication and
mitotic exit network (7). In Drosophila melanogaster, the
MOB family is divided into dMOB1, dMOB2, dMOB3 and
dMOB4, which affects cell proliferation and death (8,9).
Furthermore, four subfamilies have been identified in hu-
mans, including seven members, MOB1A, MOBIB (95%
identical to MOB1A), MOB2, MOB3A, MOB3B, MOB3C
and MOB4. In the classic Hippo signaling pathway, phos-
phorylated MST1/2 binds to MOBI1 and releases MOBI1
from an autoinhibitory state, promoting its interaction with
LATS1/2 (10,11). Consequently, MST1/2 phosphorylates
MOBI at threonine 12 (T12) and threonine 35 (T35) (12),
and phosphorylates LATS1/2 at the hydrophobic motif
(HM) (13,14). Next, the MOBI-LATS1/2 complex sep-
arates from MST1/2, and MOBI allosterically improves
the autophosphorylation of LATS1/2 at the T-loop, lead-
ing to full activation of LATS1/2 (15). Furthermore, acti-
vated LATS1/2 promotes phosphorylation of YAP/TAZ,
reduces YAP/TAZ nuclear translocation and inhibits the
transcription of downstream target genes (16-18). There-
fore, MOBI is of great importance in the regulation of the
Hippo signaling pathway.
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An analysis, based on 9125 tumors in TCGA database,
indicated that the Hippo pathway is one of the eight most
frequently “altered” signaling pathways in human cancers,
including lung cancer (19). Notably, the incidence and mor-
tality of lung cancer in China are still very high among ma-
lignant tumors, and it was estimated to account for 27% of
all cancer deaths in the United States (in 2015), 20% in the
European Union (in 2016) and 18% all over the world (in
2020) (20,21). In addition, >80% of all lung cancer cases are
non-small cell lung cancer, and the five-year survival rate of
which is even <15% (20). It is reported that overexpression
of MSTT1 in A549 cells promotes the phosphorylation of
YAP, which inhibits cell proliferation and induces apoptosis
(22). Furthermore, overexpression of LATSI in H460 cells
upregulates BAX and promotes apoptosis (23). In contrast,
deletion of LATS1/2 genes in NSCLC cells could elevate
the proliferation and migration of cancer cells. Therefore,
the Hippo signaling pathway seems to play an inhibitory
role in lung cancer. MOBI is also considered to be a poten-
tial tumor suppressor, but detailed mechanism has not been
determined and needs further investigations.

It is known that post-translational modifications
(PTMs), such as phosphorylation, acetylation, methylation
and ubiquitination have a notable effect on the activity
of Hippo members. In addition to the phosphorylation
at T12 and T35, as mentioned above, threonine 74 (T74)
of MOBI is another phosphorylation site by MST1/2,
which is associated with the activation of NDR1 (12,24).
Song et al. revealed the significant role of MOBI in neurite
growth and neurofunctional repair after spinal cord injury
in mice, relying on the phosphorylation at serine 146 (S146)
and promoting its degradation through the ubiquitin—
proteasome pathway (25). Furthermore, ubiquitin ligase
Praja2 facilitates the degradation of MOBI and attenuates
the Hippo pathway (26). A series of studies have also
confirmed that MST1 (27), LATSI (28) and YAP (29) can
be acetylated, and all of them have a significant impact
on the molecular functions and activation of the Hippo
signaling pathway. However, the acetylation of MOBI has
not yet been explored, and thus, is the focus of this study.

Reactive oxygen species (ROS), including a series of
molecular oxygen derivatives, such as hydrogen peroxide
(H,03), superoxide anions, peroxyhydrogen ions and hy-
droxyl radicals, are present in both normal and tumor cells.
Normally, H,O; produces H,O via antioxidant molecules.
Once oxidation and antioxidation are out of balance, ex-
cessive accumulation of H,O, causes oxidative stress, sub-
sequently promoting lipid oxidation and DNA damage
(30,31). To combat this, organisms and cells emerge a series
of responses. The Hippo pathway has been confirmed to be
associated with oxidative stress or ROS, and MST1/2 is one
of the most important Hippo members in ROS-mediated
cell death and ROS resistance. For instance, MST1 is acti-
vated and enhances phosphorylation of FOXO3 under the
stimulation of oxidative stress, mediating FOXO3 nuclear
translocation and inducing neuronal cell death (32,33).
MST1 is also related to ROS-dependent apoptosis in U20S
cells treated with cisplatin (34). In addition, oxidative stress
can significantly downregulate the expression and activity
of YAP in gastric cancer, breast cancer and bladder cancer
cells (35-37). Together, these findings support that oxida-

tive stress is an upstream regulator of the Hippo signaling
pathway.

In addition to regulating phosphorylation, oxidative
stress has also been shown to affect the level of acety-
lation, such as TyrRS (38,39), CHK2 (40), G6PD (41)
and Hsp70 (42). Mechanistically, oxidative stress impacts
the autoacetylation of CBP, which enhances its acetyl-
transferase activity (43). H,O, treatment upregulates the
PCAF levels (38). In addition, H,O;-induced oxidative
stress can significantly increase the level and deacetylase ac-
tivity of SIRT1 (40) and SIRT?2 (44). Therefore, we hypoth-
esized that oxidative stress is likely to affect various post-
translational modifications.

In this study, we first determined that MOB1 can be
acetylated at lysine 11, which is regulated by acetyltrans-
ferase CBP and deacetylase HDAC6. Oxidative stress, an
upstream regulator of the Hippo pathway, markedly pro-
motes MOBI acetylation by stabilizing CBP. We linked
MOBI acetylation with activation of the Hippo signaling
pathway and the progression of human lung adenocarci-
noma.

MATERIALS AND METHODS
Cell lines

The human embryonic kidney cell line HEK293T was cul-
tured in DMEM and the human lung adenocarcinoma cell
line H1299 was cultured in RPM11640, both of which were
complemented by 10% heat inactivated fetal bovine serum
(FBS), 100 U/ml penicillin and 100 mg/ml streptomycin, at
the atmosphere of 37°C and 5% carbon dioxide.

Plasmids and siRNAs

The plasmids HA-CBP, HA-p300, FLAG-PCAF and
HA-MOF were indicated in our previous publication
(55). FLAG-HDACI1-7, Myc-HDACS8, FLAG-HDAC9
and LentiCRISPRv2 vectors were provided by Dr Jiadong
Wang (Peking University Health Science Center, Beijing,
China). HA-HDAC6 was provided by Dr Jun Zhou (Col-
lege of Life Sciences, Nankai University, Tianjin, China).
FLAG-MOBI1 and HA-MOBI were constructed by PCR-
amplified human full-length MOBI ¢cDNA inserting into
p3 x FLAG-CMV-10 vector (Sigma) and pCMV6-AC-
3HA vector (OriGene). The FLAG-MOBI1 and HA-MOBI1
mutants were constructed by using Muta-direct™ Kit (Sb-
sgene, SDM-15). The sequences of full-length (1-216), the
N-terminal (1-110) and C-terminal (111-216) domains of
MOBI1 were PCR-amplified and subcloned into pGEX-4T-
1 vector (GE Healthcare), then GST-fusion MOBI proteins
were gotten. The sequences of DACI (1-503), DAC2 (448-
840) and C-terminal (840-1215) of HDAC6 were PCR-
amplified and inserted into pGEX-4T-1 vector (GE Health-
care), then GST-fusion HADCG6 segments expression plas-
mids were obtained. The sequences of N-terminal domain
(1-700), Bromo domain (701-1231), HAT domain (1232—
1712) and C-terminal domain (1713-2441) of CBP were
PCR-amplified and inserted into pCMV6-AC-3HA vector.
And the sequence of full-length (1-216) of MOB1 was PCR-
amplified and subcloned into pET-28a (+) vector (No-
vagen), and then His-fusion MOBI proteins were purified.



The product codes or sequences of siRNAs against
STK3, STK4, CREBBP (CBP) and HDAC6 were shown
below.

STK3: siB160407064054—-1-5 of Guangzhou RiboBio
Co., Ltd. (RiboBio);

STK4: siG081251114701-1-5 of Guangzhou RiboBio
Co., Ltd. (RiboBio);

CREBBP (CBP): AACAGTGGGAACCTTGTTCCA;

HDAC6: CTGCAAGGGATGGATCTGA.

Antibodies and reagents

The antibodies utilized in this study were: MOB1 (Cell Sig-
naling Technology, #13730, 1:1000), MOBI1A (Santa Cruz,
sc-393212, 1:1000 for western blot and 1:100 for immuno-
precipitation), Acetylated-Lysine (Cell Signaling Technol-
ogy, #9441, 1:1000), FLAG (Sigma, F1804, 1:5000), HA
(Sigma, H3663, 1:2000), Myc (Abcam, ab32, 1:1000), CBP
(Cell Signaling Technology, #7425, 1:1000), MST1 (Cell
Signaling Technology, #14946, 1:1000), MST2 (Cell Sig-
naling Technology, #3952, 1:1000), LATS1 (Cell Signaling
Technology, #3477, 1:1000), YAP (Cell Signaling Technol-
ogy, #14074, 1:1000), YAP/TAZ (Cell Signaling Technol-
ogy, #8418, 1:1000), HDAC6 (Cell Signaling Technology,
#7558, 1:1000), p-MOBI1(T12) (Cell Signaling Technology,
#8843, 1:1000), p-MOBI(T35) (Cell Signaling Technol-
ogy, #8699, 1:1000), p-YAP(S127) (Cell Signaling Technol-
ogy, #13008, 1:1000), p-YAP(S397) (Cell Signaling Tech-
nology, #13619, 1:1000), p-LATS1(T1079) (Cell Signal-
ing Technology, #8654, 1:1000), p-TAZ(S89) (Cell Signal-
ing Technology, #59971, 1:1000), Praja2 (Bethyl Laborato-
ries, A302-991A, 1:1000), Actin (Proteintech, 60008-1-Ig,
1:3000), GAPDH (Abclonal, AC033, 1:10 000), and rab-
bit polyclonal antibody to acetylated MOBI at K11 was
produced using the peptide: SRSSK(Ac)TFKP (Jiaxuan
Biotech, Beijing, China).

Transfection procedures were accomplished by using
polyethylenimine (PEI) (Pol-yscience, 24765-1), Lipofec-
tamine™ 2000 (Invitrogen, 11668019) and Lipofectamine™
RNAIMAX (Invitrogen, 13778150) followed protocols
from the manufacturers. The class III sirtuin (SIRT) in-
hibitor nicotinamide (Sigma) and the histone deacetylase
(HDAC) inhibitor Trichostatin A (TSA) (Sigma) were used
respectively at a final concentration of 5 mM or 3 pM.
Cycloheximide (Sigma), a eukaryote protein synthesis in-
hibitor, was at a final concentration of 100 mg/ml when
added into the culture medium. In addition, the final
concentration of MG132 (Selleck, S2619), a proteasome
and calpain inhibitor, was 25 wM. The MST1/2 inhibitor,
XMU-MP-1 (Selleck, S8334) was used at final concentra-
tion of 3 wM. Furthermore, the two reagents inducing
oxidative stress, sodium arsenite (Sigma-Aldrich, S7400)
and H,0O; (Bejing Chemical Works) and the antioxidant,
N-Acetyl-L-cysteine (NAC) (Sigma-Aldrich, A7250-10G)
were all added as indicated.

Co-immunoprecipitation and western blot analysis

Cells were washed by phosphate buffer saline (PBS) twice
and lysed by protein lysis buffer (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1% NP-40 or Triton X-100, 1 mM EDTA,
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10 mM sodium butyrate and protease inhibitors) on ice
for 0.5 h. Supernatant was collected after centrifugation
and the concentration of protein was measured using Bicin-
choninic acid (BCA) assay kit (Applygen, P1511-1). As
for immunoprecipitation, protein solution was incubated
with corresponding antibodies (3-10 ng) on end-over-end
mixer overnight at 4°C, followed by supplementing 30-50
pl protein A/G agarose Beads (Santa Cruz, sc-2001/sc-
2002). Subsequently, the reactive systems were incubated on
end-over-end mixer for at least 4 h at 4°C, and the beads
were washed for 3 times using lysis buffer (without protease
inhibitors). Then protein solution or beads were boiled
in SDS-PAGE loading buffer with B-mercaptoethanol for
10 min at 100°C and appropriate amount of protein was
loaded into SDS-PAGE gels and transferred to PVDF
membranes. The membranes were blocked in 5% skim milk
for at least 1 h and then incubated with indicated antibodies
for 4 h at room temperature or overnight at 4°C.

Real-time RT PCR

Trizol reagent (Invitrogen, 15596026) was utilized for cell
total RNA isolating. cDNA was obtained by HiScript®
Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme
Biotech Co.,Ltd, R12301) and amplified by real-time PCR
in the reaction system of ChamQ Universal SYBR qPCR
Master Mix (Vazyme Biotech Co., Ltd., Q711-02) using
LightCycler® 96 (Roche) according to instrument speci-
fication. Three replicates were set for each sample and se-
quences of primers were shown below. Expression of each
mRNA was standardized according to GAPDH.
H-ANKRDI1-FOR: CAGACAAGAACAATCCAGAT
G;
H-ANKRDI1-BAC: GCTCCAGCTTCCATTAACT;
H-CTGF-FOR: TTGCGAAGCTGACCTGGAA;
H-CTGF-BAC: TGCTGGTGCAGCCAGAAA;
H-CYR61-FOR: CACACCAAGGGGCTGGAATG;
H-CYR61-BAC: CCCGTTTTGGTAGATTCTGG;
H-CBP-FOR: CGGCTCTAGTATCAACCCAGG;
H-CBP-BAC: TTTTGTGCTTGCGGATTCAGT;
H-GAPDH-FOR: CAGCAAGAGCACAAGAGG
AA;
H-GAPDH-BAC: CCCCTCTTCAAGGGGTCTAC.

GST pull-down assay

His-fusion proteins were obtained from Escherichia coli
strains BL,; or Rosetta, incubated with HIS-Selected™ HF
Nickel Affinity Gel (Sigma, H0537-25ML) and then eluted
with imidazole in advance. GST—fusion proteins were puri-
fied from E. coli strains BL,; or Rosetta and incubated with
50 pl Glutathione—Sepharose 4B beads (GE Healthcare) for
2-4 h. His-fusion proteins were precleared using 25 pl GST
protein and 50 wl Glutathione-Sepharose 4B beads for 2 h.
Then, mix the prepared His-fusion proteins into the beads
with GST-fusion proteins and incubated on end-over-end
mixer overnight at 4°C. After washing with cold PBS for 3
times, the reaction mixture was boiled in SDS-PAGE load-
ing buffer and subjected to western blot analysis with cor-
responding antibodies subsequently.
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In vitro acetylation and deacetylation assay

In vitro acetylation assay was set up by mixing 2 pg HA-
CBP protein eluted from HA-affinitive beads, 5 wg purified
GST-fusion MOBI protein and 20 wM acetyl-CoA into the
acetylation reaction buffer (50 mM Tris-HCI pH 8.0, 0.1
mM EDTA,1 mM dithiothreitol and 10% glycerol) for 2
h at 30°C in water bath. In the case of in vitro deacetyla-
tion assay, the previous steps were similar to what has been
described above. Then 2 pg of HA-HDACS6 protein eluted
from HA-affinitive beads and deacetylation reaction buffer
(25 mM Tris-HCI pH 8.0, 137 mM sodium chloride, 2.7 mM
potassium chloride and 1 mM magnesium chloride) were
added into the acetylation reaction systems at 30°C for 2 h.
Subsequently, the samples were stopped by boiling in SDS-
PAGE loading buffer and analyzed by western blot analysis
with acetylated-lysine Ab or AcK11-MOBI Ab.

Water-soluble tetrazolium salt 1 (WST1) assay

Cell proliferation ability was detected by WSTI1 assay.
H1299 stably transfected cells were placed into 96-well
plates at a density of 1.5 x 103 /well and the volume of
cell culture medium was 100 pl/well. From the second day,
added the reagent WST1 (Roche, 5015944001) every 24 h at
the working dilution of 1:10 (10 wl/well) and incubated to-
gether for 0.5-4 h at 37°C and 5% CO,. In addition, blank
well (add 10 pl/well WSTI to 100 pl/well culture medium
without cells) was set at the same time for every measure.
Upon completion of incubation, the liquid mixture was sub-
jected to quantitatively measurement using an ELISA mi-
croplate reader and the wavelength was 420-480 nm.

Plate colony formation assay

In plate colony formation assays, stably transfected H1299
cells were counted and suspended with culture medium con-
taining 10% FBS. About 10? cells were seeded per well of
6-well dish and cultured in the incubator at 37°C, 5% CO,
for 8-12 days. After fixed by 4% paraformaldehyde for 15
min, colonies were stained by crystal violet for 10 min, pho-
tographed and counted.

Transwell migration and invasion assays

The Transwell migration and invasion assays were accom-
plished by Transwell chambers (6.5 mm Insert, 24—well, §
pm polycarbonate membrane) (Costar, 3422). In the in-
vasion assay, 80 wl/well of Matrigel-culture medium mix-
ture (the dilution ratio is 1:2-1:3) was added into each up-
per Transwell chamber at first and located in cell incuba-
tor until liquid solidifies. For cell migration assay, cells were
counted and suspended in the culture medium with 0.5%
FBS. About 100 pl of the suspension containing 2-5 x 10*
cells were seeded into the upper Transwell chambers and 600
wl of the culture medium with 20-25% FBS or other specific
chemotactic factors, such as collagen, was added into the
bottom wells. Then, the culture systems were incubated at
37°Cand 5% CO, for 6-8 h in the migration assay, or for 12—
36 h in the invasion assay. After fixing by 4% paraformalde-
hyde for 15 min, cells which traversed through the Transwell
membrane were stained by crystal violet for 10 min, pho-
tographed and counted.

Establishment of stable knockout cells using CRISPR/Cas 9
genome-editing system

Single guide RNA (sgRNA) target sequences of MOBI
were designed with the help of the Zhang Lab website-crispr
design-Guide design resources and “Target Guide Sequence
Cloning Protocol” of GeCKO. Then the oligos were cloned
into LentiCRISPRv2 vector system after annealing. Hu-
man H1299 cells were transfected with sgR NA—cloned plas-
mids and treated with puromycin until all cells were dead
in control group. Single cell colonies were dissociated with
trypsin, planted into 96-well dishes respectively and cul-
tured with completed medium (containing puromycin).
The three pairs of optimal sequences target MOB1 were
shown below. And we used the first pair of oligos in the end.
#1 oligol: CACCGCTCGGACCTGCAGACATGAC;
#1 oligo2: AAACGTCATGTCTGCAGGTCCGAGC;
#2 oligol: CACCGTTCCATATAACATGTTGATC;
#2 oligo2: AAACGATCAACATGTTATATGGAAC;
#3 oligol: CACCGAGCTGTCCAGTCATGTCTGC;
#3 oligo2: AAACGCAGACATGACTGGACAGCTC.

Ethics

The mice experiments (Permit Number: LA2017-008) and
the studies on tissue samples of lung adenocarcinoma pa-
tients (Permit Number: ZRLW-5) were approved by the
Ethics Committee of Peking University Health Science
Center. All experiments on mice and human tumor sam-
ples were conducted in accordance with the Helsinki Dec-
laration and its revised version.

In vivo xenograft tumorigenesis analysis

Male NU/NU nude mice (4-6 weeks old) were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd., maintained, and fed according to the stage (spe-
cific pathogen-free) and standard protocols. A total of
1 x 10° (per 100 wl) H1299 cells, stably overexpressing Vec-
tor, MOBI-WT or KI11R mutant, were injected subcuta-
neously into the armpits of mice and each group consisted
of six mice. After tumor formation, their sizes were mea-
sured and recorded every 2 days. The subcutaneous tumor
masses were dissected at about 35 days, according to labora-
tory animal ethics, and the ultimate weights were measured
simultaneously.

Patient tumor samples

To analyze the role of acetylation of MOB1-K 11 in NSCLC,
tumor samples were obtained from 85 lung adenocarci-
noma patients, who had never been treated with neoadju-
vant or adjuvant therapy before surgery, and had received
surgery at Peking University Health Science Center from
September 2004 to June 2009. The normal lung tissue sam-
ples, at least 3 cm away from tumor tissue, were obtained si-
multaneously from the same patients mentioned above. The
patients included 47 males and 38 females, with an aver-
age age of 62 (range, 30-84). Survival was measured from
surgery and ended with patient death. The median obser-
vation time for overall survival was 40 months (range, 1-
92 month). Follow-up period was from November 2005 to



August 2014, during which time, 67 patients had died and
the rest were still alive.

Immunohistochemical staining and assessment

The paraffin-embedded tissue sections were deparaffinized
and rehydrated, following by incubation in 0.3% H,O, for
30 min at room temperature to abrogate endogenous per-
oxidase activity. Antigen retrieval was accomplished using
10 mM sodium citrate buffer (pH 6.0) for 30 min. AcK11-
MOBI specific antibody was incubated at 4°C for 12 h and
then PV6001 2-step plus Poly-HRP anti-Rabbit IgG De-
tection System (Zhongshanjingiao, Beijing, China) was ap-
plied. Streptavidin-biotin-peroxidase method was used and
the detection was accomplished by 3'3’-diaminobenzidine
tetrahydrochloride (DAB) (D0430, Amresco, USA). Then
hematoxylin was used to counterstain tissue sections and
washed with flowing water for appropriate time. All im-
munostainings were assessed by pathologists and classified
into strong staining group and low staining group.

Statistical analysis

The experiment results were analyzed with GraphPad Prism
6 software and displayed in the form of mean 4+ SD or SEM.
Two-group datasets were compared by two-tailed Student’s
t test and three or more group datasets were compared by
analyses of variance (ANOVA). All images or statistical re-
sults were based on at least three independent experiments.
It is considered that * is for P < 0.05, ** is for P < 0.01, ***
is for P < 0.001, and **** is for P < 0.0001.

RESULTS
MOBI is acetylated by CBP at lysine 11

The phosphorylation and ubiquitination of MOBI, which
significantly modulate the activation of Hippo pathway,
have been reported previously (12,26,45). However, there
are no reports on the acetylation of MOBI. We aimed to
determine whether MOBI can be acetylated and how acety-
lation regulates the function of MOBI. First, we performed
immunoprecipitation with lysates of HEK293T cells us-
ing an acetylated-lysine (AcK) antibody, followed by de-
tection using an MOBI1 antibody. These results demon-
strated that endogenous MOBI can be acetylated (Figure
1A). Next, FLAG-MOBI1 was immunoprecipitated by M2-
Beads (anti-FLAG) and immunoblotted with an acetylated-
lysine (AcK) antibody, indicating that exogenous MOBI
can also be acetylated (Supplementary Figure S1A). To
identify the acetyltransferase of MOBI, we cotransfected
MOBI1 with a panel of acetyltransferases including CBP,
p300, PCAF and MOF. The results showed that only
CBP significantly promoted the acetylation of MOBI (Fig-
ure 1B). Furthermore, we coexpressed MOB1 with CBP-
WT or CBP-Y1503F (a catalytic activity-deficient mutant)
and found that CBP-WT can acetylate MOBI, whereas
CBP-Y1503F cannot (Supplementary Figure S1B). Subse-
quently, we overexpressed CBP with increasing amounts
of the plasmid, and as expected, increased acetylation of
MOBI was observed (Supplementary Figure S1C). Thus,
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we concluded that MOBI can be acetylated by CBP in liv-
ing cells.

We then examined whether MOBI interacted with CBP.
HEK?293T cells were lysed, and coimmunoprecipitation was
performed with CBP antibody or IgG, followed by western
blot analysis using an MOBI antibody (Figure 1C). Then,
exogenous (Supplementary Figure S1D) and endogenous
(Supplementary Figure SIE) MOBI were coimmunopre-
cipitated with HA-CBP in HEK293T cells. These findings
suggest that both endogenous and exogenous MOBI can
interact with CBP in cells. To determine the region where
MOBI binds to CBP, we constructed four segments of CBP
fused with GST and then expressed and purified the re-
combinant proteins from E. coli, including the N-terminus
(1-700), Bromo domain (701-1231), HAT domain (1232—
1712) and the C-terminus (1713-2441) (Supplementary Fig-
ure S1F). GST pull-down assays were performed using puri-
fied His-MOBI protein and GST-CBP segments mentioned
above. It was shown that MOBI1 can bind directly to all four
segments of CBP in vitro, although the interaction with the
fourth segment was obviously weak (Supplementary Figure
S1F, S1G). These results indicated that MOBI indeed inter-
acts with CBP.

Given that MOBI is acetylated by CBP, we wanted to
determine its acetylation sites. HEK293T cells were co-
transfected with FLAG-MOBI and HA-CBP, and MOBI1
protein was enriched by immunoprecipitation using M2
beads, followed by SDS-PAGE celectrophoresis. The gel
was stained with Coomassie blue, and the band contain-
ing MOBI was excised and analyzed by LC-MS/MS. Three
potential MOBI acetylation sites, lysine 11, lysine 17 and
lysine 104 (K11, K17 and K104) were identified (Figure
1D). To determine which lysine is the major acetylation
site, we constructed three K (lysine) to R (arginine) mu-
tants, mimicking MOBI1 acetylation-deficient conditions.
FLAG-MOBI (WT or three other mutants) and HA-CBP
were coexpressed in cells and were immunoprecipitated with
M2 beads. The results showed that the acetylation level of
MOBI decreased significantly in the K11R mutant group
compared to MOB1-WT, K17R and K104R mutants, sug-
gesting that the primary acetylation site of MOBI is lysine
11 (Figure 1D, E).

Subsequently, to examine the endogenous lysine 11 acety-
lation, we prepared a rabbit polyclonal antibody specifically
against acetylated-lysine 11 of MOBI (AcK11-MOBI) us-
ing the synthetic peptide, SRSSK (AcK) TFKP. First, dot
blot analysis was used to evaluate the specificity of this
AcK11-MOBI antibody, and the result demonstrated that
AcK11-MOBI antibody recognizes the K11 acetylated pep-
tide rather than the unacetylated peptide (Figure 1F). Next,
we transfected FLAG-MOBI-WT, K11R and K11Q mu-
tants (mimics of MOBI acetylation) with HA-CBP. West-
ern blot analysis was performed using AcK11-MOBI anti-
body and found that the antibody only recognizes MOBI-
WT with CBP but not K11R or K11Q with CBP (Figure
1G). Moreover, we also transfected HA vector or HA-CBP
plasmid in HEK293T cells, enriched endogenous MOBI1
through immunoprecipitation with MOB1 Ab, and per-
formed western blot using AcK11-MOB1 Ab. The results
showed that endogenous MOBI can be acetylated by CBP
at K11, as expected, and acetylated MOBI can be recog-
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Figure 1. MOBI is acetylated by CBP at lysine 11. (A) Lysates of wild-type HEK293T cells, treated with 5 mM nicotinamide and 3 .M TSA for 12 h before
harvesting, were immunoprecipitated with antibody (Ab) to acetylated-lysine (AcK) or control IgG. Western blot analysis was applied with anti-MOBI
Ab, anti-H3 Ab and anti-Actin Ab in subsequent. (B) FLAG-MOBI was coexpressed with diverse acetyltransferases, respectively, in HEK293T cells.
Forty-eight hours after transfection, cells were lysed and performed immunoprecipitation with M2-Beads (anti-FLAG), followed by western blot analysis
with the AcK Ab subsequently. (C) HEK293T cells were lysed and performed coimmunoprecipitation with antibody to CBP or IgG, and then detected by
western blot analysis with MOB1 Ab. (D) The spectrum of the charged ion revealed that the lysine 11 of MOBI1 (-SSK*TFKPK-) is acetylated by CBP.
(E) HEK293T cells coexpressing HA-CBP and FLAG-MOBI (wild-type or mutation at different sites individually) were performed immunoprecipitation
with M2-Beads (anti-FLAG) and then immunoblotted with AcK Ab and FLAG Ab. (F) The dot blot assay was performed to confirm the specificity
of the antibody to AcK11-MOBI (AcK11-MOB1 Ab). MOBI1 unacetylated-peptide and acetylated-peptide with different concentrations were dotted on
Nitrocellulose membrane and were detected by AcK11-MOB1 Ab. (G) HEK293T cells were transfected with FLAG-MOBI1-WT, K11R or K11Q plasmids,
respectively. A part of cell lysates was performed immunoprecipitation with M2-Beads (anti-FLAG) and then immunoblotted with the AcK11-MOBI1 Ab.
Another part of the lysates was directly detected by SDS-PAGE and immunoblotted with the AcK11-MOBI1 Ab. (H) HEK293T cells were transfected
with HA-CBP or HA-tagged vector, and lysed 48 h later. Cell lysates were performed immunoprecipitation with MOBI Ab, followed by western blot
analysis using AcK11-MOB1 Ab, MOBI1 Ab or Actin Ab. The gray value of the bands was quantified using ImageJ and labeled above the bands. (I)
Lysates of HEK293T cells, which were treated with 5 mM nicotinamide and 3 wM TSA for 12 h before harvesting, were immunoprecipitated with MOB1
Ab and immunoblotted with the AcK11-MOB1 Ab, MOB1 Ab or Actin Ab subsequently. The gray value of the bands was quantified using ImageJ and
labeled above the bands. (J) In vitro acetylation assays were accomplished with purified GST, GST-fusion protein of MOB1 and HA-CBP (eluted from
HA-affinitive beads in advance). Then SDS-PAGE and immunoblotting with the AcK11-MOB1 Ab were performed. The purified GST-MOBI and eluted
HA-CBP were exhibited by Coomassie blue staining. (K) The amino acids adjacent to human MOB1-K 11 are of high conservation in diverse species.



nized by this antibody (Figure 1H). In addition, we ectopi-
cally expressed FLAG-MOBI1 in HEK293T cells (Supple-
mentary Figure STH) or used the wild-type HEK293T cells
(Supplementary Figure S11), in which endogenous CBP was
knocked down with small interfering RNA (siRNA). The
results showed that in both cases, knockdown of CBP led
to the decrease of MOBI acetylation at lysine 11, confirm-
ing again that CBP acetylates MOBI at lysine 11. Further-
more, it was known that deacetylases are classified into two
categories: histone deacetylase (HDAC) family and sirtuin
(SIRT) family (46,47), the inhibitors of which are tricho-
statin A (TSA) and nicotinamide, respectively. HEK293T
cells were treated with TSA and nicotinamide simultane-
ously, and immunoprecipitation was performed using the
MOBI Ab, followed by western blot analysis with AcK11-
MOBI Ab. Here, we observed an upregulation of endoge-
nous MOBI acetylation (Figure 11). Then, we performed
in vitro acetylation assays using purified GST-fusion pro-
tein of MOBI1 and HA-CBP. GST pull-down experiments
demonstrated that AcK11-MOBI antibody can recognize
MOBI acetylation not only in living cells but also for the
purified proteins in vitro (Figure 1J). In addition, we per-
formed sequence alignment for MOB1 homology in nine
different species as indicated, displaying that the amino
acids adjacent to human MOBI1-K 11 are highly conserved
in comparing with other species (Figure 1K). Altogether,
these data demonstrated that lysine 11 is the acetylation site
of MOBI1 by CBP, which is highly conserved during evolu-
tion.

HDACG6 interacts with and deacetylates MOBI1

Acetylation and deacetylation are dynamic processes; thus,
we intended to determine the deacetylases of MOBI. First,
we transfected FLAG-MOBI in HEK293T cells and treated
them with nicotinamide or TSA for 12 h. The results showed
that only TSA was able to increase the acetylation of MOBI1
at lysine 11, suggesting that its deacetylase belongs to the
HDAC family (Figure 2A). Then, we coexpressed FLAG-
MOBI with different HDAC expression plasmids sepa-
rately. The results demonstrated that HDAC1, HDAC6 and
HDACS decreased the level of acetylation of MOBI at ly-
sine 11, among which HDAC6 showed the strongest ef-
fect (Figure 2B,C). Next, the acetylation of MOBI at ly-
sine 11 increased as expected after HDAC6 knockdown by
siRNA (Figure 2D). It is also shown that MOBI1 deacety-
lation by HDAC6 can be rescued by TSA treatment in cells
(Figure 2E). Furthermore, MOBI1 deacetylation by HDAC6
in vitro was examined using purified FLAG-HDAC6, HA-
CBP and GST-MOBI (Supplementary Figure S2A). Thus,
we demonstrated that HDAC6 deacetylates MOBI.

To examine the interaction between MOBI and
HDAC6, we coexpressed FLAG-MOBI1 and HA-HDAC6
in HEK293T cells and found that exogenous HDACG6 could
be coimmunoprecipitated with FLAG-MOBI (Figure 2F).
Conversely, exogenous MOBI can be coimmunoprecip-
itated with FLAG-HDAC6 (Figure 2G). In addition,
HEK293T cells were transfected with FLAG-HDAC6
and subjected to a co-immunoprecipitation assay, and
the results showed that endogenous MOBI interacts with
FLAG-HDACG®6 (Figure 2H). Furthermore, we constructed
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a series of GST-fusion HDAC6 plasmids, DACI1 (1-503),
DAC?2 (448-840) and the C-terminal domain (840-1215),
and performed GST pull-down assays with purified His-
MOBI protein. The results showed that MOBI can bind
to all three segments of HDAC6, and the DAC1 domain
showed a stronger interaction with MOBI1 than the DAC2
domain (Supplementary Figure S2B, S2C). In summary,
these experiments demonstrated that HDACG6 deacetylates
and interacts with MOBI both in vivo and in vitro.

Acetylation of MOBI increases its stability

Acetylation is known to impact protein—protein interac-
tions (48,49), subcellular localization (50), enzymatic activ-
ity (51-53), gene transcription (54), cellular metabolism (41)
and protein stability (46), as seen in the regulation of the
stability of EZH2 (55) and SRSF5 (56). We wanted to de-
termine whether acetylation affects the stability of MOBI.
First, we transfected HA-CBP (Supplementary Figure S3A)
or knocked down CBP using siRNA (Supplementary Fig-
ure S3B), and discovered that endogenous MOBI increases
or decreases prominently in both HI299 and HEK293T
cells. Analogously, when treated with TSA, the protein level
of MOBI raised because of the up-regulation of MOBI1
acetylation (Supplementary Figure S3C). Therefore, we as-
sumed that acetylation may influence the protein stability
of MOBI. To confirm that, we cotransfected HA-CBP with
FLAG-MOBI1-WT or K11R mutant in H1299 (Figure 3A)
and HEK293T cells (Figure 3C), and then treated the cells
with cycloheximide (CHX), an inhibitor of protein synthe-
sis, for the indicated hours. The results showed that half-
life of MOB1-K11R mutant was markedly shorter than that
of MOBI1-WT (Figure 3A-D). In addition, we also coex-
pressed FLAG-MOBI1 with HA-CBP or HA-CBP-Y1503F
mutant in both H1299 (Supplementary Figure S3D) and
HEK?293T cells (Supplementary Figure S3F), and then re-
peated the experiments. Results showed that the half-life
of FLAG-MOBI with HA-CBP-Y1503F was significantly
shorter than that of FLAG-MOBI with wild-type CBP
(Supplementary Figure S3D-QG), indicating again that hy-
peracetylation stabilizes MOBI.

To explore the underlying mechanism, we cotransfected
FLAG-MOBI1 and HA-ubiquitin with HA-CBP-WT or
Y 1503F mutant in both H1299 (Figure 3E) and HEK293T
cells (Figure 3F). The results showed that ubiquitination of
exogenous MOBI decreased under hyperacetylation (Fig-
ure 3E,F). Moreover, the ubiquitination level of MOBI de-
creased when HDACG6 was inhibited by TSA (Figure 3G,H)
or depleted by siRNA (Supplementary Figure S3H, S31).
Together, these results demonstrated that the acetylation
of MOBI can reduce its polyubiquitination level. Further-
more, we expressed FLAG-MOBI-WT or K11R mutant
with HA-ubiquitin in H1299 (Figure 31) and HEK293T
cells (Figure 3J), and the K11R mutant exhibited a more
apparent ubiquitination, as expected (Figure 31, J). Praja2,
an E3 ligase, is reported to mediate the ubiquitination and
degradation of MOBI1 (26). Hence, we performed coim-
munoprecipitation in cells transfected with FLAG-MOBI-
WT or K11R mutant, and the results showed that MOB1-
K11R mutant had a stronger interaction with Praja2, which
degraded much faster than MOBI-WT (Supplementary
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Figure 2. HDACH6 interacts with and deacetylates MOB1. (A) HEK293T cells expressing FLAG-MOBI1 were treated with 5 mM nicotinamide or 3
pM TSA for 12 h before harvesting, and the lysates were detected by SDS-PAGE and immunoblotting with the AcK11-MOBI1 Ab. (B) FLAG-MOBI1
was co-transfected with HA-CBP and diverse histone deacetylase (HDACs) plasmids in HEK293T cells, and cell lysates were detected by SDS-PAGE
and immunoblotting with indicated antibodies. (C) HEK293T cells were cotransfected with FLAG-MOB1, HA-CBP and HA-HDACS, the lysates were
analyzed by western blot analysis using indicated antibodies. (D) HEK293T cells, cotransfected with FLAG-MOBI1 and HA-CBP, together with or without
siRNA against HDACG6, were lysed. Lysates were detected by SDS-PAGE and immunoblotting with indicated antibodies. (E) HEK293T cells cotransfected
with FLAG-MOBI and HA-HDACG6 were treated with or without 3 puM TSA for 12 h before harvesting, followed by immunoblotting. (F-H) FLAG-
MOBI together with HA-HDACS6 (F), HA-MOB1 with FLAG-HDAC6 (G) or FLAG-HDACS6 separately (H) were transfected in HEK293T cells. Lysates
were coimmunoprecipitated with M2-Beads (anti-FLAG) and then immunoblotted with indicated antibodies.

Figure S3J, S3K). Therefore, acetylation stabilizes MOB1
by weakening the interaction between MOBI1 and its E3 lig-
ase, Praja2.

MOBI acetylation regulates Hippo signaling pathway

MOBI is an important component of the Hippo signaling
pathway and is required for full activation of the Hippo
core kinase LATS1 (3,12,57,58). To examine whether acety-
lation plays a role in the regulation of MOBI1 phospho-
rylation, FLAG-MOBI1 and HA-CBP were cotransfected
in HEK293T cells, followed by immunoprecipitation and

western blot analysis. The results showed that MOBI1 acety-
lation increased its phosphorylation at both T12 and T35
sites (Supplementary Figure S4A), and T12 seemed to show
a much stronger phosphorylation than T35. To avoid en-
dogenous MOBI interference, we constructed MOBI stable
knockout (KO) H1299 cells (Supplementary Figure S4B).
Then, we expressed FLAG-MOBI1-WT and K11R mutant
separately in H1299 KO cells, and immunoprecipitated ex-
ogenous MOBI. The results showed that K11R mutant re-
markably decreased MOBI1 phosphorylation at T12 (Fig-
ure 4A), and the same results were observed in HEK293T
cells (Figure 4B). In addition, similar changes were also



Nucleic Acids Research, 2022, Vol. 50, No. 7 3825

A B o ~-MOB1-WT+CBP
H1299 e -8-MOB1-K11R+CBP

CHXh) O 6 15 20 25 30 % 0.8+
Ea I
€8 |.—-———- b |FLAG-MOB1 5206+
< ‘A ti 3¢
g T ctin 2<0.44

<
P 2 %02+ ‘
a | R e i |FLAG-MOB1 k)
X0 L
<3 ! 0.0 . : - : T T
g I — e — ——— ‘Actln 0 5 10 15 20 25 30

CHX Treatment (h)

Cc D

HEK293T o 1.0 —e-MOB1-WT+CBP
= -=-MOB1-K11R+CBP
CHXh) 0 6 15 20 25 30 o<
s _ 0.8
Ea ta
$8|--—‘-‘""|FLAG-MOB1 »6%06-
%S(I: -— | A\cti 3 Q .
[s}
S¥ e e e o |c|n Ei0.4-
< i
g
2 %024
c5 | — — |FLAG»MOB1 5 02
o &
o< I |Actin 0.0 T T T T T T
g:‘l“: W W TP TR e S— 0 5 10 15 20 25 30
CHX Treatment (h)
E F G
HEK293T
H1299
HA-CBP-Y1503F + - H1299
HA-CBP-Y1503F + - e
HA-CBP -  + FLAG-MOB1 + +  +
HA-CBP -  +
FLAG-MOB1 +  + HA-Ub - +  +
FLAG-MOB1 +  +
HA-Ub + + TSA - - +
HA-Ub -+ MG132
+ +
Morzz ¢+ MG132 + +  +
1;8 170 gg
130
_ ©|100 HA-Ub
o100 HA-Ub e HA-Ub <| 70
<| 70| T | 100 L
w g o
L o =| 55
& g5 70
EFLAG-MOM 55 EFLAG_MOM
- | | AG-MOB1
H HEK293T ! J
FLAG-MOB1 + +  +
T H1299 HEK293T
TSA . FLAG-MOB1-WT + + - FLAG-MOB1-WT +  +
. - B . FLAG-MOB1-KR - -  +
MG132 FLAG-MOB1-KR +

IP:FLAG

IP:FLAG
IP:FLAG

+ + +
HA-Ub -  + + HA-Ub - + +
170 MG132 + + 4+ MG132 + + +
130
170 170
130 130
100 HA-Ub 100
70 . o HALUD 100 HA-Ub
55 L L | 70
- 55 & ——: 55

Figure 3. Acetylation of MOBI increases its stability. (A and B) FLAG-MOBI-WT (upper part) or FLAG-MOBI-K11R mutant (bottom part) were
cotransfected with HA-CBP in H1299 cells, then treated with 100 mg/ml cycloheximide (CHX) for indicated hours before harvesting. Cell lysates were
performed western blot analysis with FLAG Ab and Actin Ab to examine the half-life (A). The curves were completed based on the gray value quantification
of the bands of FLAG-MOBI in (A) by software ImageJ and GraphPad Prism 6. Error bars were representing means + SD. According to two-tailed
Student’s 7-test,* is for P < 0.05, ** is for P < 0.01 and *** is for P < 0.001. Images and statistical results were based on three independent experiments (B).
(Cand D) FLAG-MOBI1-WT (upper part) or FLAG-MOBI-K11R mutant (bottom part) were cotransfected with HA-CBP in HEK293T cells, then treated
with 100 mg/ml cycloheximide (CHX) for indicated hours before harvesting. Cell lysates were subjected to western blot analysis with FLAG Ab and Actin
Ab to determine the half-life (C). The curves were completed based on the gray value of the FLAG-MOBI bands in (C) by ImageJ and GraphPad Prism
6. Error bars represent means + SD. According to two-tailed Student’s z-test, ** is for P < 0.01 and *** is for P < 0.001. Images and statistical results
were based on three independent experiments (D). (E and F) H1299 (E) or HEK293T cells (F) transiently co-expressing FLAG-MOBI, HA-ubiquitin
and HA-CBP (WT or Y1503F mutant) were treated with 25 puM MG132 for 12 h before harvesting. Lysates were performed immunoprecipitation with
M2-Beads (anti-FLAG) and then immunoblotted with HA Ab and FLAG Ab. (G and H) H1299 (G) or HEK293T cells (H) were cotransfected FLAG-
MOBI and HA-ubiquitin, and then treated with 25 wM MG132, together with or without 3 wM TSA for 12 h before harvesting. Lysates were performed
immunoprecipitation with M2-Beads (anti-FLAG) and then immunoblotted with HA Ab and FLAG Ab. (I and J) H1299 (I) or HEK293T cells (J) were
transiently cotransfected with FLAG-MOBI1 (WT or K11R mutant) and HA-Ubiquitin, and then treated with 25 puM MG132 for 12 h before harvesting.
Lysates were performed immunoprecipitation with M2-Beads (anti-FLAG) and immunoblotted with HA Ab and FLAG Ab.
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Figure 4. Acetylation of MOBI regulates Hippo signaling pathway. (A and B) FLAG-MOBI plasmids (WT or K11R mutant) were expressed respectively
in H1299 KO cells (A) or HEK293T cells (B). Cell lysates were immunoprecipitated with M2-beads (anti-FLAG) and followed by immunoblotting with
the p-MOBI (T12) Ab and FLAG Ab. (C-F) H1299 KO cells (C,E) or HEK293T cells (D,F) were transfected with FLAG-MOBI1 (WT or K11R mutant),
and the lysates were subjected to immunoblotting with p-YAP (S127) Ab (C,D), p-TAZ (S89) Ab (E,F), p-LATSI (T1079) Ab, FLAG Ab and Actin Ab
(C-F). (G and H) H1299 (G) or HEK293T cells (H) transfected with FLAG-MOB1 (WT or K11R mutant) were coimmunoprecipitated with M2-Beads
(anti-FLAG) and then immunoblotted with the indicated antibodies. (I and J) H1299 KO cells (I) or HEK293T cells (J) were transfected with FLAG-
MOBI (WT or K11R mutant), and then nuclear and cytoplasmic proteins were extracted. Nuclear proteins and cytoplasmic proteins were subjected to
western blot analysis respectively with YAP, TAZ, FLAG, GAPDH (reference gene for cytoplasm) and YY1 (reference gene for nucleus) antibodies. S.E.
means short exposure. L.E. means long exposure. (K) FLAG-MOBI-WT or K11R mutant was expressed respectively in H1299 KO cells, and endogenous
ANKRDI, CTGF and CYR61 mRNA expression levels were detected by qPCR. Statistical analyses were performed by GraphPad Prism 6, and error bars
represent means £ SD. According to two-tailed Student’s -test, * is for P < 0.05 and ** is for P < 0.01. Images and statistical results were based on three
independent experiments.



observed at T35, but the effect was far less pronounced
than that at T12 (Supplementary Figure S4C, S4D). Impor-
tantly, we discovered that K11R mutant decreased LATS1
phosphorylation at T1079, YAP phosphorylation at S127,
and TAZ phosphorylation at S89 in H1299 KO cells and
HEK?293T cells (Figure 4C-F). Among them, LATS1 phos-
phorylation at T1079 marks its activation, and YAP phos-
phorylation at S127 or TAZ phosphorylation at S89 are
closely related to their binding to 14-3-3 and cytoplasmic
retention. Moreover, to examine whether MOBI acetyla-
tion affects its interaction with LATSI1, we performed a
coimmunoprecipitation assay. The results confirmed that
the interaction between LATS1 and MOBI1-K11R mutant
was much weaker than that between LATS1 and wild-type
MOBI (Figure 4G,H), suggesting that MOBI acetylation
is required for the LATS1-MOBI interaction. To deter-
mine the effect of MOBI acetylation on YAP/TAZ local-
ization, we prepared nuclear and cytoplasmic protein ex-
tractions in H1299 KO cells or HEK293T cells, transfected
with FLAG-MOBI1-WT and K11R mutant separately. The
results showed that MOB1-WT retained more YAP/TAZ
in the cytoplasm, whereas MOBI-K11R promoted more
YAP/TAZ in the cell nucleus (Figure 41,J). Additionally,
we performed qPCR assays in H1299 KO cells to under-
stand the effect of MOBI acetylation on the transcription
levels of YAP/TAZ target genes in cancer cells. The results
showed that MOBI acetylation-deficient mutant K11R up-
regulated expression of the Hippo target genes ANKRDI,
CYR61 and CTGF (Figure 4K), which was in agreement
with the finding that K11R promotes YAP/TAZ nuclear
translocation (Figure 41,J). In conclusion, these data indi-
cated that acetylation of MOBI1 promotes its phosphoryla-
tion and the binding capacity with LATS1 and then inhibits
YAP/TAZ nuclear translocation.

To investigate whether MOBI acetylation is modulated
by upstream signaling in the Hippo pathway network,
we first determined whether MOBI1 phosphorylation by
MST1/2 has an effect on its acetylation. We cotransfected
FLAG-MOBI1 with HA-MST1 or MST2, and found that
expression of MST1/2 led to an increase in MOBI phos-
phorylation at both T12 and T35, with concomitant en-
hancement of MOBI acetylation (Supplementary Figure
S4E). Furthermore, cells expressing FLAG-MOBI1 were
treated with different concentrations of the MST1/2 in-
hibitor XMU-MP-1, followed by western blot analysis. The
results indicated that inhibition of the catalytic activity of
MST1/2 led to a decrease in MOBI phosphorylation and
suppression of MOBI acetylation (Supplementary Figure
S4F), with concomitant inactivation of LATS1 and YAP.
Therefore, MOB1 phosphorylation by MST1/2 affects its
acetylation and subsequent activation of LATSI and YAP.
To identify which phosphorylation site (T12 or T35) is re-
sponsible for MOBI acetylation, we generated T (threo-
nine) to A (alanine), or T (threonine) to D (aspartic acid)
mutant plasmids as indicated in the Supplementary Fig-
ure S4G, which mimic phosphorylation-deficient and hy-
perphosphorylation conditions, respectively. By detecting
AcK11-MOBI, we found that only the MOB1 T35A mu-
tant drastically reduced the acetylation of MOBI (Sup-
plementary Figure S4G). Notably, the addition of the up-
stream kinase MST?2 cannot reverse this phenomenon (Sup-
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plementary Figure S4G). These findings suggested that T35
plays a key role in the acetylation of MOBI1. Hence, we
demonstrated that there is crosstalk between MOBI acety-
lation and phosphorylation, and these two PTMs synergis-
tically regulate the Hippo signaling pathway.

Oxidative stress-CBP axis regulates MOBI1 acetylation

It is known that ROS are higher in tumors than in nor-
mal tissues from the same source. The metabolism of can-
cer cells is significantly enhanced and cell injury prompts
cytokine infiltration, which aggravates oxidative stress dur-
ing the development of lung cancer (30,31). Moreover, it
has been reported that oxidative stress activates MST1/2 in
several cell lines (32-34,59). To examine whether oxidative
stress regulates MOBI acetylation and consequently modu-
lates the Hippo pathway, we transiently transfected FLAG-
MOBI in HEK293T cells and treated cells with 1 mM ox-
idative stress inducers, sodium arsenite or hydrogen perox-
ide (H,O,) (Figure 5A,B) for various times as indicated.
The results showed that acetylation of exogenous MOBI in-
creased with longer exposure to sodium arsenite or HO,
treatment (Figure 5A,B). Similarly, cells expressing FLAG-
MOBI were treated with various concentrations of sodium
arsenite or H,O» for 1 h, and the acetylation level increased
with increasing doses of sodium arsenite or H,O, (Figure
5C,D). More importantly, endogenous MOBI acetylation
also showed a significant upregulation under the induc-
tion of sodium arsenite or H,O, (Figure 5E,F). Therefore,
MOBI is also an effector of oxidative stress, responding
quickly and effectively.

It has been reported that the autoacetylation of CBP
at K1535 is enhanced, and its catalytic activity increases
under the stimulation of oxidative stress (43), which may
explain the phenomenon we observed here. Moreover, we
also found that the protein level of endogenous CBP was
significantly increased with longer time or larger doses of
sodium arsenite or H,O, treatment (Figure SA-D). To ex-
amine whether oxidative stress is involved in regulating CBP
levels, we applied N-acetyl-L-cysteine (NAC), an antioxi-
dant that protects cells against oxidative stress. As shown
in Supplementary Figure S5A, the increase in CBP pro-
tein, promoted by the oxidative stress inducer H,O,, can be
blocked by the addition of NAC, while MOBI1 acetylation
also declined. Furthermore, the level of HDAC6 remained
unchanged (Figure SA-D), suggesting that oxidative stress
can regulate MOBI acetylation by increasing the level of
CBP, but not decreasing the level of HDAC6.

To uncover the mechanism underlying the elevation of
CBP induced by oxidative stress, we first measured the
mRNA expression of CBP. Surprisingly, we found that
CBP mRNA was reduced after stimulation for 1 h by the
two oxidative inducers (Figure 5G), which is obviously not
in agreement with the above notion that sodium arsenite
or H,O, treatment stabilize CBP. How to interpret this
phenomenon? We hypothesized that treatment of oxida-
tive stress might slow down the degradation of CBP while
its gene expression is also downregulated, and resulting in
the accumulation of CBP protein. To test this hypothesis,
we first examined the possible pathways that mediate CBP
degradation and found that CBP was raised distinctly after
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Figure 5. Oxidative stress-CBP axis regulates MOBI acetylation. (A and B) HEK293T cells transiently expressing FLAG-MOBI were treated with 1
mM sodium arsenite (A) or | mM H,0; (B) for different time as indicated before harvesting. Cell lysates were performed SDS-PAGE and followed
by immunoblotting with indicated antibodies. (C and D) FLAG-MOBI plasmids were transiently transfected into HEK293T cells, which were treated
with different concentrations of sodium arsenite (C) or HyO, (D) for 1 h before harvesting. Cell lysates were subjected to SDS-PAGE and followed by
immunoblotting with indicated antibodies. (E and F) Wild-type HEK293T cells (E) or H1299 cells (F) were treated with 1 mM sodium arsenite or |
mM H;O; for 1 h before harvesting. Cell lysates were subjected to immunoprecipitation with MOB1 Ab and western blot analysis, and then detected by
AcK11-MOBI1 Ab and MOBI Ab. (G) Endogenous CBP expression levels in HEK293T (left part) and H1299 cells (right part) were detected by qPCR
after treatment with | mM H,O; or | mM sodium arsenite for 1 h. Statistical analyses were performed by GraphPad Prism 6, and error bars represented
means + SD. According to one-way ANOVA, ** is for P < 0.01 and *** is for P < 0.001. Images and statistical results were based on three independent
experiments. (H) HEK293T (upper part) and H1299 cells (bottom part) were cultured in medium added 25 uM MG132 or 50 pM Chloroquine for 12 h
before harvesting. Cell lysates were separated by SDS-PAGE and then immunoblotted with antibodies to CBP and Actin. (I) HA-tagged vector or HA-
CBP together with His-Ubiquitin plasmids were cotransfected into HEK293T cells, which were treated with 25 uM MG132 for 12 h combined with 1
mM sodium arsenite or H,O; for 1 h before harvesting. Cell lysates were subjected to immunoprecipitation with HA-Affinity Beads (anti-HA) and then
immunoblotted with antibodies to Ubiquitin and HA.



MG132 treatment, suggesting that CBP is regulated by the
ubiquitination—proteasome-mediated degradation pathway
(Figure SH). Furthermore, in H,O; or sodium arsenite—
treated HEK293T cells, the ubiquitination of CBP was de-
creased, especially when treated with sodium arsenite (Fig-
ure 5I). Therefore, oxidative stress promotes MOBI1 acety-
lation by inhibiting CBP ubiquitination and enhancing the
stability of CBP.

As shown in Figure SA-D, MOBI phosphorylation at
T12 and T35 was also enhanced when treated with the
two oxidative stress inducers, particularly in the presence
of sodium arsenite (Figure 5A,C). However, the afore-
mentioned findings demonstrated that phosphorylation of
MOBI affects its acetylation, which can also respond to
oxidative stress. Thus, we wanted to determine whether
MOBI acetylation is modulated by MOBI phosphoryla-
tion or by oxidative stress—regulated CBP. HEK293T cells
were transfected with FLAG-MOBI1-T12/35A mutant sep-
arately and treated with or without sodium arsenite (Sup-
plementary Figure S5B) or H,O, (Supplementary Figure
S5C). The results showed that MOBI1 acetylation can still
be increased by oxidative stress even without MOBI1 phos-
phorylation, suggesting that MOB1 phosphorylation at T12
and T35 is not required for its acetylation in response to ox-
idative stress. To determine whether the upstream kinases
MST1/2 are involved in the regulation of MOBI acetyla-
tion under oxidative stress, we knocked down endogenous
MST1/2 using siRNAs (Supplementary Figure S5D) or
treated with the inhibitor XMU-MP-1 in advance (Supple-
mentary Figure SSE, S5F), and then added sodium arsenite
or H,O,. These experiments indicated that MOBI acetyla-
tion can be increased even when MST1/2 is depleted or in-
hibited (Supplementary Figure SSD-S5F), suggesting that
MST1/2 and its kinase activity are also not required un-
der these circumstances. These data indicated that oxidative
stress-regulated MOBI acetylation is mainly controlled by
the oxidative stress-CBP axis and is independent of the up-
stream MST1/2 and MOBI phosphorylation.

MOBI acetylation mediates oxidative stress regulation of the
Hippo pathway

The above findings indicated that acetylation stabilizes
MOBI (Figure 3). Therefore, we wanted to clarify whether
oxidative stress-regulated MOBI1 stability is mediated by the
acetylation of MOBI. At first, we detected the protein level
of MOBI when treated with H,O, (Supplementary Figure
S6A) or NAC (Supplementary Figure S6B), which exhib-
ited a significant enhancement or decline respectively (Sup-
plementary Figure S6A, S6B). Next, H1299 (Figure 6A)
and HEK293T cells (Supplementary Figure S6C) were cul-
tured in medium with or without NAC, and the cells were
treated with CHX for the indicated hours before harvest-
ing. The results showed that the half-life of endogenous
MOBI decreased to approximately 7-10 h in the NAC—
treated group compared to the control group, as shown in
the quantitative studies (Figure 6A, Supplementary Figure
S6C, and Figure 6B, Supplementary Figure S6D for quan-
tification). However, the FLAG-MOBI1-K11R mutant ex-
hibited a half-life of approximately 7-10 h with or with-
out NAC treatment, since it could not be acetylated (Fig-
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ure 6C, Supplementary Figure S6E, and Figure 6D, Sup-
plementary Figure S6F for quantification). These data indi-
cated that both lack of oxidative stress and without MOB1
acetylation can destabilize MOBI. To answer whether ox-
idative stress affects MOBI1 ubiquitination, we transfected
FLAG-MOBI and HA-ubiquitin in H1299 (Figure 6E) or
HEK?293T (Supplementary Figure S6G) cells, then treated
cells with H,O,, sodium arsenite or NAC, and finally de-
tected the ubiquitination level. The results showed that ox-
idative stress can reduce the ubiquitination of MOBI1 and
NAG, the inhibitor of stress, can reverse this effect (Figure
6E and Supplementary Figure S6G). These findings indi-
cated that stress-induced MOBI1 acetylation and stability
are regulated by the ubiquitination of MOBI.

Furthermore, to explore whether MOB1-K11 acetyla-
tion causes a difference in activation of the Hippo path-
way in response to oxidative stress, we transfected FLAG-
MOBI-WT and K11R mutant in H1299 KO cells. Cells
were treated with different concentrations of sodium arsen-
ite for 1 h, and lysates were detected by western blot analy-
sis. Compared with the MOB1-K11R group, phosphoryla-
tion of MOBI1 at T35, LATS1 at T1079, YAP at S127 and
S397 was enhanced more dramatically in the MOB1-WT
group responding to arsenite treatment (Figure 6F). Addi-
tionally, the level of phosphorylation of YAP at S127 (p-
YAP (S127) / YAP), which is closely related to its nuclear
import, showed a significant difference (Figure 6G). Fur-
thermore, we also tested the response of YAP acetylation
to oxidative stress, which exhibited no significant change af-
ter | mM sodium arsenite or H,O, treatment for 1 h (Sup-
plementary Figure S6H, S6I). These findings indicated that
arsenite or H,O, have no significant effect on YAP acetyla-
tion. Taken together, CBP-MOBI acetylation is one of the
important cascades through which oxidative stress regulates
activation of the Hippo pathway.

MOBI acetylation regulates lung cancer progression

To examine the role of MOBI acetylation in lung can-
cer progression, we established H1299 cells stably express-
ing FLAG-MOBI1-WT or KI11R mutant (Supplementary
Figure S7A). Interestingly, we found that MOBI inhib-
ited, while the MOB1-K11R mutant promoted, lung cancer
cell proliferation compared to the vector-transfected cells
(Supplementary Figure S7B). Similarly, MOBI inhibited,
but MOBI-KI11R accelerated, the formation and growth
of cell colonies (Supplementary Figure S7C). Furthermore,
we found that MOBI inhibited lung cancer cell migration
and invasion, whereas the MOB1-K11R mutant promoted
lung cancer cell migration and invasion (Supplementary
Figure S7D, S7E). The same trend that MOBI1 suppressed
and MOB1-K11R mutant promoted tumor growth was also
observed in a tumor xenograft model (Figure 7A,B). The
tumors in the acetylation-deficient MOB1-K11R mutant
group were much larger and heavier compared to the con-
trol groups (Figure 7C,D). In summary, MOB1-K11 acety-
lation plays an important role in the suppression of lung
cancer cell proliferation, migration, invasion in vitro and tu-
mor growth in vivo.

To examine whether MOBI1 acetylation is linked to the
progression of lung cancer clinically, we evaluated the level
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Figure 6. MOBI acetylation mediates oxidative stress regulation of the Hippo pathway. (A and B) H1299 cells were incubated in the culture medium with
or without | mM NAC, and treated with 100 mg/mL CHX for indicated hours before harvesting. Cells were lysed and endogenous MOBI were detected
by western blot analysis with MOB1 Ab (A). The curves were plotted based on the gray value of the bands of endogenous MOBI in (A) by software Image
J and GraphPad Prism 6. Error bars represented means + SD. According to two-tailed Student’s z-test,* is for P < 0.05 and ** is for P < 0.01. Images and
statistical results were based on three independent experiments (B). (C and D) H1299 cells were transfected with FLAG-MOB1-K11R mutant plasmids,
cultured in medium with or without 1 mM NAC and treated with 100 mg/ml CHX for indicated hours before harvesting. Cell lysates were subjected to
western blot analysis with FLAG Ab and Actin Ab (C). The curves were plotted based on the grey value of the bands of FLAG-MOBI1-K11R mutant in
(C) by software ImageJ and GraphPad Prism 6. Error bars represented means + SD. According to two-tailed Student’s #-test, ‘ns’ is for no significance,
P > 0.05. Images and statistical results were based on three independent experiments (D). (E) FLAG-MOB1 and HA-Ubiquitin were coexpressed in H1299
cells and treated with 25 WM MG132 for 12 h combined with 1 mM sodium arsenite for 1 h, 1 mM H,O> for 1 h or I mM NAC for 12-24 h before harvesting.
Cell lysates were subjected to immunoprecipitation with M2-Beads (anti-FLAG), and then immunoblotted with the antibodies to Ubiquitin, FLAG and
AcK11-MOBI. (F and G) Two groups of H1299 KO cells (each group consisted of six dishes) were transfected with FLAG-MOB1 (WT or K11R mutant)
respectively, following by using different concentration of sodium arsenite to treat cells for 1 h before harvesting. Cells were lysed, implemented western
blot analysis and analyzed by antibodies as indicated in the figure (F). The gray value of the bands of p-YAP (S127) and YAP was determined by software
Imagel. Relative amount of p-YAP (S127) / YAP was analyzed and plotted by GraphPad Prism 6. Error bars represented means = SEM. According to
two-tailed Student’s #-test,* is for P < 0.05, ** is for P < 0.01 and **** is for P < 0.0001. Images and statistical results were based on three independent
experiments (G).
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Figure 7. MOBI acetylation regulates lung cancer progression. (A-D) H1299 cells stably expressing Vector, FLAG-MOBI1 (WT or K11R mutant) were
injected into axillas of nude mice and the xenograft tumors were dissevered at the day 35. All tumor masses were illustrated in (A). The size of tumors
were evaluated and recorded every 2 days, from day 17 when tumors formed (B). The ultimate volume (C) and weight (D) were measured simultaneously
after surgery at day 35, which were shown as mean + SEM in histogram. According to one-way ANOVA, *is for P < 0.05 and ** is for P < 0.01.
(E and F) Immunohistochemical stain was performed using AcK11-MOBI1 Ab and representative images of normal lung tissues (upper part) and lung
adenocarcinoma tissues, including strongly stained group (middle part) and weakly stained group (bottom part), were displayed in figure (E). The lower right
corner of each image was magnified locally; scale bar: 50 pm, n = 85 (E). Levels of MOB1-K 11 acetylation in normal lung tissues and lung adenocarcinoma
tissues were statistically analyzed and exhibited as mean + SEM in column diagrams. According to Mann—-Whitney test, **** is for P < 0.0001 (F). (G)
Kaplan-Meier analysis was accomplished in low MOB1-K11 acetylation group (n = 55) and high acetylation group (n = 30). According to Log-rank
(Mantel-Cox) test, P value is 0.0459 for *, n = 85. (H) A working model of MOBI acetylation in the Hippo signaling pathway.
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of MOBI1-K11 acetylation in a cohort of 85 lung adenocar-
cinoma patients by immunohistochemical analysis. The re-
sults showed that MOB1-K 11 acetylation was markedly de-
creased in lung adenocarcinoma patients, whereas MOBI1-
K11 acetylation was much stronger in normal lung tissues
(Figure 7E, and F for quantification). Notably, the level
of MOBI1-K11 acetylation was correlated with the progno-
sis of patients, and hyperacetylation led to a better over-
all survival in NSCLC patients (Figure 7G). Taken to-
gether, MOB1-K 11 acetylation suppresses lung cancer pro-
gression.

DISCUSSION

Components of the Hippo signaling pathway are modu-
lated by various PTMs, including phosphorylation, ubig-
uitination, methylation and acetylation, which affect ac-
tivation and subcellular localization of the key transcrip-
tional cofactors, YAP/TAZ. For instance, deacetylation of
MST1 by HDACS6 results in a decrease in protein stability
and progression of breast cancer (27). YAP itself is acety-
lated by CBP/p300 at lysine 494 and 497, and deacetylated
by SIRT1, affecting its nuclear translocation and interac-
tion with TEAD, and changing its transcriptional activity
and tumorigenesis (29). In this study, we demonstrated a
novel modification of the Hippo signaling scaffold molecule
MOBI by identifying its acetylation by CBP and deacety-
lation by HDAC6. Importantly, acetylation confers MOB1
with enhanced stability and a high ability to initiate LATSI
kinase activity, ultimately leading to strong YAP/TAZ
phosphorylation. Moreover, acetylation of MOBI is mod-
ulated by cellular oxidative stress upstream, a physiological
link that emphasizes the importance of this modification.
Therefore, we proposed a new mechanism involving oxida-
tive stress-regulated MOBI acetylation, which controls the
activation of Hippo, suppression of lung adenocarcinoma
cell growth and patient prognosis (Figure 7H).

MOBI, as a coactivator of LATS1/2 kinase, is consid-
ered to be a potential tumor suppressor. It has been re-
ported that the mRNA level of human MOBI is signifi-
cantly decreased in NSCLC patients and associated with
tumor invasion (60). In addition, MOBI inhibits prolifer-
ation and migration of colorectal cancer cells, decreases
the incidence of lymph node or distant metastasis and pro-
motes a better prognosis in patients with colorectal can-
cer (61). However, deletion of MOBI may cause bronchi-
olar cells and bronchioalveolar stem cells to separate from
the basement membrane in adult mouse lungs and sup-
press tumor initiation (62). An analysis of 205 lung can-
cer patients showed that high MOBI1 expression was associ-
ated with poor disease-free survival and intratumoral vas-
cular invasion (63). Therefore, studies on MOBI function
should not be limited to its expression level, and different
PTMs of MOBI need to be considered. In this study, we re-
vealed that acetylated MOBI inhibits, while non-acetylated
MOBI promotes formation and growth of lung adenocar-
cinoma in vivo and in vitro. Mechanically, acetylation stabi-
lizes MOBI1 by weakening its interaction with the E3 ligase
Praja2, and reducing the proteasome-mediated degradation
of MOBI. In addition, MOB1-K11 acetylation increases
its phosphorylation and enhances MOBI1 binding capac-
ity with LATSI, leading to enhanced LATS1 phosphoryla-

tion at T1079 and activation of the Hippo pathway. As a re-
sult, acetylation of MOBI leads to hyper-phosphorylation
of YAP/TAZ and suppresses Hippo target genes expres-
sion, including ANKRDI, CTGF and CYRG61, which con-
trol cell proliferation, differentiation, apoptosis and angio-
genesis.

To determine the physiological or pathological condi-
tions that trigger the acetylation of MOBI1, we investigated
a variety of upstream stimuli of the Hippo pathway. Among
them, oxidative stress affects core components of the Hippo
signaling pathway, MST1/2 (32-34,64), LATS1/2 (65) and
YAP (35-37,66). In this study, we demonstrated that ox-
idative stress induces MOBI acetylation, which controls
LATSI activation. Increasing amounts of reactive oxygen
species (ROS) stabilize the acetyltransferase CBP, and then
promote acetylation and stabilization of MOBI1. Thus, the
MOBI1-LATSI interaction is enhanced, and LATSI ac-
tivation is promoted. Consequently, YAP/TAZ is hyper-
phosphorylated by LATSI1, hinders YAP/TAZ nuclear
translocation and may suppress the transcription of anti—
apoptosis and antioxidation target genes. Therefore, ox-
idative stress can regulate the Hippo signaling pathway
through an alternative mechanism involving the oxidative
stress-MOB1-LATSI signaling cascade.

It has been reported that the incidence and mortality of
lung cancer remains high throughout the world. Among
all the cases, 80% are NSCLC, which has the characteris-
tics of short survival time, high recurrence rate and high
drug resistance (20). Therefore, the development of effec-
tive therapeutic drugs and early detection has become an ur-
gent problem. Some anticancer therapies have been proved
to cause tumor cell death by generating ROS. For instance,
cisplatin and v-irradiation can promote oxidative stress,
leading to a cluster of Fas receptors and cell death (67).
In CD4* T cell-based adoptive immunotherapy, T-cell-
derived TNF-a can cooperate with chemotherapy drugs to
reinforce oxidative stress and promote tumor cell death via
NADPH oxidase (68). Based on this study, we assumed
that activation of the Hippo pathway may have broad ap-
plications in the rational use of reactive oxygen species to
cure cancers. Applying oxidative stress-related drugs may
activate Hippo/YAP pathway in patients through MOBI1
acetylation. Moreover, deacetylation of MOB1 may atten-
uate the therapeutic effect; therefore, appropriately increas-
ing MOBI acetylation may be of choice in lung cancer ther-
apy. Alternatively, evaluation of the acetylation status of
MOBI-K11 may be of diagnostic value, which reflects the
tumor progression and prognosis.

In summary, we demonstrated that acetylation of MOBI
at K11 by CBP stabilizes MOB1 and promotes LATSI
activation and YAP/TAZ phosphorylation in an oxida-
tive stress-regulated manner. Acetylated MOBI suppresses
lung cancer cell growth and invasion, and increased acety-
lation of MOBI leads to better patient survival in lung ade-
nocarcinomas.
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