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Protein ubiquitination is an important post-translationlamodi cation that is associated

with multiple diseases, including pituitary adenomas (PAsProtein ubiquitination pro ling
in human pituitary and PAs remains unknown. Here, we perfored the rst ubiquitination

analysis with an anti-ubiquitin antibody (speci ¢ to K+GG)-based label-free quantitative
proteomics method and bioinformatics to investigate protén ubiquitination pro ling

between PA and control tissues. A total of 158 ubiquitinatedites and 142 ubiquitinated
peptides in 108 proteins were identi ed, and ve ubiquitinaion motifs were found.

KEGG pathway network analysis of 108 ubiquitinated protemidenti ed four statistically
signi cant signaling pathways, including PI3K-AKT signailg pathway, hippo signaling
pathway, ribosome, and nucleotide excision repair. R softare Gene Ontology (GO)
analysis of 108 ubiquitinated proteins revealed that proia ubiquitination was involved
in multiple biological processes, cellular components, ah molecule functions. The
randomly selected ubiquitinated 14-3-3 zeta/delta protei was further analyzed with
Western blot, and it was found that upregulated 14-3-3 zetadelta protein in nonfunctional
PAs might be derived from the signi cantly decreased levelfdts ubiquitination compared
to control pituitaries, which indicated a contribution of 4-3-3 zeta/delta protein to

pituitary tumorigenesis. These ndings provided the rst biquitinated proteomic pro ling

and ubiquitination-involved signaling pathway networksni human PAs. This study
offers new scienti c evidence and basic data to elucidate tk biological functions
of ubiquitination in PAs, insights into its novel moleculamechanisms of pituitary
tumorigenesis, and discovery of novel biomarkers and thepeutic targets for effective
treatment of PAs.
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INTRODUCTION ubiquitin is transferred to the ubiquitin to form an amino
isopeptide bond between the carboxyl terminal of ubiquitirdan
Pituitary adenomas (PAs) are a common type of intracraniathe amino group of the Lys residue of the target protein under
tumor (1) that accounts for about 10% of intracranial tumorsthe action of E3 §, 11). In this series of enzymatic cascades,
(2). Clinical manifestations include abnormalities of horneo  E3 plays the most-important role in the specic recognition
secretion, pituitary apoplexy, compressing syndromes of tumas target proteins and the regulation of ubiquitination syst
that surrounds the pituitary gland, and other anterior pitaiily  activity (20, 23), because E3 ligase recognizes substrates through
dySfUnCtionS. PAs are divided into functional PAs (FPAS)speciC protein_protein interactionszl)l El, E2, and E3 can
and nonfunctional PAs (NFPAs) according to their hormone-form several di erent ubiquitination substrates. Some duéts
secreting functions3). FPAs display hormone hypersecretion. proteins are only monoubiquitinated, and some have multiple
Because an FPA has its secondary symptoms and signs |pdine residues. Under appropriate conditions, multiple sites
excessive secretion of tumor hormones, it is easily diaghos gre monoubiquitinated, and some proteins form polyubiquitin
and treated at an earlier stage. NFPAs do not have any hormor@ains at a single lysine site.
hypersecretion and are more di cult to diagnosig)( An NFPA NFPAs are more common than FPAs in the population
usually has a larger volume at the time of diagnosis, and@nof of PA patients. However, it is dicult for NFPA patients
characterized by hypophysis dysfunction, visual eld defastl to obtain an early accurate diagnosis. The treatment of PA
headache). Although a PA is commonly a benign tumoB),  patients is generally surgery, radiotherapy, and chemotherapy
secondary symptoms are caused by a large number of hormongswever, it is often dicult to achieve a complete cure. It is
produced by FPA and compression of surrounding tissues—mecessary to investigate new molecular mechanisms of gijuit
causing vision loss, headaches, and so on by NFRAlierefore,  tumorigenesis and biomarkers for treatment of PAs. Protein
itis necessary to in-depth understand its molecular mecémsi  ybiquitination is one of PTMs that contribute to the geneuati
of PAs and to discover novel biomarkers and therapeutic 'Brgeof proteoformsl It is well-known that an important function
for e ective treatment of PAs. of protein ubiquitination is in the degradation of proteins to
Protein ubiquitination is an important post-translational maintain the balance of synthesis and degradation of prstein
modi cation (PTM), which plays important roles in maintenance jn human body. Furthermore, studies found that the ubiquiti
of the balance between prOtein SyntheSiS and degradatiOEroteasome System Changes in pituitary adenorﬁgﬁ end that
and in cell signaling, and associates with multiples diseasebiquitination is involved in pituitary tumorigenesi2f). Our
including cancers & 9). For example, Luo et al.1() found previous study also identi ed ubiquitin-proteasome, and ttha
that TRAF6 regulates melanoma invasion and metastasisfiro jts proteasome subunit alpha type 2 was nitrated in pituitary
ubiquitination of Basigin. Ubiquitin is a highly conservethall  adenomas, which a ected the function of the proteasome that is
protein that consists of 76 amino acids, and is a heat-stabl@iticatalytic proteinase complex in the cytoplasmic and eacl
protein. In structure, ubiquitin is a polypeptide of 8.5 kD&, ( regions and is involved in an intracellular, ATP/ubiquitin-
11, 12). The full length of the ubiquitin molecule contains sevendependent, nonlysosomal proteolytic pathway)( In addition,
lysine sites (K6, K11, K27, K29, K33, K48, and K63), a meth&n in our previous series of studies on PA comparative proteomics,
site at the N-terminus, and one glycine site at the C-ternsinu an interesting phenomenon is that the number of down-regedit
(13, 14). Ubiquitin can be covalently bound to the target protein proteins is much more than the number of up-regulated proteins
under Cata'ySiS of a series of enzymes. This process is Ca"ﬂqDAS (27_30)’ the mRNA expression of ubiquitin_conjugaﬂng
ubiquitination. Ubiquitination is a process that modulatdset enzymes E2 and E3 was Signi Canﬂy increased in NFPAs
PTMs of multiple cells and modi es protein function, stabiljty (28), the mRNA expression of ubiquitin specic protease 34
and localization {5-19). The ubiquitination process involves was signi cantly decreased in PA®9, ubiquitin carboxyl-
the synergy of three enzymes: ubiquitin-activating enzy®ie  terminal hydrolase isozyme L1 was identi ed in NFPAZ7
ubiquitin-coupled enzyme E2, and ubiquitin ligase E3{ and the protein ubiquitination pathway was changed in NFPAs
22). First, E1 utilizes the energy provided by ATP to form(30). Therefore, it is hypothesized that ubiquitination plays
a high-energy thioester bond between the carboxyl group Ofimportant roles in this interesting phenomenon to discoveeth
the lysine C-terminal Lys residue and the thiol group onkey protein ubquitinations for in-depth insights into moleleu
its own cysteine residue to activate the ubiquitin. moleculemechanisms of NFPAs, and to discover reliable biomarkeds an
The activated ubiquitin is re-bound to the Cys residue of EZ ective therapeutic targets. It is important to investigatetgin
through the thioester bond. Finally, the activated ubiquils  ybiquitinations in human NFPAs.
either direCt'y linked to the protein substrate via E2, or the Anti_ubiquitin antibody-baged label-free quantitative
proteomics is an e ective method to globally detect, identify,
Abbreviations: BP, biological process; CC, cellular component; DTT,@Nd quantify protein ubiquination in a given condition, such
dithiothreitol; FPA, functional pituitary adenoma; GO, gene ology; as tumors vs. controls3(—43). Briey, the total proteins
HCD, higher-energy collisional dissociation; HPLC, high perfance liquid — extracted from tumor and control tissues were digested
chromatography; IAP, immunoa nity purication; LAMC2, lamnin subuti itk trypsin, respectively. The ubiquitinated tryptic peptides

gamma 2; LC, liquid chromatography; MF, molecular function; MS/MSg¢ésm . . . . . .
mass spectrometry; NER, nucleotide excision repair; NFPA, nonfomaiti in the tryptic peptide mixture were isolated and enriched

pituitary adenoma; PA, pituitary adenoma; PI3K, phosphatidylirmsdi-kinase; with an anti-ubiquitin antibody specic to a k-GG group.
PTMs, post-translational modi cations; TFA, tri uoroacetate. Isolated ubiquitinated peptides were analyzed with liquid
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chromatography-tandem mass spectrometry (LC-MS/MS)the GG remnant enables identi cation and precise localizatio
The MS/MS data were used to search protein database @ ubiquitylation sites based on peptide fragmentds)( The
identify proteins and determine ubiquitinated sites, andeth identi ed ubiquitinated peptides were quanti ed with MaxQuoa
level of protein ubiquitination was determined with MaxQuan algorithms ¢3).

algorithms. MaxQuant is the leading qualitative and qutative
algorithm for label-free quantitative proteomics.

Trypsin digestion, anti-ubiquitin antibody-based enriclent,
and label-free quantitative proteomics are addressed lidre.

This study used anti-ubiquitin antibody-based label-free
quantitative proteomics to identify ubiquitinated proteirzsd
sites, and to quantify the level of ubiquitination. Pathvmagwork
analysis was used to investigate any molecular networlagitber

ubiquitin molecule is made up of 76 amino acids, and the Cthat protein ubiquitination is involved in. Selected ubiguited

terminal glycine is conjugated via its carboxy group to therso

proteins were further analyzed to reveal the roles of ubigatid

group of a lysine side-chain or to the N-terminus. Trypsinproteins in PAs. These ndings will help to elucidate the

digestion of ubiquitinated proteins cleaves o all but theawZ-
terminal glycine residues of ubiquitin from the modi ed prein.

These two C-terminal glycine (GG) residues remain linked to

the +amino group of the modi ed lysine residue in the tryptic MATERIALS AND METHODS

peptide derived from digestion of the substrate protein. The
presence of the GG on the side chain of that lysine prevenifissue Samples

cleavage by trypsin at that site, to result in an internal medii
lysine residue in a formerly ubiquitinated peptide. TheHGG

molecular mechanisms, and discover biomarkers and theitépeu
targets for PAs.

Eight PA tissues were obtained from the Department of
Neurosurgery of Xiangya Hospital, China, as approved by the

group is recognized and enriched with an antibody speci ¢ toXiangya Hospital Medical Ethics Committee of Central South
K-+GG (37). For the ubiquitinated K (Ub-K) residue at the University. Post-mortem control pituitary tissues were dbéal
C-terminus, N-terminus, or the middle in a peptide, it mainly from the Memphis Regional Medical CenterD 5), as approved
results from steric bulk hindrance, which does not a ect the MSpy the University of Tennessee Health Science Center Interna
identi cation (42). The distinct mass shift (114.04 Da) caused byReview Board. Written informed consent was obtained from

TABLE 1 | Clinical characteristic of NFPA and control tissue samples

Group Sex Age Clinical information Immunohistochemistry Experiments
Control Female 40 White, Multiple toxic compounds. Blood: iépB (C), DNT Proteomics; Western blot
HepC (C), HIV(-).
Male 45 White, Drowning. Blood alcohoD 3.1 g/L; no other DNT Western blot
drugs detected. Blood: HepB (C), HepC C), HIV (-).
Male 36 White, Multiple toxic materials. Blood alcohdD 0.5 g/L. DNT Proteomics; Western blot
Blood: HepB (C), HepC (=), HIV (-).
Female 34 Black, Gunshot wound to chest. Blood alcohoD 0.3 DNT Proteomics
g/L; no drugs. Blood: HepB (C), HepC (-), HIV (-).
Female White, 15 h gunshot wound to head. No drugs or DNT Proteomics
alcohol. Blood: HepB (-), HepC (-), HIV (-).
NFPA Female 43 NFPA in sellar region. Sellar oor bone thinmjnenriched ACTH (=), hGH (=), PRL (-), Proteomics
blood supply in tumor, and tumor size:4 3 3 cm3 FSH C), LH (=), TSH (-)
Male 53 NFPA in sellar region. Sellar oor bone thinning, and ACTH (=), hGH (-), PRL (-), Proteomics
tumor size:3 3 2.5cm3 FSH (-), LH (=), TSH ()
Female 43 NFPA in sellar region. Adhesion of surrounding $ises, ACTH (=), hGH (), PRL (-), Proteomics; Western blot
and tumor size: 45 4 6cm3 FSH ), LH (=), TSH (=)
Male 58 NFPA in sellar region. Sellar oor bone destruction, ACTH (=), hGH (=), PRL (-), Proteomics; Western blot
enriched blood supply in tumor, and tumor size: 4.5 3 FSH (=), LH (=), TSH (=)
3cm3
Male 40 NFPA in sellar region. Recurrent tumor, old bloodinip ACTH(-), hGH(-), PRL(-), Western blot
tumor, and tumor size2 2 1.8 cm3. FSHC), LH(-), TSH(-)
Male 59 NFPA in sellar region. Sellar oor bone thinning, and ACTH(-), hGH(-), PRL(-), Western blot
enriched blood supply in tumor, and tumor size 2.1 FSHC), LH(-), TSH(-)
1.8 2cmd.
Male 49 NFPA in sellar region. Sellar oor bone thinning, old ACTH(-), hGH(-), PRL(-), Western blot
blooding in tumor, and tumor size2 4 3 cm3. FSH(-), LH(=), TSH(-)
Female 53 NFPA in sellar region. Sellar oor bone thinning, eiched ACTH(-), hGH(-), PRL(-), Western blot

blood supply, and tumor size 3 3.5 2.5 cm3.

FSH(-), LH(-), TSH(-)

DNT, do not test.
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each patient or the family of each control pituitary subjectgpo LC-MS/MS Analysis of Enriched
mortem tissues) after full explanation of the purpose and natur Ubiquitinated Peptides
of all experimental procedures. The detailed information &f P The enriched ubiquitinated peptides from PA and control
and control pituitary tissue samples are collectedTable 1 tissyes were analyzed with LC-MS/MS. Peptides of each sample
Quantitative ubiquitination proteomics was performed beéne \ere separated with a high performance liquid chromatography
the four mixed NFPA samples and the four mixed controI(HpLC) system EASY-nLC1000 at nanoliter ow rate. The
samples. Western blot experiments were performed between tig|ytion A was 0.1% formic acid and 2% acetonitrile aqueous
six mixed NFPA samples and the three mixed control samples. gg|ution. The solution B was 0.1% formic acid and 84%
acetonitrile aqueous solution. The chromatographic colunasw
equilibrated with 100% solution A. The enriched ubiquitiadt
M peptide sample was loaded with an autosampler onto a sample-
spindle Thermo Scienti c EASY column (2 crbfO0Omm 5 nm-
C18), and peptides were separated with an analytical column
f75mm 250 mm 3mm-C18 at a ow rate of 250 nL/min.
ﬁe HPLC liquid-phase gradients were as follows: solution B
linear gradient from 0 to 55% during 0—220 min, solution Bdlar
g, 30 min, 4C). The supernatant was the protein extraction,gr"’l.dier.'t from 55 too 100(.)/0 during 220_.228 min, and solution.B
and its protein content was determined with a Bradford Protei maintained at 100% during 228-240min. The enriched peptide

. . products were separated with capillary HPLC according to the
Quanti cation Kit (YEASEN, Cati# 20202ES76). HPLC liquid-phase gradients within 240 min, and analyzechwit

a Q-Exactive mass spectrometer (Thermo Finnigan). The mass
Enzymatic Hydrolysis of Proteins spectrometry (MS) detection was in the positive-ion mode.
Four NFPA protein samples (1.5 mg/each sample) were equalljhe scan range of the precursor ion wagz 350-1800. The
mixed as tumor protein sample (6 mg), and four control proteinmost-intense 20 ions in each MS spectrum were selected for
samples (1.5 mg/each sample) were equally mixed as contfgher-energy collisional dissociation (HCD) fragmeiiat for
protein sample (6 mg). Each mixed sample (tumor; control)MS/MS analysis. The MS resolution was 70,000né& 200,
was equally divided into three parts (2 mg/part) for proteomicsand the resolution of MS/MS was 17,500 afz 200. The
experiment. A volume of 1 M dithiothreitol (DTT) was added to enriched ubiquitinated peptide products from PAs or controls
each sample part (tumon D 3; control:n D 3) to produce a Were analyzed three times with LC-MS/MS.
nal concentration of 10 mM; the mixture was incubated (&7 . .
for 2.5h), and cooled to room temperature. A volume of 1 MLabel-Free Analysis With MaxQuant
iodoacetamide was added to the mixture to achieve a naPix LC-MS/MS original les (tumor:n D 3; Control: n D
concentration of 50 mM, and the mixture was incubated in the3) were imported into MaxQuant software (version 1.3.0.5)
dark for 30 min. Five volumes of water were added to dilute thdor database review, protein identi cation, ubiquitinatiesite
urea concentration to 1.5 M. Trypsin (8g/mL) was added at 1:50 determination, and quanti cation of ubiquitination levelThe
(v:v) and the mixture was digested (&7 for 18 h). The tryptic protein database was uniprot_human_154578 20160815.fasta

peptide mixture was desalted and lyophilized with an SPE c1@st of 154,578 entries, downloaded on 15 August 2016).
column (Waters WAT051910). The main search parameters were: main search ppm was

6, missed cleavage was 4, MS/MS tolerance ppm was 20,

) S . de-isotopic was TRUE, enzyme was trypsin, database was
Enrichment of Ubiquitinated Peptides uniprot_human_154578_20160815.fasta, xed modi catiomsw
Each lyophilized tryptic peptide sample (tumor; control) carbamidomethyl (C), variable modi cation was oxidatiol,
was reconstituted in 1.4mL of pre-cooled immunoanity acetyl (protein N-term), and GlyGly (K), decoy database
puri cation (IAP) bu er. The pretreated anti-K+GG antibody pattern was reverse, iBAQ was TRUE, match between analyses
beads [PTMScan ubiquitin remnant motif («GG) kit, Cell was 2min, peptide false discovery rate (FDR) was 0.01, and
Signal Technology] were added. The mixture was incubategrotein FDR was 0.01. Thus, the protein was characterized,
(1.5h at 4C) and centrifuged (2,000 g, 30s, 4C). The ubiquitination site was determined with amino acid sequenc
supernatant was discarded4). The pretreated anti-k-GG  analysis, and its ubiquitination level was quantied with
antibody beads with peptides were washed three times with 1 midaxQuant algorithms.
of pre-cooled IAP bu er, and washed three times with 1 mL
of pre-chilled water. After washing the anti-KGG antibody ~Statistical and Bioinformatics Analysis
beads with peptides, 46 of 0.15% tri uoroacetate (TFA) The checksum les obtained by MaxQuant were analyzed with
was added. The mixture was incubated at room temperaturBerseus software (version 1.3.0.4). The DAVID database was
for 10min and centrifuged (30s at 2,000 g). The above used to perform KEGG signaling pathway-enrichment analysis
incubation with 0.15% TFA and centrifugation steps (2,000, of the ubiquitinated proteins. Gene ontology (GO) was used
305ss) was performed three times. The supernatant that conaingo annotate proteome with R software, and these ubiquitidate
ubiquitinated peptides was desalted with C18 STAGE Tpk (  proteins were classi ed with GO annotation based on three

Cleavage and Quanti cation of Proteins

A volume (1ml) of urea pyrolysis solution [20m
2-hydroxyethyl (HEPES), 9M wurea, 2.5mM sodium
pyrophosphate, 1 mM sodium orthovanadate, and 1 niM
glycerophosphate, pH 8.0] was added to each tissue sam
(100mg) for an ice-bath ultrasonic treatment (100W, 10s
interval 10s, 10 times). The solution was centrifuged @®,0
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FIGURE 1 | MS/MS spectrum of the tryptic peptide. (A) The tryptic peptide TLTGK*TITLEVEPSDTIENVK from epididynhisninal protein 112 (B2RDW1) or
ubiquitin-40S ribosomal protein S27a (P62979)(B) The tryptic peptide ADALQAGASQFETSAAKLK* from uncharacieed protein (L7N2F9)(C) The tryptic peptide
K*VLGAFSDGLAHLDNLK from hemoglobin subunit beta (P6887) beta-globin (D9YZUS5). The observed b- and y-ions were laled in each MS/MS spectrum. K*D
ubiquitinated lysine residue.
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FIGURE 2 | The ubiquitination pro le in normal pituitaries and pituitey tumors. (A) Peptide length distribution of all ubiquitinated peptides(B) Distribution of
ubiquitinated peptides based on number of ubiquitination #es.

categories: cellular components (CC), biological proce®&ey  Western Blot Analysis of 14-3-3 Zeta/Delta

and molecular functions (MF). Motif-X software (http://motif Protein

x.med.harvard.edu/motif-x.html) was used to analyze thelelo sjx NFPA protein samples were equally mixed as the tumor
of ubiquitinated peptide sequences in specic positions Osz:otein sample, and three control protein samples were equally
ubiquityl-31-mers (15 amino acid upstream and 15 amino acignixed as the control protein sampld@dble 1); the equal-load
downstream at the ubiquitination site) in all protein seqees. amount (tumor: 22mg; control: 22mg) of mixed samples
The International Protein Index (IP1) human proteome wasdse were used for Western blot experiment. Based on the enriched
as the background database; setting parameters were @id#)  signaling pathways, which include the PI3K-AKT signaling
occurrence® 20, signi canceD 0.005; other parameters were setpathway and the Hippo signaling pathway, protein 14-3-3
to default values. zeta/delta was the key molecule, and was ubiquitinated in
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theses pathways; therefore, protein 14-3-3 zeta/delta Wedesg@  from 108 proteins in PAs and control pituitariesTdble 2).
for Western blot (WB) analysis, and detailed experimentalA representative MS/MS spectrum was from ubiquitinated
steps for protein extraction was described previousi).( peptides ‘TLTGK TITLEVEPSDTIENVK’ (M C 2H]%*,
The anti-protein 14-3-3 zeta/delta antibody (Cusabio, G)in m/z D 1202.14; K D ubiquitinated lysine residue) of
was diluted with Tris-bu ered saline tween (TBST) (v1: B2 epididymis luminal protein 112 (B2RDW1) or ubiquitin-40S
1:1000). The secondary antibody (Signalway Antibody, U)S.Aribosomal protein S27a (P62979Figure 1A), with a high-
was diluted with TBST (vl1: vD 1:5000). The detailed quality MS/MS spectrum, excellent signal-to-noise (S/N) ratio,
experimental steps for WB were described previoudly49. and extensive product-ion b-ion and y-ion seriesy,(kbs,
Briey, proteins from PA and control samples were separateds-H>0, bs, bs, by, bs, bo, bio, bi1, and ho; vi, yo, ys,
with 10% SDS-PAGE gel, transferred to a polyvinylidengs, ¥s, Vs, Y7, VY8, Yo, Yio» Y11, Y12, Y13, Y14, Yis, and
uoride (PVDF) membrane, incubated with anti-protein 14- yig). The ubiquitination site was localized to amino acid
3-3 zeta/delta antibody, incubated with secondary antibod residue K,, and the ubiquitination level was signi cantly
and visualized. increased in PAs compared to control§able 2. Another
representative MS/MS spectrum was from ubiquitinated peptide
5’ADALQAGASQFETSAAKLKS® of uncharacterized protein
RESULTS (L7N2F9) Figure 1B), which localized the ubiquitination sites
. L . . L. at K residue in the peptide C-terminal, with a high-quality
Protein Ubiquitination in Control Pituitaries MS/MS spectrum, excellent S/N ratio, and extensive product-
and Pituitary Adenomas ion b-ion and y-ion series @& bs, bs, bs, and k; v, ya, Va,
Antibody enrichment-based label-free quantitative protecs Vs, Ve, Y7, ¥8, Yo, Y11, Y12, Y13, Y14, @nd Vis). The ubiquitination
identi ed 158 ubiquitinated sites and 142 ubiquitinated pigles ~ site was localized to amino acid residugsKand the protein
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FIGURE 3 | The PI3K-AKT signaling pathway which was achieved by DAVID gatay analysis. The ubiquitinated proteins are shown by redtars.
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was ubiquitinated in PAs but not in controlsTéble 2. The A total of 35 ubiquitinated peptides were identied but not
third representative MS/MS spectrum was from ubiquitinatedquanti ed in PAs and controls. Moreover, most ubiquitinated
peptide®’K VLGAFSDGLAHLDNLKS of hemoglobin subunit peptides were 8-22 amino acids longigure 2A). Among
beta (P68871) or beta-globin (D9YZUS5Fi¢ure 10, which 142 ubiquitinated peptides 90.1% (128/142) peptides contained
localized the ubiquitination site at K residue in the peptide N only one ubiquitinated site, 8.5% peptides contained two
terminal, with a high-quality MS/MS spectrum, excellent S/Nubiquitinated sites, 7.8% peptides contained three ubigaiéd
ratio, and extensive product-ion b-ion and y-ion serieg, (b3, sites, and 1.4% peptides contained over three ubiquitinated
bs, bs, bg, by, b1o, 11, P14, and bis; yi, Y2, ¥, Ya, ¥5, Y6, Y7, sites Eigure 2B).

Yo, Y10, Y11, Y12, Y13, Y14, Y15 and Vie). The ubiquitination site ) .

was localized to amino acid residugKand the ubiquitination ~ Signaling Pathways Involved in

level was signi cantly increased in PAs compared to controltJbiquitinated Proteins

(Table 2. With the same method, each ubiquitinated peptideEight statistically signi cant KEGG signaling pathwaps<(0.05)
and ubiquitination site was identied with MS/MS data, were identi ed with DAVID KEGG pathway-enrichment analysis
and quanti ed. Among the 142 ubiquitinated peptides thatfrom 108 ubiquitinated proteins, including PI3K-AKT signadj
were identi ed, 45 ubiquitinated peptides were quanti ed in pathway, Hippo signaling pathway, ribosome, nucleotide
PA and control tissues, including 30 statistically sigaintly — excision repair, alcoholism, systemic lupus erythematosus,
di erentially ubiquitinated peptides in PAs compared to confso  African trypanosomiasis, and malaria. Among them, PI3K-AKT
(p < 0.05). A total of 56 ubiquitinated peptides were quanti edsignaling pathway Kigure 3) is activated by many types of
in PAs, but not in control pituitaries, and six ubiquitinated cellular stimulation and toxic damage, and regulates egslent
peptides were quanti ed in control pituitaries, but not in PAs. cellular functions such as transcription, translation, piedation,
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FIGURE 4 | The Hippo signaling pathway which was achieved by DAVID pathay analysis. The ubiquitinated subunits are shown by red sta.
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FIGURE 5 | The ribosome signaling pathway which was achieved by DAVID plaway analysis. The ubiquitinated subunits are shown by resitars.

survival, and growth. Hippo signaling pathwaligure 4) is an  (Figure 6) is a mechanism to recognize and repair large
evolutionarily conserved signaling pathway that contrdie t amounts of DNA damage caused by compounds, environmental
size of organs from ies to humans. For human and mousecarcinogens, and ultraviolet radiation. Protein ubiqoétion
Hippo signaling pathway consists of MST1 and MST2 kinasespight be involved in the nucleotide excision repair process
their cofactors Salvador, LATS1, and LATS2. In respons® aect protein synthesis and the corresponding biological
to high cell density, activated LATS1/2 phosphorylates théunctions in PAs. Therefore, protein ubiquitination parfieted
transcriptional coactivators YAP and TAZ to promote their in multiple signaling pathway systems and biological processe
cytoplasmic localization, leads to apoptosis, and limitsorgiae  human PAs.

overgrowth. When the Hippo signaling pathway is inactivated

at low cell densities, YAP/TAZ translocate into the nucleas Functional Characteristics of Ubiquitinated

bind to the transcriptional factor enhancer (TEAD/TEF) fdymi  Proteins

to promote cell growth and proliferation. YAP/TAZ also inteta |n order to further understand the biological function of

with other transcriptional factors or signaling moleculesallow  he ubiquitinated proteins in the development of PAs, GO
Hippo pathway-mediated processes interact with other keynrichment analysis of identi ed ubiquitinated proteins esled

signaling cascade processes, such as f@fd Wnt signaling multiple CCs, BPs, and MFs. For CC analysTaife 3, 33

pathways. Because the function of ribosomes is to tra”5|a%iquitinated proteins were assigned to di erent CCs. A large
the genetic code (nucleotide sequence) on the mRNA into thgymber of ubiquitinated proteins were located on ribosome
amino acid sequence on the polypeptide chain, the ribosome id vesicle. It is well-known that ribosomes are complexes
closely related to protein synthesis. Ribosome signalingweth composed of rRNA and proteins, and are important sites
(Figure 5 was enriched, and indicated that certain ubiquitinatedfor protein synthesis. In addition, vesicles and ribosomal
proteins are closely related to this signaling pathway to thusubunits also play an important role in protein synthesis.
aect protein synthesis. Nucleotide Excision repair (NER)uUbiquitinated proteins can be degraded by the proteasome
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FIGURE 6 | The nucleotide excision repair which was achieved by DAVID gaway analysis. The ubiquitinated subunits are shown by resdtars.

pathway 8). When the protein on ribosome or vesicle is proliferation of cells and the production of new blood vessels
usually ubiquitinated, the protein might degrade and a eceth were inseparable from oxygen and nutrients. Ubiquitinated
synthesis and secretion of other proteins, aect the normaproteins could bind to oxygen, which might a ect the transport
physiological function of the body, and lead to PAs. For BRof oxygen and nutrients, to thus aect the occurrence and
analysis Table 4, most ubiquitinated proteins were associateddevelopment of PAs.

with some important biological processes such as cellular

responses to certain substances, self-regulation of @MNg, ~ Characterization of Ubiquitinated Peptides

repair, etc. Abnormal DNA repair was involved in the occurrenc Some studies showed that conservative ubiquitination raotif
and development of tumors5(). When the proteins involved might not exist in humans 4, 40, 54). To elucidate regulation

in DNA repair were ubiquitinated, abnormal DNA repair of ubiquitination in human PAs, ubiquitination motif anasys
might occur and lead to PAs. In PA patients, the primarywas carried out by examining the sequences fror5 to
treatment was surgery; however, prolactinomas were usually15 amino acid residues in the ubiquitination sites of the 142
treated with dopamine agonists51, 52). The ubiquitinated ubiquitinated peptides with Motif-X software. Five signi cty
proteins were associated with drug transport, which might mak distinguished motifs were identi edRigures 7A,B, including

it dicult for drugs in PA patients to get to the target and K -X@)-E, D-Xa)-K , K-X@4)-K , K-X(3-K , and K A, which
thus allow development of tumors. For MF analystalfle 5, refers to 42, 22, 29, 26, and 23 unique ubiquitinated peptides,
31 ubiquitinated proteins were signi cantly enriched in drent  respectively (K D the ubiquitinated lysine residue; D
MFs. The molecular functions of enriched ubiquitinated pioe  any amino acid residue). Those ubiquitinated peptides had
were mainly combined with other substances, such as oxygeti erent abundances, which together accounted for 99.3%ef t
organic acids, cofactors, etc. Animportant tumor marker Wes  identi ed ubiquitinated peptides Kigure 70). Although Zhang

in nite proliferation of tumor cells and angiogenesi§3). The et al. studied the ubiquitination modi cation of wheats59),
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TABLE 3 | Statistically signi cant GO cellular components (CC) derad from ubiquitinated proteins in human pituitary adenomas

ID Cellular components GeneRatio  BgRatio P-value Padjust Q-value GenelD Count
GO0:0022627 Cytosolic small ribosomal subunit 4/33 45/19659 9B4E-07 1.33E-04 8.26E-05 RPS3/RPS20/HBA1/HBA2 4
G0:0015935 Small ribosomal subunit 4/33 73/19659 6.60E-06 468E-04 2.92E-04 RPS3/RPS20/HBA1/HBA2 4
G0:0022626 Cytosolic ribosome 4/33 115/19659 3.99E-05 1.89E03 1.18E-03 RPS3/RPS20/HBA1/HBA2 4
G0:0044445 Cytosolic part 5/33 250/19659 5.67E-05 2.01E-03 1.25E-03 IDE/RPS3/RPS20/HBA1/HBA2 5
G0:0072562 Blood microparticle 4/33 147/19659 1.04E-04 2.95:-03 1.83E-03 FGA/ALB/HBA1/HBA2 4
G0:0031838 Haptoglobin-hemoglobin complex 2/33 11/19659 149E-04 3.17E-03 1.97E-03 HBA1/HBA2 2
G0:0005833 Hemoglobin complex 2/33 12/19659 1.78E-04 3.17E03 1.97E-03 HBA1/HBA2 2
G0:0060198 Clathrin-sculpted vesicle 2/33 12/19659 1.78E-@ 3.17E-03 1.97E-03 DNAJC5/SLC32A1 2
G0:0044391 Ribosomal subunit 4/33 191/19659 2.83E-04 4.47E03 2.78E-03 RPS3/RPS20/HBA1/HBA2 4
G0:0071682 Endocytic vesicle lumen 2/33 19/19659 4.59E-04 652E-03 4.06E-03 HBA1/HBA2 2
G0:0005840 Ribosome 4/33 276/19659 1.13E-03 1.46E-02 9.07E-03 RPS3/RPS20/HBA1/HBA2 4
G0:0060205 Cytoplasmic vesicle lumen 4/33 338/19659 2.37E-@ 2.62E-02 1.63E-02 FGA/ALB/HBA1/HBA2 4
G0:0031983 Vesicle lumen 4/33 339/19659 2.40E-03 2.62E-02 1.63E-02 FGA/ALB/HBA1/HBA2 4
G0:0098563 Intrinsic component of synaptic vesicle membraa 2/33 46/19659 2.70E-03 2.74E-02 1.71E-02 DNAJC5/SLC32A1 2
G0:0035577 Azurophil granule membrane 2/33 58/19659 4.26E-@ 4.03E-02 2.51E-02 DNAJC5/TMEMB30A 2
G0:0030658 Transport vesicle membrane 3/33 204/19659 4.78EQ3 4.24E-02 2.64E-02 DNAJC5/SLC32A1/TMEM30A 3
G0:0031093 Platelet alpha granule lumen 2/33 67/19659 5.64H3 4.71E-02 2.94E-02 FGA/ALB 2
G0:0031300 Intrinsic component of organelle membrane 3/33 2@/19659 6.34E-03 4.98E-02 3.10E-02 DNAJC5/SLC32A1/ITM2B 3
G0:0005844 Polysome 2/33 73/19659 6.67E-03 4.98E-02 3.10E-02 VIM/RPS3 2

GeneRatioD The ratio of the number of genes enriched by the CC to the total number of genesnriched. BgRatioD The ratio of the number of genes contained in the CC to the number
of genes in the BP database.

the ubiquitination motifs of wheat are completely di erent DISCUSSION

from the human ubiquitination motif. This result might reaé . . e .
d 9 The Functions of Protein Ubiquitination

di erences in ubiquitination motifs among di erent species. biauitination i . q id 5 .
The ubiquitination motifs of human proteins obtained in this Ubiquitination in a prpteln IS un .er a wide range o ung’uons,‘
and regulates a variety of basic cellular processes, ingudin

study might provide ubiquitin-binding loci for future resezh. e . o .

However, one must realize that because this study incorpdrat  9€N€  transcription,  DNA - repair and replication, protein

small number of ubiquitinated peptides, the characterizeshan ~ d€gradation, viral particle sprouting, and intracellular aiing
(56). Monoubiquitination is involved in the regulation of

protein ubiquitination motifs still need to be validated froa , ) A )
lysosome targeting, endocytosis, and chromatin remodelin

large number of ubiquitinated peptide sequences. s A
and meiosis. Polyubiquitination involves DNA damage and

Further Analysis of Ubiquitinated Proteins repair, targets modi ed proteins to proteasomal degradation,
in pituitary Adenomas and includes immune signal transductiorl®). Chen et al.

After comprehensive analysis of ubiquitination data, KEGGU99est that ubiquitination has become a key regulator of
pathways, and GO enrichment data, eight statistically signt the immune system involved in transduction of intracellular
KEGG signaling pathwayp & 0.05) were identi ed. Only four of §ignals, control of T cell di fere_n_tiati_on, and induction of
these enriched signaling pathways were associated withrgymo!Mmune tolerance 7). The ubiquitination regulatory pattern
and the protein 14-3-3 zeta/delta was an important molecul€cognizes receptor signaling, initiates adaptive immune
in the PI3K-AKT signaling pathway and the Hippo signaling "esponses, and maturates dendritic cells required to mediate
pathway. Also, the peptide from protein 14-3-3 zeta/deltdNNate immune responses. For T cells, ubiquitination regsiate
underwent ubiquitination in control pituitary tissues, butot ~ their development, activation, and di erentiation to thergb

in NFPA tissuesTable 2. Therefore, the ubiquitinated protein Maintain immune tolerance to their own tissues and an e ective
14-3-3 zeta/delta was chosen for further analysis with Weste adaptive immune response to pathoger®))( The role of
immunoa nity blot. The result showed that protein 14-3-3 ubiquitination in immune regulation was rst discovered
zeta/delta was signi cantly upregulated in NFPAs compared tdn studies of antigen presentation and transcription factor
controls. Quantitative ubiquitinated proteomics showedtthe —nuclear factor NKB family (8). The transcription factor
peptide from protein 14-3-3 zeta/delta was ubiquitinated innuclear factor NFkB controls basic functions of many
controls but not in NFPAs Figure 8 Table . The decreased Cells, including cell proliferation, immune responses, and
ubiquitination level of protein 14-3-3 zeta/delta in NFPAsgit ~ apoptosis §9). Excessive apoptosis can result in anemia,

inhibit degradation of this protein and change the signalingheurodegenerative diseases, and graft rejection. A remfuct
transduction of this protein in PAs. of apoptosis can lead to autoimmune diseases and cancer.
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TABLE 4 | Statistically signi cant GO biological processes (BP) deréd from ubiquitinated proteins in human pituitary adenoms

ID Biological process GeneRatio  BgRatio P-value P.adjust Q-value  GenelD Count

GO0:0097237  Cellular response to toxic substance 5/30 235/18493 3.49E-05 1.66E-02 1.27E-02 ALB/RPS3/HBA1/HBA2/PDCD10 5

G0:0042542  Response to hydrogen peroxide 4/30 141/18493 7.6E-05 1.66E-02 1.27E-02 RPS3/HBA1/HBA2/PDCD10 4

G0:0045739  Positive regulation of DNA repair 3/30 61/18493 BOE-04 1.66E-02 1.27E-02 H2AFX/RPS3/UBE2N 3

G0:0042983  Amyloid precursor protein 2/30 11/18493 1.39E-04 1.66E-02 1.27E-02 ITM2C/ITM2B 2
biosynthetic process

GO0:0042984  Regulation of amyloid precursor 2/30 11/18493 1.39E-04 1.66E-02 1.27E-02 ITM2C/ITM2B 2
protein biosynthetic process

G0:0046677  Response to antibiotic 5/30 323/18493 1.57E-04 166E-02 1.27E-02 RPS3/HBA1/PRL/HBA2/PDCD10

G0:0010561  Negative regulation of glycoprotein 2/30 12/18493 1.66E-04 1.66E-02 1.27E-02 ITM2C/ITM2B
biosynthetic process

G0:0031581 Hemidesmosome assembly 2/30 12/18493 1.66E-04 166E-02 1.27E-02 LAMC2/PLEC

GO0:0015671  Oxygen transport 2/30 15/18493 2.64E-04 2.11E-02 1.62E-02 HBA1/HBA2

G0:1903019  Negative regulation of glycoprotein 2/30 15/18493 2.64E-04 2.11E-02 1.62E-02 ITM2C/ITM2B 2
metabolic process

GO0:0015893  Drug transport 4/30 217/18493 3.98E-04 2.56E-02 196E-02 HBA1/HBA2/SLC32A1/TMEM30A 4

GO0:0015669  Gas transport 2/30 19/18493 4.28E-04 2.56E-02 1.9E-02 HBA1/HBA2 2

G0:2001022  Positive regulation of response to 3/30 92/18493 4.39E-04 2.56E-02 1.96E-02 H2AFX/RPS3/UBE2N 3
DNA damage stimulus

GO0:0000302 Response to reactive oxygen 4/30 224/18493 4.48E-04 2.56E-02 1.96E-02 RPS3/HBA1/HBA2/PDCDLO 4
species

G0:0098869  Cellular oxidant detoxi cation 3/30 101/18493 5.77E-04 3.08E-02 2.36E-02 ALB/HBA1/HBA2 3

GO0:1990748  Cellular detoxi cation 3/30 105/18493 6.46E-04 323E-02 2.47E-02 ALB/HBA1l/HBA2 3

G0:0006282  Regulation of DNA repair 3/30 115/18493 8.41E-04 P6E-02 3.03E-02 H2AFX/RPS3/UBE2N 3

G0:0031112  Positive regulation of microtubule 2/30 29/18493 1.01E-03 4.30E-02 3.30E-02 RPS3/STMN2 2
polymerization or depolymerization

G0:0098754  Detoxi cation 3/30 123/18493 1.02E-03 4.30E-02 3.30E-02 ALB/HBA1/HBA2 3

GO0:0042744  Hydrogen peroxide catabolic 2/30 32/18493 1.22E-03 4.77E-02 3.66E-02 HBA1/HBA2 2
process

G0:0051291  Protein heterooligomerization 3/30 132/18493 125E-03 4.77E-02 3.66E-02 IDE/HBA1/HBA2 3

GeneRatioD The ratio of the number of genes enriched by the BP to the total number of genesnriched. BgRatioD The ratio of the number of genes contained in the BP to the number
of genes in the BP database.

Therefore, moderate apoptosis is of great importance to thproteomics studies found that the number of down-regulated
body. Ubiquitination of apoptotic proteins is a key componentproteins was much more than up-regulated proteins in di erent
of the apoptosis signaling cascad&l)( The ubiquitination subtypes of NFPAs compared to control pituitari@s); mRNA
mentioned above has an e ect on DNA damage and repairexpressions of ubiquitin-conjugating enzymes E2 and E3 were
Improper response of DNA damage might accelerate theignicantly increased in NFPAs2@), mRNA expression of
aging process, cause genomic instability, and eventualy leubiquitin specic protease 34 was signi cantly decreased in
to various human diseases, including neurodegeneratiieAs @9), proteasome subunit alpha type 2 was nitrated
diseases and canceflj. Ubiquitination plays an important in PAs (6), and the protein ubiquitination pathway was
role to regulate the tumor suppressor function of Beclinlchanged in NFPAs3(0). It is well-known that synthesis and
(62). Thus, ubiquitination might play a crucial part in degradation of proteins in humans maintain in a dynamic
cancer. Some publications have described that ubiquitimati balance. The increased number of down-regulated proteins
disorders a ect the occurrence, development, and metastdsis in PAs might mean a disrupted balance between synthesis

cancer p2, 63 64). and degradation of proteins compared to control pituitaries.
L . . This study clearly found that ubiquitinated proteins in PAs

Ubiquitinated Proteins Regulated Diverse were related to the synthesis and metabolism of proteins. The

Biological Process ubiquitinated proteasome system is one of the main pathways fo

This study found the mainly GO biological processes weréntracellular protein degradations( 65, 66). Ubiquitination can
related to synthesis and metabolism of proteins, whiclkachieve protein degradation by ubiquitinating the proteagsom
included glycoprotein, amyloid precursor protein, regulatio Therefore, the increased number of these downregulated
of proteasomal ubiquitin-dependent protein, etc. This resulproteins in human NFPAs might undergo ubiquitination
suggests that ubiquitinated proteins might be involved i th to result in more degradation of the proteins relative to
synthesis and metabolism of certain proteins. Our long-ternrmormal pituitaries.
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TABLE 5 | Statistically signi cant GO molecular functions (MF) derid from ubiquitinated proteins in human pituitary adenomas

ID Molecular functions GeneRatio BgRatio P-value P.adjust Q-value GenelD Count
G0:0019825 Oxygen binding 3/31 36/17632 3.38E-05 4.97E-03 348E-03 ALB/HBA1/HBA2 3
G0:0031720 Haptoglobin binding 2/31 10/17632 1.33E-04 8.10E03 5.68E-03 HBA1/HBA2 2
G0:0001540 Amyloid-beta binding 3/31 61/17632 1.65E-04 8.1CE-03 5.68E-03 IDE/ITM2C/ITM2B 3
G0:0005344 Oxygen carrier activity 2/31 14/17632 2.69E-04 9B7E-03 6.93E-03 HBA1/HBA2 2
GO0:0043177 Organic acid binding 4/31 204/17632 4.29E-04 1.1E-02 7.84E-03 ALB/PAM/HBA1/HBA2 4
G0:0016209 Antioxidant activity 3/31 86/17632 4.56E-04 1.1E-02 7.84E-03 ALB/HBA1/HBA2 3
G0:0050699 WW domain binding 2/31 31/17632 1.35E-03 2.83E-02 1.99E-02 NDFIP1/TCEAL2 2
GO0:0048037 Cofactor binding 5/31 495/17632 1.59E-03 2.92E-@ 2.05E-02 ALB/PAM/RPS3/HBA1/HBA2 5
G0:0140104 Molecular carrier activity 2/31 43/17632 2.58E-G 4.22E-02 2.96E-02 HBA1/HBA2 2

GeneRatioD The ratio of the number of genes enriched by the MF to the total number of geneseiched. BgRatioD The ratio of the number of genes contained in the MF to the number
of genes in the BP database.

FIGURE 7 | Ubiquitinated protein motifs in human(A) Ubiquitination motifs and the conservation of ubiquitin@n sites. The central K stands for the ubiquitinated
protein. The size of each letter is related to the frequencyfamino acid residues occurring at that position(B) Taking the ubiquitinated peptide sequence as a
foreground, the sequence window of the ubiquitinated relad protein non-ubiquitinated lysine was used as a backgroud control. (C) The number of identi ed
ubiquitinated peptides in each motif. K*D ubiquitinated lysine residue. X0 any amino acid residue.

The phosphatidylinositol 3-kinase (PI3K)-AKT signaling PIP3 in turn acts as a second messenger to activate AKT.
pathway is activated by many types of cellular and toxic damagkhe activated AKT can control key cellular processes through
and regulates basic cellular functions such as transcriptio phosphorylation involved in apoptosis, protein synthesis,
translation, proliferation, growth, and survival. Binding metabolism, and cell cycle substrates. The PI3K-AKT siggal
of growth factors to their receptor tyrosine kinase or Gpathway is an important signaling pathway in cells, and its main
protein-coupled receptor stimulates the la and Ib PI3Kfunction is to inhibit apoptosis and promote proliferation. In
subtypes, respectively. PI3K catalyzes the production efarious malignant tumors, the PI3K-AKT signaling pathway
phosphatidylinositol-3, 4, 5-triphosphate on the cell meml@an is abnormally regulated to promote formation of new blood
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tumorigenesis (4). However, the abnormality of this pathway
usually leads to the occurrence of tumors);, For example, when
Latsl is ubiquitinated, the kinase activity of Latsl is rexlic
and subsequently inhibited by Hippo signaling only promotes
cell proliferation, but also inhibits cell apoptosis and attetesa
tumor suppressor function/6). NEDD4, an E3 ubiquitin ligase,
can directly interact with Lats1 to lead to its ubiquitinatiand
decreased levels of Lats to thereby increase the locatizafi
nuclear YAP, and activate proliferative and anti-apoptotioege
(77). Lignitto et al. {8) found that the ubiquitination-proteasome
system can degrade Mob to attenuate the Hippo cascade and
maintain the growth of glioblastoma cells vivo. So what is
the impact of ubiquitination on the Hippo signaling pathway?
Toloczko et al. {3 found that USP9X, a deubiquitinating
protease, can enhance LATS kinase to inhibit tumor growth.
Therefore, the Hippo signaling pathway is closely related to
FIGURE 8 | The protein expression level and its ubiquitinated level gfotein tumorigenesis, and the ubiquitination and deubiquitirati of
14-3-3 zgtaldelta in'NFPAs compargd to controls.(A) Wgstern blot analysis of the core kinase cassette in the HippO signaling pathway have
the protein expression level of protein 14-3-3 zeta/delta ilNFPAs compared to . L .
controls. (B) The ubiquitination level of protein 14-3-3 zeta/delta in NFRs a great m_ ue_n_ce _On tumor grOWth' _Therefore’ UquUItmamo
compared to controls. p < 0.05. **p < 0.01. NFPA, nonfunctional pituitary and deubiquitination of the core kinase cassette are worthy
adenomas; Control, control pituitaries. of further study, and might lead to the development of new
treatments for tumors. In addition, some key molecules ie th
Hippo signaling pathway are 14-3-3 protein and F-actin. The
vessels, proliferation of tumor cells, and inhibition of apogis, 14-3-3 protein in the Hippo signaling pathway is closely related
and is closely related to tumor metastasis and invasion. Thi® tumors.
HVP9O0 inhibitor NVPAUY922 and the PI3K-mTOR inhibitor
NVP-BEZ235, alone or in combination, have a signicant L . L.
e ect on the apoptosis of cholangiocarcinoma cells: and thes&N€ Ubiquitination of 14-3-3 Proteins in
inhibitors act on the rat model of cholangiocarcinoma to Pituitary Adenomas
decrease the tumor6(). These results indirectly indicate that Humans 14-3-3 proteins have many subtypes, including 14-
activation of PISK-AKT signaling pathway contributes to the 3-3 protein beta/alpha, 14-3-3 protein gamma, 14-3-3 protein
proliferation of cholangiocarcinoma cells. Study also fddinat theta, etc. 14-3-3 subtypes are considered to play nocogenic
the P11@ subunit of PI3K is a regulator of angiogenesis, andoles in a variety of tumors79). Raungrut et al. §0) found
the inactivation of P11& leads to non-functional angiogenesis, that 14-3-3 gamma is involved in the metastasis of lung cancer
which in turn prevents tumor growth €9). In the PI3K-AKT cells, and found that knockdown of 14-3-3 gamma could
signaling pathway, the key molecules are cytokine, ECM, ITGHhibit lung cancer metastasis. The 14-3-3 beta protein has
and 14-3-3. Lamnin subunit gamma2 (LAMC2), which is abeen shown to possess carcinogenic potential, and its inactease
molecule in ECM, has been reported to be involved in theexpression has been detected in many types of cancers. Tang
development and progression of various tumoid)( Smith et al. 81) found that 14-3-3 beta promotes migration and
et al. (/0) found that LAMC2 was associated with bladderinvasion of human hepatocellular carcinoma cells by modngati
cancer metastasis, and its expression level increased with expression of MMP2 and MMP9 through the PI3K/Akt/NEB
increase of human tumor stage. In colorectal cancer, stabfgmthway. Also, 14-3-3 can promote breast cancer invasion
overexpressed LAMC2 promotes proliferation, migration, andand metastasis by inhibiting RhoGD8%). However, few studies
invasion of cancer cells/(). The grade of LAMC2 expression are involved in the relationship of 14-3-3 zeta/delta progei
was signi cantly associated with the pattern and depth ofand tumorigenesis. This study found the 14-3-3 zeta/delta
invasion of oral squamous cell carcinom&?2( This study protein was ubiquitinated in pituitary control tissues but tho
found that LAMC2 was ubiquitinated at position 219. PAs arein PA tissues. However, Western blot analysis found thaB14-
generally benign tumors, and do not metastasize; howelvey, t 3 zeta/delta protein was highly expressed in NFPAs compared
do proliferate and invade of tumor cells. to control tissues. The ubiquitinated proteasome systemnis o
The core components of the Hippo signaling pathwayof the major pathways for intracellular protein degradation
include upstream and downstream regulatory factors, caraseé (8, 65, 66). Ubiquitination can achieve protein degradation by
cassettes, and downstream oncogenes. The core kinas@ecassiquitination of the proteasome. Thus, it is hypothesizedtth
includes Lats1/2, Mst2, SAV1, and Mob. Activation of the L&s1 proteins can be degraded by ubiquitination modi cation to
phosphorylation of the transcriptional coactivators YAP andresult in lower protein levels in tumors than control tissues
TAZ ultimately leads to apoptosis, limits organ size overdlgw Therefore, up-regulated expression of 14-3-3 zeta/deltagprot
or promotes cell growth and proliferation7@). Therefore, in NFPAs might be due to the decreased ubiquitination level,
the Hippo signaling pathway prevents tissue growth andand contribute to pituitary tumorigenesis. These ndings rig
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provide a better basis for biomarker discovery and the earlgellular functions and biological processes. This study exgdnd

treatment of PA patients. the range of physiological processes regulated by ubiqtibima
o ) and serves as a valuable reference for biological funcidns
Strengths and Limitations of This Study protein ubiquitination in human PAs.

This study, for the rst time, used anti-ubiquitin antibody

(specic to K-+GG)-based label-free quantitative proteomicSETH|CS STATEMENT

to identify protein ubiquitination pro ling between NFPAs

and control pituitaries. A total of 158 ubiquitinated sites pA tissues were obtained from the Department of Neurosurgery
in 108 ubiquitinated proteins was identied and quanti ed, of Xiangya Hospital, China, as approved by the Xiangya Hospital
which is the rst ubiquitinome pro le in NFPAs compared to Medical Ethics Committee of Central South University. Comtro
controls. Further, pathway network analysis revealed atii@ns pituitary tissues were obtained from the Memphis Regional
of multiple ubiquitination-involved signaling pathway sgsts  Medical Centeri D 5), as approved by University of Tennessee
in NFPAs to o er novel insights into molecular mechanisms Health Science Center Internal Review Board. The consent
of NFPAs and to provide a new source to discover newyas attained from each patient or the family of each control
biomarkers for NFPAs. However, one must realize that ituitary subject (post-mortem tissues) after full explanatiof

ubiquitinome is dynamic, and varies with di erent conditisn the purpose and nature of all experimenta| procedures_
and pathophysiological status. PAs are highly heterogeneous

among tumor individuals, dierent subtype of NFPAs, and

dierent subtypes of FPAs. In order to further in-depth AUTHOR CONTRIBUTIONS

insight into functional signi cance of each ubiquitinatioin . .
PA pathogenesis, one must signi cantly expand the number O§Q analyzed data, carrlgd out Western blot experlment,.prepared
human tissue samples studied to validate and quantify eacf4res and tables, designed and wrote the manuscript. XhZ

ubiquitination among individuals and di erent PA subtypessa, participated |n the apalysis_, and revised Fhe manuscript. ML
biological functions of each ubiquitination should be exaed and NL participated in partial data analysis. YL prepared the

in the cell model and animal model. For this current study,'oroteln samples. XL collected tissue samples and performed

due to the very limited, precious pituitary adenoma and cohtro clinical diagnosis. D_D provided the CO”@' tssues, andiq_znily
tissue samples, only very limited amount of proteins were usetavaluated an_d revised the manuscript. XqZ _concglved the
for trypsin digestion, anti-ubiquitin antibody-based ecinment, conce_pt, designed experiments and_ manuscript, '|ns_t_ructed
and LC-MS/MS analysis. The number of ubiquitinated sites an§periments, analyzed data, obtained the ubiquitinated

ubiquitinated proteins might be signi cantly increased twian pr_(t)_teo”mlc (_jatg, superw_s?d rssults, coordl_nballtefd, _tv;rot_el and
increased amount of proteins in future ubiquitinomics anadys criucally revised manuscript, and was responsibie for itanaia

among PA individuals and among di erent PA subtypes, toSupports and the corresponding works. All authors approved the

signi cantly expand the ubiquitinome database of PAs, whichrlal manuscript.
will o er the increased opportunity to in-depth explore biologica
roles of protein ubiquitination in PAs. FUNDING

CONCLUSION This work was supported by the grants from the China 863 Plan

Project (Grant No. 2014AA020610-1 to XqZ), National Natura
Ant-ubiquitin antibody-based label-free quantitative pgomics  Science Foundation of China (Grant No. 81572278, 81272798,
e ectively identi ed and quanti ed protein lysine ubiquitiation ~— and 81770781), the Hunan Provincial Hundred Talent Plan (to
in human PAs compared to controls. This study provides theXqZ), the Xiangya Hospital Funds for Talent Introduction (to
rst protein ubiquitination pro ling of human PAs and control  XgZ), and the Hunan Provincial Natural Science Foundatién o
pituitaries to understand ubiquitination-mediated multgpl China (Grant No. 14JJ7008 to XqgZ).

REFERENCES 5. Greenman Y, Stern N. Non-functioning pituitary adenomBsst Pract Res
Clin Endocrinol Metah(2009) 23:625-38. doi: 10.1016/j.beem.2009.05.005
1. Zhan X, Wang X, Cheng T. Human pituitary adenoma proteomics: 6. Tampourlou M, Fountas A, Ntali G, Karavitaki N. Mortality in patient

new progresses and perspectiveBront Endocrinol. (2016) 7:54. with non-functioning pituitary adenoma.Pituitary. (2018) 21:203-7.
doi: 10.3389/fendo.2016.00054 doi: 10.1007/s11102-018-0863-9

2. Levy A. Molecular and trophic mechanisms of tumorigeneBisdocrinol 7. Penn DL, Burke WT, Laws ER. Management of non-functioning
Metab Clin North Am(2008) 37:23-50. doi: 10.1016/j.ecl.2007.10.009 pituitary adenomas: surgery. Pituitary. (2018) 21:145-53.

3. Jae CA. Clinically non-functioning pituitary adenoméituitary. (2006) doi: 10.1007/s11102-017-0854-2
9:317-21. doi: 10.1007/s11102-006-0412-9 8. Mettouchi A, Lemichez E. Ubiquitylation of active Rac1 by EB ubiquitin-

4. Andela CD, Lobatto DJ, Pereira AM, van Furth WR, Biermasz NR. How ligase HACE1Small GTPase§012) 3:102-6. doi: 10.4161/sgtp.19221
non-functioning pituitary adenomas can aect health-related fiya of 9. Popovic D, Vucic D, Dikic I. Ubiquitination in disease patenesis
life: a conceptual model and literature revieRituitary. (2018) 21:208-16. and treatment. Nat Med. (2014) 20:1242-53. doi: 10.1038/
doi: 10.1007/s11102-017-0860-4 nm.3739

Frontiers in Endocrinology | www.frontiersin.org 20 May 2019 | Volume 10 | Article 328



Qian et al.

Protein Ubiquitination in Human Pituitary Adenomas

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Luo Z, Zhang X, Zeng W, Su J, Yang K, Lu L, et al. TRAF6 regulatesonea
invasion and metastasis through ubiquitination of Basigincotarget(2016)
7:7179-92. doi: 10.18632/oncotarget.6886

Lin AW, Man HY. Ubiquitination of neurotransmitter receptorsnd
postsynaptic sca olding proteins.Neural
doi: 10.1155/2013/432057

Gao C, Huang W, Kanasaki K, Xu Y. The role of ubiquitination and

sumoylation in diabetic nephropathgiomed Res In{2014) 2014:160692. 35.

doi: 10.1155/2014/160692

Xiao Z, Zhang P, Ma L. The role of deubiquitinases in breastaraBancer
Metastasis Re(2016) 35:589—600. doi: 10.1007/s10555-016-9640-2
Hock AK, Vousden KH. The role of ubiquitin modication in
the regulation of p53.Biochim Biophys Acta.(2014) 1843:137-49.
doi: 10.1016/j.bbamcr.2013.05.022

Ding F, Yin Z, Wang HR. Ubiquitination in rho signalin@urr Top Med
Chem(2011) 11:2879-87 doi: 10.2174/156802611798281357

Fulda S, Rajalingam K, Dikic I. Ubiquitylation in immune disers and
cancer: from molecular mechanisms to therapeutic implicati@4BO Mol
Med.(2012) 4:545-56. doi: 10.1002/emmm.201100707

Zhou MJ, Chen FZ, Chen HC. Ubiquitination involved enzyraed cancer.
Med Oncol(2014) 31:93. doi: 10.1007/s12032-014-0093-6

Vadasz |, Weiss CH, Sznajder JI. Ubiquitination and protsiy acute lung
injury. Chest(2012) 141:763-71. doi: 10.1378/chest.11-1660

Ebner P, Versteeg GA, lkeda F. Ubiquitin enzymes in the latign
of immune responsesCrit Rev Biochem Mol Biol(2017) 52:425-60.
doi: 10.1080/10409238.2017.1325829

Hu H, Sun SC. Ubiquitin signaling in immune responsésll Res(2016)
26:457-83. doi: 10.1038/cr.2016.40

Kawabe H, Brose N. The role of ubiquitylation in nerve cell dgoraknt.Nat
Rev Neuroscf2011) 12:251-68. doi: 10.1038/nrn3009

Morrow JK, Lin HK, Sun SC, Zhang S. Targeting ubiquitinationcancer

therapiesFuture Med Chen{2015) 7:2333-50. doi: 10.4155/fmc.15.148 42.
Zheng N, Shabek N. Ubiquitin ligases: structure, function,
and regulation.  Annu Rev Biochem. (2017) 86:129-57. 43.

doi: 10.1146/annurev-biochem-060815-014922

Lehman NL. The ubiquitin proteasome system in neuropatholdgta
Neuropathol(2009) 118:329—-47. doi: 10.1007/s00401-009-0560-x

Xu M, Knox AJ, Michaelis KA, Kiseljak-Vassiliades K, Kleinscl-
DeMasters BK, Lillehei KO, et al. Reprimo (RPRM) is a novel
tumor suppressor in pituitary tumors and regulates survival,
proliferation, and tumorigenicity. Endocrinology.(2012) 153:2963-73.
doi: 10.1210/en.2011-2021

Zhan X, Desiderio DM. Nitroproteins from a human pituitary adenoma
tissue discovered with a nitrotyrosine a nity column and tandem ssa

spectrometry. Anal Biochem.(2006) 354:279-89. doi: 10.1016/j.ab.200646.

05.024

Zhan X, Desiderio DM. A reference map of a human pituitary adenoma
proteome. Proteomics (2003) 3:699-713. doi: 10.1002/pmic.2003
00408

Moreno CS, Evans CO, Zhan X, Okor M, Desiderio DM, Oyesiku
NM. Novel molecular signaling and classi cation of human clinically
nonfunctional pituitary adenomas identied by gene expression
proling and proteomic analyses.Cancer
doi: 10.1158/0008-5472.CAN-05-0884
Evans CO, Moreno CS, Zhan X, McCabe MT, Vertino PM, Desidekbh D
et al. Molecular pathogenesis of human prolactinomas identi ed byegen
expression pro ling, RT-gPCR, and proteomic analyseguitary. (2008)
11:231-45. doi: 10.1007/s11102-007-0082-2

Zhan X, Wang X, Long Y, Desiderio DM. Heterogeneity analysis of
the proteomes in clinically nonfunctional pituitary adenom&VC Med
Genomicg2014) 7:69. doi: 10.1186/s12920-014-0069-6

Zhang H, Fang L, Zhu X, Wang D, Xiao S. Global analysis of uloiopat

in PRRSV-infected pulmonary alveolar macrophagke&roteomicg2018)
184:16-24. doi: 10.1016/j.jprot.2018.06.010

Chen XL, Xie X, Wu L, Liu C, Zeng L, Zhou X, et al. Proteomic analysis o
ubiquitinated proteins in rice Qryza sativiafter treatment with pathogen-
associated molecular pattern (PAMP) elicitdfsont Plant Sci(2018) 9:1064.
doi: 10.3389/fpls.2018.01064

33.

Plast. (2013) 2013:432057. 34.

36.

38.

39.

41.

44,

45,

47.

Res.(2005) 65:10214-22. 48.

49.

50.

51.

52.

Lee KA, Hammerle LP, Andrews PS, Stokes MP, Mustelin T, Silva aC, e
Ubiquitin ligase substrate identi cation through quantited proteomics
at both the protein and peptide leveld.Biol Chem(2011) 286:41530-8.
doi: 10.1074/jbc.M111.248856

Kim W, Bennett EJ, Huttlin EL, Guo A, Li J, Possemato A, et ateByatic and
quantitative assessment of the ubiquitin-modi ed proteorivial Cell.(2011)
44:325-40. doi: 10.1016/j.molcel.2011.08.025

Liu B, Jiang S, Li M, Xiong X, Zhu M, Li D, et al. Proteome-widdyais of
USP14 substrates revealed its role in hepatosteatosis via staiilzieFASN.
Nat Commun(2018) 9:4770. doi: 10.1038/s41467-018-07185-y
Aguilar-Hernandez V, Kim DY, Stankey RJ, Scalf M, Smith LMystfie
RD. Mass spectrometric analyses reveal a central role for ubiquitylati
in remodeling the arabidopsis proteome during photomorphogenedid.
Plant.(2017) 10:846—65. doi: 10.1016/j.molp.2017.04.008

. Udeshi ND, Mertins P, Svinkina T, Carr SA. Large-scale idmitbn of

ubiquitination sites by mass spectrometiylat Protoc.(2013) 8:1950-60.
doi: 10.1038/nprot.2013.120

Yu K, Phu L, Varfolomeev E, Bustos D, Vucic D, Kirkpatrick DS.
Immunoa nity enrichment coupled to quantitative mass spectrometry
reveals ubiquitin-mediated signaling evenisvlol Biol.(2015) 427:2121-34.
doi: 10.1016/j.jmb.2015.03.018

Xu G, Paige JS, Jarey SR. Global analysis of lysine ubidigtinay
ubiquitin remnant immunoa nity pro ling. Nat Biotechnol(2010) 28:868—
73. doi: 10.1038/nbt.1654

. Kim DY, Scalf M, Smith LM, Vierstra RD. Advanced proteomic aresyseld

a deep catalog of ubiquitylation targets in Arabidops$tant Cell.(2013)
25:1523-40. doi: 10.1105/tpc.112.108613

Wagner SA, Beli P, Weinert BT, Nielsen ML, Cox J, Mann M, et al. A
proteome-wide, quantitative survey @i vivo ubiquitylation sites reveals
widespread regulatory roleslol Cell Proteomicg2011) 10:M111.013284.
doi: 10.1074/mcp.M111.013284

Beaudette P, Popp O, Dittmar G. Proteomic techniques to prabaltiquitin
landscapeProteomicg2016) 16:273-87. doi: 10.1002/pmic.201500290

Li XM, Chao DY, Wu Y, Huang X, Chen K, Cui LG, et al. Natural alleles
of a proteasome alpha2 subunit gene contribute to thermotolerance and
adaptation of African riceNat Genet(2015) 47:827-33. doi: 10.1038/ng.3305
Thompson JW, Nagel J, Hoving S, Gerrits B, Bauer A, Thomas JR, et a
Quantitative Lys—Gly-Gly (diGly) proteomics coupled with inducilR&lAi
reveals ubiquitin-mediated proteolysis of DNA damage-induciblegcaipt

4 (DDIT4) by the E3 ligase HUWE1] Biol Chem(2014) 289:28942-55.
doi: 10.1074/jbc.M114.573352

Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purication,
enrichment, pre-fractionation and storage of peptides for proteomiiag
StageTipsNat Protoc(2007) 2:1896-906. doi: 10.1038/nprot.2007.261

Qian S, Yang Y, Li N, Cheng T, Wang X, Liu J, et al. Prolactin mari@
human pituitaries and pituitary adenomas identi ed with two-dimsional

gel electrophoresis and mass spectromegnpnt Endocrinol (2018) 9:468.
doi: 10.3389/fendo.2018.00468

BiW, He CN, Li XX, Zhou LY, LiuRJ, Zhang S, et al. Ginnalin A fromjiiktea
(Acer tataricunmsubsp. ginnala) exhibits a colorectal cancer chemoprevention
e ect via activation of the Nrf2/HO-1 signaling pathwayood Funct(2018)
9:2809-19. doi: 10.1039/C8FO00054A

Guo AY, Liang XJ, Liu RJ, Li XX, Bi W, Zhou LY, et al. Flotilin-
1 promotes the tumorigenicity and progression of malignant phenotype
in human lung adenocarcinomaCancer Biol Ther.(2017) 18:715-22.
doi: 10.1080/15384047.2017.1360445

Yang S, Xing Z, Liu T, Zhou J, Liang Q, Tang T, et al. Synoisalé
quantitative proteomics analysis reveals paeoniorin decreaseR lalfd
ASPN proteins in experimental rheumatoid arthritiSrug Des Devel Ther.
(2018) 12:463-73. doi: 10.2147/DDDTS153927

Loriot Y, Meynard G, Klajer E, Bolognini C, Gassian N, Thiegilémin A.
[DNA damage repair: an emerging strategy in metastatic prostateechBaill
Cancer(2018) 105:944-54. doi: 10.1016/j.bulcan.2018.05.017

Maldaner N, Serra C, Tschopp O, Schmid C, Bozinov O, Regli L. ¢ktod
management of pituitary adenomas - current state of diagnosis niressttand
follow-up]. Praxis.(2018) 107:825-35. doi: 10.1024/1661-8157/a003035
Zatelli MC, Ambrosio MR, Bondanelli M, Uberti EC. Control of pitaiy
adenoma cell proliferation by somatostatin analogs, dopamine agoast

Frontiers in Endocrinology | www.frontiersin.org

21

May 2019 | Volume 10 | Article 328



Qian et al.

Protein Ubiquitination in Human Pituitary Adenomas

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

novel chimeric compound<Eur J Endocrinol(2007) 156(Suppl. 1):S29-35. 70.

doi: 10.1530/eje.1.02352

Hanahan D, Weinberg RA. Hallmarks of cancer: the next gemera@ell.
(2011) 144:646-74. doi: 10.1016/j.cell.2011.02.013

Danielsen JM, Sylvestersen KB, Bekker-Jensen S, S#klBrcBoulsen
JW, Horn H, et al. Mass spectrometric analysis of lysine ubiquitylation
reveals promiscuity at site levéol Cell Proteomic$2011) 10:M110.003590.
doi: 10.1074/mcp.M110.003590

Zhang N, Zhang L, Shi C, Tian Q, Lv G, Wang Y, et
Comprehensive proling of lysine ubiquitome reveals diverse function
of lysine ubiquitination in common wheatSci Rep.(2017) 7:13601.
doi: 10.1038/s41598-017-13992-y

Chen Z, Zhou Y, Zhang Z, Song J. Towards more accurate predicfion
ubiquitination sites: a comprehensive review of current methodslstand
featuresBrief Bioinform(2015) 16:640-57. doi: 10.1093/bib/bbu031

Chen Z, Luo X, Lu Y, Zhu T, Wang J, Tsun A, et al. Ubiquitinatgignals
critical to regulatory T cell development and functidnt Inmunopharmacol.
(2013) 16:348-52. doi: 10.1016/j.intimp.2013.01.023

Jiang X, Chen ZJ. The role of ubiquitylation in immune defencemathogen
evasionNat Rev Immunol(2011) 12:35-48. doi: 10.1038/nri3111

Won M, Byun HS, Park KA, Hur GM. Post-translational control of NF
kappaB signaling by ubiquitinationArch Pharm Res(2016) 39:1075-84.
doi: 10.1007/s12272-016-0772-2

Vucic D, Dixit VM, Wertz IE. Ubiquitylation in apoptosis: a getsanslational
modi cation at the edge of life and deatiNat Rev Mol Cell Biol(2011)
12:439-52. doi: 10.1038/nrm3143
Wang Z, Zhu WG, Xu X
the DNA damage response.Mutat
doi: 10.1016/j.mrfmmm.2017.07.001
Abrahamsen H, Stenmark H, Platta HW. Ubiquitination and phosphoigtat

of beclin 1 and its binding partners: tuning class Il phosphatidgsitol
3-kinase activity and tumor suppressioREBS Lett(2012) 586:1584-91.
doi: 10.1016/j.febslet.2012.04.046

Chen Z, Lu W. Roles of ubiquitination and SUMOylation on petstcancer:
mechanisms and clinical implicationsnt J Mol Sci.(2015) 16:4560-80.
doi: 10.3390/ijms16034560

Gallo LH, Ko J, Donoghue DJ. The importance of regulatory
ubiquitination in cancer and metastasi€ell Cycle.(2017) 16:634-48.
doi: 10.1080/15384101.2017.1288326

Portney BA, Khatri R, Meltzer WA, Mariano JM, Zalzman M. ZSCAN4
is negatively regulated by the ubiquitin-proteasome system ared BB
ubiquitin ligase RNF20Biochem Biophys Res Commi2018) 498:72-8.
doi: 10.1016/j.bbrc.2018.02.155

Nguyen LK, Kolch W, Kholodenko BN. When ubiquitination meet
phosphorylation: a systems biology perspective of EGFR/MAPK siggalli
Cell Commun Signa2013) 11:52. doi: 10.1186/1478-811X-11-52

Ubiquitin-like  modi cations in
Res. (2017) 803-805:56-75.

71.

al.72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Smith SC, Nicholson B, Nitz M, Frierson HF Jr., Smolkin M, Hampton G,
et al. Pro ling bladder cancer organ site-speci ¢ metastasistidenLAMC2

as a novel biomarker of hematogenous disseminatim. J Pathol(2009)
174:371-9. doi: 10.2353/ajpath.2009.080538

Huang D, Du C, Ji D, Xi J, Gu J. Overexpression of LAMC2 predicts poor
prognosis in colorectal cancer patients and promotes cancer cell pedida,
migration, and invasion. Tumour Biol. (2017) 39:1010428317705849.
doi: 10.1177/1010428317705849

Nguyen CT, Okamura T, Morita Kl, Yamaguchi S, Harada H, Miki Yalet
LAMC?2 is a predictive marker for the malignant progression of leukoplakia
Oral Pathol Med(2017) 46:223-31. doi: 10.1111/jop.12485

Toloczko A, Guo F, Yuen HF, Wen Q, Wood SA, Ong YS, et al
Deubiquitinating enzyme USP9X suppresses tumor growth via LAT&skin
and core components of the hippo pathwa&ancer Re€2017) 77:4921-33.
doi: 10.1158/0008-5472.CAN-16-3413

Bao Y, Hata Y, lkeda M, Withanage K. Mammalian hippo pathway:
from development to cancer and beyond.Biochem(2011) 149:361-79.
doi: 10.1093/jb/mvr021

Tremblay AM, Camargo FD. Hippo signaling in mammalian stem c@min
Cell Dev Biol(2012) 23:818-26. doi: 10.1016/j.semcdb.2012.08.001

Meil, Yuan L, ShiW, Fan S, Tang C, Fan X, et al. SUMOylatiomgs tamor
suppressor 1 at Lys751 attenuates its kinase activity and tsoqmpressor
functions.Cancer Lett(2017) 386:1-11. doi: 10.1016/j.canlet.2016.11.009
Salah Z, Cohen S, Itzhaki E, Ageilan RI. NEDD4 E3 ligaseitaltite activity

of the Hippo pathway by targeting LATS1 for degradati@ell Cycle(2013)
12:3817-23. doi: 10.4161/cc.26672

Lignitto L, Arcella A, Sepe M, Rinaldi L, Delle Donne R, Gallo A,let a
Proteolysis of MOB1 by the ubiquitin ligase praja2 attenuates Hippo
signalling and supports glioblastoma growtiat Commun.(2013) 4:1822.
doi: 10.1038/ncomms2791

Tzivion G, Gupta VS, Kaplun L,
as potential oncogenes.Semin Cancer
doi: 10.1016/j.semcancer.2006.03.004
Raungrut P, Wongkotsila A, Champoochana N, Lirdprapamongkol K,
Svasti J, Thongsuksai P. Knockdown of 14-3-3gamma suppresdesliapit
mesenchymal transition and reduces metastatic potential of human
non-small cell lung cancer cellsAnticancer Res(2018) 38:3507-14.
doi: 10.21873/anticanres.12622

Tang Y, Lv P, Sun Z, Han L, Zhou W. 14-3-3beta promotes migratiuh
invasion of human hepatocellular carcinoma cells by modulating expnessi
of MMP2 and MMP9 through PI3K/Akt/NF-kappaB pathwalPLoS ONE.
(2016) 11:e0146070. doi: 10.1371/journal.pone.0146070

Xiao Y, Lin VY, Ke S, Lin GE, Lin FT, Lin WC. 14-3-3tau promotesakt
cancer invasion and metastasis by inhibiting RhoGDlalpal Cell Biol.
(2014) 34:2635-49. doi: 10.1128/MCB.00076-14

Balan V.
Biol. (2006)

14-3-3 proteins
16:203-13.

Chen MH, Chiang KC, Cheng CT, Huang SC, Chen YY, Chen TW(Conict of Interest Statement: The authors declare that the research was

et al. Antitumor activity of the combination of an HSP90 inhihitand a
PI3K/mTOR dual inhibitor against cholangiocarcinom@ancotarget(2014)
5:2372-89. doi: 10.18632/oncotarget.1706

conducted in the absence of any commercial or nancial relatiops that could
be construed as a potential con ict of interest.

Soler A, Serra H, Pearce W, Angulo A, Guillermet-Guibert J, FriedmaCopyright © 2019 Qian, Zhan, Lu, Li, Long, Li, Desiderio and Zfais is an

LS, et al. Inhibition of the pll0alpha isoform of PI 3-kinase stirtega

open-access article distributed under the terms of thev@r€ammons Attribution

nonfunctional tumor angiogenesis] Exp Med. (2013) 210:1937-45. License (CC BY). The use, distribution or reproductiornierdorums is permitted,

doi: 10.1084/jem.20121571

Garg M, Braunstein G, Koeer HP.
target for cancers.Expert Opin Ther
doi: 10.1517/14728222.2014.934814

Targets(2014) 18:979-82.

provided the original author(s) and the copyright ownerésyeedited and that the
LAMC2 as a therapeutic original publication in this journal is cited, in accordanith accepted academic
practice. No use, distribution or reproduction is permhittdich does not comply
with these terms.

Frontiers in Endocrinology | www.frontiersin.org

22

May 2019 | Volume 10 | Article 328



