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Abstract

Relevance Human growth hormone (hGH) is synthesized, stored, and secreted by somatotroph cells in the pituitary gland, and
promotes human growth and metabolism. Compared to a normal pituitary, a GH-secreting pituitary adenoma can secrete
excessive GH to cause pathological changes in body tissues. GH proteoform changes would be associated with GH-related
disease pathogenesis.

Purpose This study aimed to elucidate changes in GH proteoforms between GH-secreting pituitary adenomas and control
pituitaries for the predictive diagnostics, targeted prevention, and personalization of medical services.

Methods The isoelectric point (pI) and relative molecular mass (Mr) are two basic features of a proteoform that can be used to
effectively array and detect proteoforms with two-dimensional gel electrophoresis (2DGE) and 2DGE-based western blot. GH
proteoforms were characterized with liquid chromatography (LC) and mass spectrometry (MS). Phosphoproteomics,
ubiquitinomics, acetylomics, and bioinformatics were used to analyze post-translational modifications (PTMs) of GH
proteoforms in GH-secreting pituitary adenoma tissues and control pituitaries.

Results Sixty-six 2D gel spots were found to contain hGH, including 46 spots (46 GH proteoforms) in GH-secreting
pituitary adenomas and 35 spots (35 GH proteoforms) in control pituitaries. Further, 35 GH proteoforms in control
pituitary tissues were matched with 35 of 46 GH proteoforms in GH-secreting pituitary adenoma tissues; and 11 GH
proteoforms were presented in only GH-secreting pituitary adenoma tissues but not in control pituitary tissues. The
matched 35 GH proteoforms showed quantitative changes in GH-secreting pituitary adenomas compared to the controls.
The quantitative levels of those 46 GH proteoforms in GH-secreting pituitary adenomas were significantly different from
those 35 GH proteoforms in control pituitaries. Meanwhile, different types of PTMs were identified among those GH
proteoforms. Phosphoproteomics identified phosphorylation at residues Ser77, Ser132, Ser134, Thr174, and Ser176 in
hGH. Ubiquitinomics identified ubiquitination at residue Lys96 in hGH. Acetylomics identified acetylation at reside
Lys171 in hGH. Deamination was identified at residue Asn178 in hGH.

Conclusion These findings provide the first hGH proteoform pattern changes in GH-secreting pituitary adenoma tissues
compared to control pituitary tissues, and the status of partial PTMs in hGH proteoforms. Those data provide in-depth
insights into biological roles of hGH in GH-related diseases, and identify hGH proteoform pattern biomarkers for
treatment of a GH-secreting pituitary adenoma in the context of 3P medicine —predictive diagnostics, targeted preven-
tion, and personalization of medical services.
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Patient stratification - Prediction/prognostic assessment - Predictive, preventive, and personalized medicine (PPPM/3P medicine)
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Introduction
The structure of growth hormone

Human growth hormone (hGH) is secreted by GH-secreting
cells that contain eosinophilic granules in the anterior pituitary
gland [1]. hGH is encoded by the GHN gene located in the
gene cluster of chromosome 17q23.3, and consists of five
exons and four introns, which contains five closely related
genes [2, 3]. According to the encoding rules from 5’ to 3/,
these five related genes are GHN (GH1 gene), CSL (chorionic
somatomammotropin-like gene), CSA, GHV (GH2 gene),
and CSB. These five genes share more than 90 percent se-
quence identity, and are expressed in mutually exclusive tis-
sue distribution. GHN is expressed in pituitary cells, and the
other four genes are expressed in placental villous
syncytiotrophoblasts [3]. The GHI ¢cDNA encodes the GH
precursor with 217 amino acids (sequence 1-217), which con-
tains a signal peptide at amino acid sequence positions 1-26
(Table 1). The theoretical mass for the GH precursor is
24.84 kDa. Mature GH contains 191 amino acids after remov-
al of the signal peptide (sequence 1-26), and has a theoretical
mass of 22.13 kDa (Table 1) [4, 5]. Further, hGH shares sub-
stantial similar sequence to human prolactin (PRL) [6].

The functions of growth hormone

hGH has catabolic and anabolic effects on organ or tissues
systems [7], and has positive physiological effects: (i) It boosts
metabolism, such as promote protein synthesis, elevate blood
glucose, and lower adipose tissue; (ii) It promotes growth,
such as skeletal growth, muscle growth, and tissue cell prolif-
eration division; (iii) It increases GH secretion when involved
in a stress response. In additional, it regulates carbohydrate
and lipid metabolism [7]. In the endocrine system, GH is
positively regulated by the secretion of GH-releasing hormone
(GHRH), and negatively regulated by somatostatin (SST);

both are released from the hypothalamus. hGH is secreted into
body fluids and transported to the target tissues such as the
liver for its physiological functions [8]. hGH induces intracel-
lular signals through the GH receptor (GHR), and hGH in
blood circulation binds to GHR in a target organ to activate
signal pathways such as the Janus Kinase 2 (JAK2) signal
transducer and activator of transcription 5 (STATS) signal
pathways [9, 10]. hGH can produce many growth-promoting
effects through IGF-1 mediation; hGH generates IGF-1 at var-
ious target tissues in autocrine and paracrine manners, and the
liver is the main tissue that synthesizes IGF-1 [11-13]. IGF-1
promotes growth in various tissues; for example, skeletal,
muscle, and differentiation into proliferation of myoblasts
and protein synthesis [14].

Growth hormone-related diseases

Although normal GH secretion levels are essential to maintain
normal human growth, abnormal secretion of GH causes GH-
related diseases. In childhood, excessive GH levels have ad-
verse effects on skeletal architecture and strength [15] that
lead to excessive growth of skeleton and result in an abnor-
mally large skeleton to form gigantism [16]. However,
hyposecretion of GH is the cause of dwarfism characterized
by clinical symptoms such as short stature, delayed skeleton
maturation, and sexual development disorders [17—19]. In the
adult, excessive GH secretion that is derived from a pituitary
adenoma leads to acromegaly with hypertrophy of the hands
and feet, typical coarsening of facial features, soft-tissue
swelling, and a series of clinical manifestations [20, 21].

Growth hormone variants

hGH variants are mainly derived from related genes through
transcription, alternative splicing, post-translational modifica-
tion (PTM), redistribution, spatial conformation, and pathway
network systems [22]. GH variants are a family because more

Table 1 The amino acid sequence of human GH precursor (Swiss-Prot No: P01241, position 1-217; and mature GH, position 27-217)

GHI precursor

10 20 30 40 50
MATGSRTSLL LAFGLLCLPW LQEGSAFPTI PLSRLFDNAM LRAHRLHQLA
60 70 80 90 100
FDTYQEFEEA YIPKEQKYSF LQNPQTSLCF SESIPTPSNR EETQQKSNLE
110 120 130 140 150
LLRISLLLIQ SWLEPVQFLR SVFANSLVYG ASDSNVYDLL KDLEEGIQTL
160 170 180 190 200
MGRLEDGSPR TGQIFKQTYS KFDTNSHNDD ALLKNYGLLY CFRKDMDKVE
210 220
TFLRIVQCRS VEGSCGF

Signal peptide is position 1-26 in the underlined bold letters
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than 100 different GH variants are known to exist in the hu-
man body [23], which includes two main variants- 22 kDa GH
and 20 kDa GH. Although 22 kDa GH is dominant in the
blood circulation, 20 kDa GH only accounts for 5-10%
[24]. Meanwhile, five forms of alternative splicing isoforms
of GH are listed in the UniProtKB of public protein database
number P0O1241. The specific biological activities of these GH
variants have not yet been fully elucidated.

Growth hormone proteoforms analyzed with 2DGE-
MS

Any given "protein" is thought to consist of several
proteoforms. The basic unit of a proteome is a proteoform,
and each proteoform has a specific isoelectric point (p/) and
relative mass (M;) [25]. Thus, GH proteoforms are derived
from different alternative splicing, modification, and proteol-
ysis processes. Two-dimensional gel electrophoresis (2DGE)
can be used to array those hGH proteoforms with different p/
and M, values according to p/ in the first dimension (isoelec-
tric focusing — IEF) and M, in the second dimension (sodium
dodecyl sulfate polyacrylamide gel electrophoresis — SDS-
PAGE) [26]. MS can be used to characterize 2DGE-
separated GH proteoforms and to identify PTMs in the hGH
proteoforms [27, 28]. Human pituitary adenoma proteomes
and normal pituitary proteomes have been analyzed with
2DGE coupled with mass spectrometry (2DGE-MS) [29,
30]. Therefore, in this study, 2DGE, 2DGE-matrix assisted
laser desorption ionization (MALDI)-time of flight (TOF)-
peptide mass fingerprint (PMF), 2DGE-MALDI-tandem mass
spectrometry (MS/MS), and 2DGE-liquid chromatography
(LC)-electrospray ionization (ESI)-MS/MS were used to ana-
lyze GH-secreting pituitary adenomas and control pituitaries.
A total of 46 GH proteoforms in GH-secreting pituitary ade-
nomas and 35 GH proteoforms in normal pituitaries were
identified, and their signal peptide, alternative splicing and
PTMs were also analyzed. These results elucidated hGH dif-
ferences between GH-secreting pituitary adenomas and con-
trol pituitaries.

Post-translational modifications of growth hormone

Protein PTMs play important roles in the regulation of differ-
ent body functions. Phosphorylation is the most-extensive
protein PTM- at least 10,000 phosphorylated proteins exist
[31-33]. Protein phosphorylation plays a key role in tumori-
genesis and development. The phosphoproteome of GH-
secreting pituitary adenomas is one of the important causes
of tumorigenesis [34]. In recent years, protein acetylation has
been recognized as a basic PTM that plays an important role in
biological regulation [35, 36]. Protein acetylation was posi-
tively correlated with the severity of a pituitary adenoma [37].
It is well-known that protein ubiquitination is associated with

many diseases, and it has been reported that the occurrence of
a pituitary adenoma is closely related to protein ubiquitination
[38]. All of those diverse findings clearly demonstrate the
importance to study phosphorylation, acetylation, and
ubiquitination in the occurrence of pituitary adenomas.

Working hypotheses

We hypothesize that a GH proteoform pattern is significantly
different in GH-secreting pituitary adenomas relative to con-
trol pituitaries, and that the altered GH proteoform pattern
provides potential biomarkers for patient stratification, predic-
tive diagnostics, targeted prevention, and personalization of
medical services of GH-related diseases.

Study design

2DGE, 2DGE-based western blot against a GH antibody, and
MS were used to array and identify GH proteoforms in GH-
secreting pituitary adenomas and control pituitaries.
Quantitative phosphoproteomics, ubiquitinomics, and
acetylomics were used to identify and quantify phosphoryla-
tion, ubiquitination, and acetylation in hGH from whole pitu-
itary adenoma and control tissues. The signal peptide and
splicing variants of GH proteoforms were analyzed with
MS. The identified phosphorylation, ubiquitination, and acet-
ylation sites were manually compared with each MS spectrum
among 46 MS spectra from GH-secreting pituitary adenomas
and 35 MS spectra from control pituitaries. These findings
provide the GH proteoform pattern alteration in GH-
secreting pituitary adenomas relative to controls.

Expected impacts in the context of 3P medicine

The identified GH proteoform pattern alteration will help to
elucidate the role of GH in GH-secreting pituitary adenomas,
and might elucidate GH proteoform pattern biomarkers for
effective treatment of GH-related diseases in the context of
3P medicine — patient stratification, predictive diagnostics,
targeted prevention, and personalized treatment of GH-
related diseases [39—41].

Materials and Methods
Pituitary tissue samples

All human pituitary adenoma tissues (n =7, including 4 non-
functional pituitary adenoma tissues and 3 GH-secreting pitu-
itary adenoma tissues) were obtained from the Department of
Neurosurgery of Xiangya Hospital; acquisition was approved
by the Xiangya Hospital Medical Ethics Committee of Central
South University in China. The post-mortem control pituitary
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tissue samples (n = 7) were obtained from: 1) the University of
Tennessee Health Science Center (n =4), with approval from
the UTHSC Institutional Review Board, and 2) from the
Department of Forensic Medicine, Tongji Medical College,
Huazhong University of Science and Technology (n = 3), with
approval from the Tongji Medical Ethics Committee of
Huazhong University of Science and Technology in China.
These pituitary adenoma tissues were removed from patients
with surgery for pituitary-related diseases; all the purposes and
properties of the tissue were fully explained, and the consent
of each patient or family member was obtained. All tissues
were removed, frozen immediately in liquid nitrogen, and
stored at — 80 °C until processing. Each frozen pituitary tissue
was homogenized and lyophilized, and the lyophilized solu-
tion was stored at — 80 °C until extraction analysis. The pro-
teins extracted from 4 nonfunctional pituitary adenoma tissues
were combined as tumor protein sample and the proteins ex-
tracted from 4 control pituitary tissues were combined as con-
trol protein sample, which were used for quantitative
phosphoproteomics, ubiquitinomics, and acetylomics analy-
ses. The proteins extracted from 3 GH-secreting pituitary ad-
enoma tissues and from another 3 control pituitary tissues
were combined as GH-secreting tumor proteins and control
proteins, respectively, for 2DGE analysis.

Protein extraction

Tissue samples were removed from liquid nitrogen, and
thawed slowly at room temperature. The tissue sample (about
500 mg) was washed with 0.9% NaCl (5 ml, 5x) to gently
remove blood from the tissue surface, and was fully cut into
small pieces (about 1 mm?>; on ice) with clean scissors. A
volume (4 ml) of protein extraction buffer that contained
7 mol/L urea, 2 mol/L thiourea, 60 mmol/L dithiothreitol
(DTT), 4%(w/v)3-[(3-Cholamidopropyl)dimethylammonio]
propanesulfonate (CHAPS), 0.5% v/v immobilized pH gradi-
ent (IPG) buffer (add prior to use), and a trace of bromophenol
blue was added; that solution was mixed thoroughly (2 h; ice).
The samples were centrifuged (15,000 x g, 15 min, 4 °C), and
the supernatant was collected as the protein sample solution.

Two-dimensional gel electrophoresis and western
blot

IEF

IEF was performed on an IPGphor Isoelectric Focusing
System. An amount (500 pg) of prepared pituitary adenoma
or control protein sample was loaded onto an 18 cm IPG strip
(avoid bubbles), and 3 ml of mineral oil was added to cover
the IPG strip, which was rehydrated about 18 h. IEF was
performed at room temperature with the following parameters:
fixed maximum current per strip =30 pA; temperature =
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20 °C; Step 1: 250 V, 1 h, 125 Vh, step and hold; Step 2:
1000 V, 1 h, 500 Vh, gradient; Step 3: 8000 V, 1 h, 4000 Vh,
gradient; Step 4: 8000 V, 4 h, 32,000 Vh; and Step 5: 500 V,
0.5 h, 250 Vh, step and hold. The total time was 7.5 h and
36,875 Vh for IEF. After IEF, the IPG strips were removed
and laid on its plastic back to remove the mineral oil from the
surface of the IPG strips.

SDS-PAGE

A vertical Cell Electrophoresis System was used to separate
the IEF-separated proteins. The 12% PAGE resolving gels
(n=12) were made by mixing 180 ml of 40% w/v
acrylamide/bis-acrylamide stock solution (29:1, w:w),
150 ml of 1.5 mol/L Tris—HCl pH 8.8, 3 ml of 10% of ammo-
nium persulfate, 270 ml deionized distilled water, and 150 pl
of tetramethylethylenediamine (TEMED). The mixture was
slowly poured into the multicasting chamber until the solution
reached 1 cm away from the upper end, and about 3 ml de-
ionized distilled water was added immediately to cover the
upper end of the gels. The gels were left at room temperature
for 1 h. The IPG strips with the focused proteins were re-
moved and slightly rocked about 15 min in 25 ml of reducing
equilibrium buffer that consisted of 375 mmol/L Tris—HCl pH
8.8, 20% v/v glycerol, 2% w/v SDS, 6 mol/L urea, a trace of
bromophenol blue, and 2% w/v DTT (prior to use). The IPG
strips were gently rocked about 15 min in 25 ml of alkylation
equilibrium buffer that consisted of 375 mmol/L Tris—HC1 pH
8.8,20% v/v glycerol, 2% w/v SDS, 6 mol/L urea, a trace of
bromophenol blue, and 2.5% w/v iodoacetamide (added prior
to use). Each equilibrated IPG strip was put onto the top of the
resolving SDS-PAGE gel, 30 ml of boiled 1% agarose in SDS
electrophoresis buffer was poured quickly to cover the SDS-
PAGE gel (avoid bubbles), and the IPGstrip with IEF-
separated proteins was evenly and quickly pushed into the
upper-end agarose solution, which was transferred to the elec-
trophoresis tank that contained 10 L of electrophoresis buffer
(25 mmol/L Tris, 192 mmol/L glycerin, and 0.1% w/v SDS).
Electrophoresis at 200 V constant voltage for about 370 min.
was performed.

2DGE-based western blot

The 2D gel between two glass plates was removed after elec-
trophoresis and marked with a small cut at the negative end of
the left-upper corner. The proteins in the gel were transferred
to a polyvinylidene fluoride (PVDF) membrane with an
Amersham Multiphor II semi-dry electro-transfer system with
the following steps: The anode electrode plate was saturated
with deionized distilled water after placement into the buffer
tank; six sheets of filter paper were immersed in the anode
transfer buffer R and placed onto the anode plate; three sheets
of filter paper were immersed in the transfer buffer T and
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placed onto the six sheets of filter papers; the PVDF mem-
brane was immersed in the anode transfer buffer and placed
onto the three sheets of filter paper; the 2DE gel was placed on
the PVDF membrane; and nine sheets of filter paper were
immersed in the transfer buffer S and placed on the top of
the 2D gel. Electro-transfer occurred at a constant current of
0.8 mA/cm? for 90 min. The PVDF membrane with binding
proteins was immersed into 100 ml of 0.3% bovine serum
albumin/phosphate-buffered saline with Tween-20 (BSA/
PBST) solution, blocked (gently shaking, room temperature,
60 min), and rinsed twice with deionized distilled water
(200 ml). The proteins on PVDF membrane were incubated
(slightly shaking, room temperature, 1 h) with 100 ml of di-
luted primary antibody—100 pl Rabbit anti-hGH antibody that
was diluted with 100 ml of 0.3% BSA/PBST, washed with
200 ml PBST solution (15 min x 4), and rinsed twice with
deionized distilled water. The proteins on PVDF membrane
were incubated with the secondary antibody—20 ul goat anti-
rabbit alkaline phosphatase-conjugated IgG that was diluted in
100 ml 0f 0.3% BSA/PBST, washed with 200 ml PBST solu-
tion (15 min x 3), and rinsed thrice with deionized distilled
water. The proteins on the PVDF membrane were visualized
with 1-Step nitro blue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP) (Thermo Product no. 3404).
A parallel negative-control experiment (the primary antibody
hGH antibody was not added) was carried out to detect any
cross-reactivity of the second antibody. The PVDF membrane
with visualized protein was dried and stored with two sheets
of filter papers.

Protein staining and image analysis of visualized 2D
gel

The 2D gel that contained proteins was immersed (slowly
shaking about 2-3 h) in a Coomassie brilliant blue stain-
ing solution that consisted of 0.75 g of Coomassie bril-
liant blue G250, 30 ml of glacial acetic acid, 135 ml of
methanol, and 30 ml of deionized distilled water; rinsed
twice with deionized distilled water; faded with 20% v/v
ethanol (gently shaking until the background become
nearly colorless); and rinsed twice with deionized distilled
water. The visualized PVDF membrane and the corre-
sponding Coomassie brilliant blue-stained 2D gels were
scanned. The digitized images were imported into Bio-
Rad PDQuest 2D gel image analysis software (version
7.0) to quantify spot volume, and the immune-positive
western blotting spots were matched to the corresponding
Coomassie brilliant blue-stained 2D gel spots.

MS identification of hGH

The three types of MS methods used to analyze 2DGE-
separated proteins included MALDI-TOF-MS, LC-ESI-

MS/MS, and MALDI-TOF-TOF-MS/MS. Briefly, the 2D
gel spots that corresponded to the positive western blot spot
were excised, proteins were digested with trypsin, and the
tryptic peptide mixture was purified with a ZipTipC18
microcolumn.

For MALDI-TOF MS analysis, a purified tryptic peptide
mixture was mixed with a-cyano-4-hydroxycinnamic acid
(CHCA) matrix, and analyzed with MALDI-TOF-MS on a
Perceptive Biosystems MALDI-TOF Voyager DE-RP mass
spectrometer (Framingham, MA, USA) [27]. The peptide
mass fingerprint (PMF) data were input into the Mascot search
engine to search for a protein in the UniProtKB database
091,215 (date July 2, 2019; 513,877 sequences; 180,750,753
residues; Homo sapiens 513,877 sequences). A blank control
experiment was also carried out with the analysis of margin
gel pieces with MALDI-TOF MS to generate a control MS
spectrum derived from any contaminating substances such as
keratin and trypsin.

For LC-ESI-MS/MS analysis, a purified tryptic peptide
mixture was analyzed with an LC-ESI-quadrupole-ion trap
(Q-IT) mass spectrometer (LCQ”*®, ThermoFinnigan, San
Jose, CA, USA) to obtain MS/MS data. The LCQ*** instru-
ment parameters were: capillary probe temperature 110 °C,
ESI voltage 2.0 kV, and electron multiplier -900 V [27]. The
MS/MS data were input into MASCOT software to search
UniProtKB and NCBInr human databases for protein
identification.

For MALDI-TOF-TOF-MS/MS analysis, a purified
tryptic peptide mixture was mixed with CHCA matrix,
and analyzed with a Perspective Biosystems MALDI-
TOF-TOF mass spectrometer, whose parameters were: re-
flective mode, acceleration voltage 25 kV, and spectrum
range m/z 800—4000. MS and MS/MS data were used to
identify proteins with MASCOT software against the
UniProtKB human protein database for protein identifica-
tion. In this study, all MASCOT searching assigned a
score of 70, which was the statistical threshold for the
identity or high degree of homology between the search
sequence and the recognition sequence, with a statistically
significant level of p <0.05.

The hGH protein amino acid sequence was obtained from
the UniProtKB protein database (www.expasy.ch). For
accurate and reliable MS identification of hGH in pituitary
adenomas and control pituitaries, the common mass peaks
from the blank gel, which were introduced from common
contaminants such as trypsin, keratins derived from skin and
hair, matrix, and other unknown sources, were removed from
MS spectra before protein-database searching. Contaminating
ion mass peaks often include m/z values 842.5, 870.5, 1045.4,
1109.3, 1179.3, 1235.2, 1277.4, 1307.3, 1365.3, 1383.3,
1434.4, 1475.3, 1493.3, 1638.3, 1708.2, 1716.3, 1791.1,
1838.3, 1940.2, 1994.2, 2211.1, 2225.1, 2239.1, 2284.1,
2389.8, 2705.7, and 2871.9 [27].
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Identification of splicing events of hGH

GH precursor, mature GH, and GH splicing variants 1, 2, 3,
and 4 have different amino acid sequences that can be readily
identified via their characteristic tryptic peptides [29]. Peptide
Mass tool (http://us.expasy.org/cgi-bin/peptide-mass.pl) was
used to calculate the theoretical masses of tryptic peptides
from GH precursor, mature GH, and GH splicing variants 1,
2, 3, and 4. The parameters were set as enzyme trypsin (the
cleaved sites of trypsin were at the C-terminal side of Lys (K)
and Arg (R), the maximum number of missed cleavages =2,
all cysteines in reduced form and methionines without oxida-
tion, peptide mass range > 500 Da, the use of monoisotopic
masses for peptide amino acid sequences, and peptide ion
setting as [M + H]*. These parameters were consistent with
the parameters used for MALDI-TOF and MALDI-TOF-
TOF PMF data analysis. The characteristic tryptic peptides
that distinguished among GH precursor, mature GH, and
GH splicing variants 1, 2, 3, and 4 were compared to each
MS spectrum (PMF data) derived from MALDI-TOF or
MALDI-TOF-TOF analysis of each GH-immunoaffinity pos-
itive spots in GH-secreting pituitary adenoma tissues and con-
trol pituitary tissues.

Characterization of hGH PTMs

Quantitative phosphoproteomics in combination with TiO,
enrichment of phosphopeptides, quantitative ubiquitinomics
in combination with ubiquitin antibody enrichment of
ubiquitinated peptides, and quantitative acetylomics with acet-
ylation antibody enrichment of acetylated peptides, were used
to analyze pituitary adenoma and control tissues, respectively.

For phosphoproteomic analysis, a 6-plex iTRAQ reagent
kit (AB SCIEX, Cat# 4,381,662-1KT, Foster City, CA) was
used to label tryptic peptides from pituitary adenomas
(triplicate) and controls (triplicate). For each iTRAQ labeling,
protein (200 pg) was digested with trypsin, followed by
desalting with the C18 cartridges, concentration with vacuum
centrifugation, and quantification via UV absorbance at
280 nm. An amount (100 pg) of the trypsin peptide mixture
of each sample was labeled with an iTRAQ reagent. The de-
tailed procedure was described [42, 43, 46]. The iTRAQ-
labeled mixed peptides were mixed (1:1:1:1:1:1, concentrated
with a vacuum concentrator, and diluted in 500 ul DHB buftf-
er. TiO, beads were added; the mixture was slightly stirred for
2 h, and centrifuged (5000 % g, 1 min) to collect beads with
phosphopeptides. Beads were washed with 50 pl of washing
buffer I (30% acetonitrile and 3% trifluoroacetic acid) and
50 pl of washing buffer II (80% acetonitrile and 0.3%
trifluoroacetic acid) (3 x). Enriched phosphopeptides were
eluted with 50 ul of elution buffer (40% acetonitrile
and15%NH4OH) (3 x), the eluate was lyophilized, and pep-
tides were analyzed with LC-MS/MS [42, 43]. MS/MS data
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were used to identify the amino acid sequence and phosphor-
ylation sites of each phosphopeptide. The intensities of
iTRAQ reporter ions were used to quantify the abundance of
each phosphopeptide.

For acetylomics analysis, the proteins (pituitary adenomas;
control pituitaries) were digested with trypsin. Each tryptic
peptide mixture was incubated with anti-N-acetyllysine anti-
body beads (4 °C, 2 h), the mixture was centrifuged (4 °C,
1000 x g, 1 min), and the supernatant was discarded. The anti-
N-acetyllysine antibody beads with acetylated peptides were
washed to remove non-specific binding peptides. Acetylated
peptides were eluted in 40 uL of 0.1% TFA, desalinated with
C18 STAGE Tips, and analyzed with LC-MS/MS analysis.
LC used a reverse phase trap Column (Thermo Scientific
Acclaim PepMap100, 100 pm x 2 c¢cm, nanoViper C18) and
Cl18-reversed phase analytical Column (Thermo Scientific
Easy Column, 10 cm long, 75 um inner diameter, 3 pm resin)
for 120 min at a flow rate of 300 nL/min in the separation
gradient through mixing buffer A (0.1% formic acid) and
buffer B (84% acetonitrile and 0.1% formic acid). The LC
linear gradient was set as solution B in 0—90 min for the linear
gradient from 0-55%, solution B in 90—-105 min for the linear
gradient from 55-100%, and solution B in 105-120 min for
100%. MS/MS parameters set for the Q-Exactive mass spec-
trometer were: positive-ion mode, scanning range of precursor
ions m/z 3001800, automatic gain control (AGC) target 3e6,
resolution of MS scan 70,000 at m/z 200, and resolution of
MS/MS scan 17,500 at m/z 200. MS/MS data were input into
MaxQuant software to identify protein amino acid sequence
and acetylated sites of acetylated proteins, and to quantify the
abundance of acetylated peptides with a label-free quantifica-
tion method [44].

For ubiquitinomics analysis, the proteins (pituitary adeno-
mas; control pituitaries) were digested with trypsin. Each tryp-
tic peptide mixture was incubated with anti-K-¢-GG antibody
beads [PTMScan ubiquitin remnant motif (K-¢-GG) kit, Cell
Signal Technology], followed by washing and centrifugation
to remove non-specific binding peptides [38]. The
ubiquitinated peptides on the anti-K-e-GG antibody beads
were eluted with 40 ul of 0.15% trifluoroacetic acid, desali-
nated with C18 STAGE Tips [38, 45], and analyzed with LC—
MS/MS [38, 44]. The ubiquitinomics LC-MS/MS procedure
was the same as the procedure described above for
acetylomics analysis. MS/MS data were input into
MaxQuant software to identify protein amino acid sequence
and ubiquitination sites, and ubiquitinated peptides were
quantified with a label-free quantification method [38, 44].

These quantitative phosphoproteomic, ubiquitinomic, and
acetylomic data were published in other publications [38, 46].
The modification sites and levels of phosphorylation,
ubiquitination, and acetylation were identified in human GH
(Table 2). The PTM sites and corresponding tryptic peptides
were compared to each MS spectrum of GH proteoform
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Table 2

P-value
(t-test)

Modified  Ratio
level (T)

Modified

PEP

Modified Modified

Modified Amino
acid residue

Modified peptide

Protein name

Accession Gene

No

PTM

level (N) (T/N)

Probabilities

position

name

0.08  1.93E-06

43,527

3.20E-216 580,220

1.80E-03
1.85E-10

176

FDTNS*HNDDALLK

Somatotropin

GHI1

GHI1

Phosphorylation P01241

0.578

174

Somatotropin FDT*NSHNDDALLK

P01241

0.428; 0.428

132; 134

96

SVFANSLVYGAS*DS*NVYDLLK S; S
Growth hormone 1 EETQQK*SNLELLR

Somatotropin

P01241

5.87E+06

B1A4G6 GHI1

Ubiquitination

isoform 1
Somatotropin

4.23E+06

96

EETQQK*SNLELLR

GH1

P01241
P01241

171

K

QTYSK*FDTNSHNDDALLK

Somatotropin

GH1

Acetylation

contained in a 2D gel spot to determine the status of phosphor-
ylation, ubiquitination, and acetylation in each hGH
proteoform in GH-secreting pituitary adenomas and control
pituitaries.

Results

2DGE pattern of GH proteoforms in GH-secreting pi-
tuitary adenomas and control pituitary tissues

Proteoforms are the final structural and functional formats of a
gene. Each proteoform has a specific p/ and M,, and can be
readily arrayed with 2DGE separation according to its p/ and
M, values, and can be easily detected with western immuno-
affinity blot against an anti-GH antibody. A total of ~ 1,100
protein spots were detected in each 2DGE map of GH-
secreting pituitary adenomas (n=3 gels) and control pitui-
taries (n=3 gels). A representative Coomassie-stained
2DGE map is shown for GH-secreting pituitary adenomas
(Fig. 1A) and control pituitaries (Fig. 1B). A portion (~
70%) of those 2DGE-separated proteins were transferred onto
the PVDF membrane, and blotted with anti-hGH antibodies.
A representative 2DGE-based western blot image is shown for
GH-secreting pituitary adenomas (Fig. 1C) and control pitui-
taries (Fig. 1D). Comparative analysis of 2DGE-based west-
ern blot image and the corresponding Coomassie-stained
2DGE map identified 46 GH-immunoaffinity positive spots
in GH-secreting pituitary adenomas (Figs. 1A and 1C), and 35
GH-immunoaffinity positive spots in control pituitaries
(Figs. 1B and 1D). The comparative analyses of Coomassie-
stained 2DGE images between GH-secreting pituitary adeno-
mas and controls (Figs. 1A and 1B), and 2DGE-based western
blot images between GH-secreting pituitary adenomas and
controls (Figs. 1C and 1D) found that 35 GH-
immunoaffinity positive spots in control pituitaries were all
matched to the corresponding 35 of 46 spots in GH-
secreting pituitary adenomas, and 11 GH-immunoaffinity pos-
itive spots only existed in GH-secreting pituitary adenomas
but not in control pituitaries. The GH-immunoaffinity positive
spots represented 46 GH proteoforms in GH-secreting pitui-
tary adenomas and 35 GH proteoforms in control pituitaries
(Table 3).

Our previous 2DGE-MS study revealed 24 GH
proteoforms in control pituitaries [29]. A comparative analysis
of 35 GH proteoforms in control pituitaries and our previously
identified 24 GH proteoforms in control pituitaries [29] found
that 19 GH proteoforms in this study are the same as our
previous study (Table 3), including GH proteoforms 1, 4, 5,
6,10, 11, 12,13, 14, 31, 32, 33, 34,37, 43, 56, 58, 59, and 67
in this study (Fig. 1B) that correspond to GH proteoforms 16,
9,10,1,12,15, 14,20, 17,5,6,4,8,22,18,3,7,19, and 24 in
our previous study. These 19 consistent GH proteoforms in
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proteoform (Figs. 1A and 1B). A total of 46 2D gel spots—
corresponding to GH-immunoaffinity positive spots in GH-
secreting pituitary adenomas (Fig. 1A)— and35 2D gel
spots— corresponding to GH-immunoaffinity positive spots
in control pituitaries (Fig. 1B)— were excised to identify GH
proteoforms. The proteins in each gel spot were subjected to
in-gel digestion with trypsin, followed by the extraction and

1
1
1
1

+
+
+
+
phosphorylation at residues Ser77, Ser132, and Ser176. D178

B LT e .
% OO0 control pituitaries were all the dominant GH proteoforms.
5 § g A This result clearly demonstrated excellent experimental
= =
I~ o gg9s 3 reproducibility.
A n 2 L 2~ . . .
~ ~ cs23 Moreover, PDQuest 2D gel image analysis quantified the
N T . .
L g ; 3 spot volumes of 46 Coomassie-stained spots that correspond
é é = ,§ to GH-immunoaffinity positive spots in GH-secreting pitui-
- == — g e % tary adenomas (Fig. 1A) and 35 Coomassie-stained spots that
Ssl az_ correspond to GH-immunoaffinity positive spots in control
az— 3 pituitaries (Fig. 1B); those data reflect the abundance of each
S82 8
s . =y g GH proteoform (Table 3, Figs. 1A and 1B). Those results
FEST indicate that (i) GH proteoforms 9, 17, 29, 30, 44, 46, 47,
= B . . . .
£ g = : 55, 62, 64, and 78 (n=11) only existed in GH-secreting pitu-
~ o« _ §g § = itary adenomas but not in control pituitaries; (ii) GH
g 9] = g3 &3 proteoforms 3, 38, 39, 52, and 63 (n=5) showed a decreased
S v s . . .
;;; El: = abundance in GH-secreting pituitary adenomas compared to
< .. .
é 5 “é «% control pituitaries; and (iii) GH proteoforms 1, 2, 4, 5, 6, 8, 10,
o o o 23 3z 11,12,13,14, 15,16, 18, 28,31, 32,33, 34,36, 37, 43, 53, 54,
|5} - .
- e - g g e = 56,57,58,59, 61, and 67 (n=230) showed an increased abun-
=] . . o .
2 OZE = &~ 2% dance in GH-secreting pituitary adenomas compared to con-
© 00 O gE5J4 trol pituitaries. These extensive, detailed experimental results
— O .
8 K= S & 5 £ clearly reveal the increased abundance levels of 30 GH
’e) elie) [\ A
:. :2 T ;%ﬂg ® proteoforms, decreased abundance levels of 5 GH
v — — . .
- oae - SEE5EE %5 proteoforms, and 11 new GH proteoforms in GH-secreting
£57 < pituitary adenomas compared to control pituitaries.
I3 o %) il s s
—~ — T s B= 5 These findings clearly demonstrated that the hGH
o oo o EEEQC2
LRV o §qg § 3 proteoform pattern was significantly different in GH-
D - £ 2 ; % secreting pituitary adenomas compared to control pituitaries,
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T T3 5 2 m‘lg T and probably reflected different, potentially significant and
N o A (] =3 . . .
S g5 S = % £ analytically useful, underlying molecular, metabolic, and
é 23 physiological processes.
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=) < 2 0 ©
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z2g MS identification of GH proteoforms in GH-secreting
X33 8A=82 I ¥ :§ 2z pituitary adenomas and control pituitary tissues
HS——= H—en—— HS Ha H &8({\7
& a—*i ER MS is an effective method to identify 2DGE-separated pro-
A 8 ﬁ E teins when combined with p/and M, information to determine
oo | p
= E28 proteoforms. PMF and MS/MS were used to identify each GH
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precursor; and 4 means that amino acid sequences (position 1-26, and 117-162) were deleted from GH precursor. P132

i § § § § = § <§ g § T purification of tryptic peptides. The tryptic peptide mixture
gEm mEomm g o8 z was analyzed with MALDI-TOF-TOF MS (PMF) and MS/
= MS. The PMF or MS/MS data were used to search a human
— ) . .. . . .
9 N protein database for protein identification. For GH-secreting
é - o g pituitary adenomas (Fig. 1A), all 46 2D gel spots were iden-
g s = = E tified to contain human GH (Swiss-Prot accession number:
- g P01241) (Table 3). For control pituitaries (Fig. 1B), among
=
= z 35 2D gel spots, 25 2D gel spots were identified to contain
ElFRRT R8RS 8IBR s human GH (Swiss-Prot accession number: P01241). No
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Fig. 1 Two-dimensional gel electrophoresis-based GH-immunoaffinity
analysis in GH-secreting pituitary adenoma and control pituitary tissues.
(a) Coomassie blue-stained 2D gel image before transfer of proteins to a
PVDF membrane in the GH-secreting pituitary adenoma tissue. (b)
Coomassie blue-stained 2D gel image before transfer of proteins to a

proteins were MS-identified in 2D gel spots 2, 15, 18, 38, 52,
53, 54, 57, 61, and 63 (n=10). However, those 10 spots
(Fig. 1B) were found to contain human GH in their corre-
sponding 2DGE spots of GH-secreting pituitary adenomas
(Fig. 1A, Table 3) and their GH-immunoaffinity blot images
were positive (Fig. 1D).

A representative MS spectrum demonstrates that hGH was
contained in spot 36 in GH-secreting pituitary adenoma tis-
sues (Fig. 2). The tryptic peptides derived from the proteins in
spot 36 in GH-secreting pituitary adenomas were analyzed
with MALDI-TOF-TOF-MS to obtain PMF data (Fig. 2).
The PMF data used to search the UniProtKB human protein
database found that 13 peptides matched with hGH (Swiss-
Prot No.: P01241), including *’SNLELLR'® (m/z 844.5),
3SLFDNAMLR*? (m/z 979.5), *>LFDNAM*LR** (m/z
995.5; M" = oxidation at residue M), ' LFDNAMLR'??
(m/z 1205.6), "> DMDKVETFLR?** (m/z 1253.6),

PVDF membrane in the control pituitary tissue. (c) 2DGE-based GH-
immunoaffinity western blot image in the GH-secreting pituitary
adenoma tissue. (d) 2DGE-based GH-immunoaffinity western blot
image in the control pituitary tissue. GH: growth hormone. 2DGE: two-
dimensional gel electrophoresis

'DM*DKVETFLR** (m/z 1269.6; M" = oxidation at resi-
due M), "?DLEEGIQTLMGR'>? (m/z 1361.7),
2DLEEGIQTLM*GR'>? (m/z 1377.7; M* = oxidation at res-
idue M), '""’FDTNSHNDDALLK'®* (m/z 1489.7),
I2ISYVFANSLVYGASDSNVYDLLK"! (m/z 2262.3),
‘SLHQLAFDTYQEFEEAYIPK®* (m/z 2342.3),
*8Y SFLQNPQTSLCFSESIPTPSNR®® (m/z 2673.3), and
I2EDTNSHNDDALLKNYGLLYCFR'?? (m/z 2676.4)
(Fig. 2; Supplemental Table 1). In addition, MALDI-TOF-
TOF MS not only produced PMF data but also MS/MS data.
MS/MS data elucidates the amino acid sequence to confirm
PMF analysis. A representative MS/MS spectrum is shown
for tryptic peptide “*LHQLAFDTYQEFEEAYIPK®* (precur-
sorion [M + HJ*, m/z 2342.318) derived from hGH in spot 36
in GH-secreting pituitary adenomas (Fig. 3A), with a high
signal-to noise (S/N) ratio and excellent b-ion and y-ion series
(by, b3, by, b, by, bg, bo, big, i1, b2, bis, big, bis, big, bi7, ya,

@ Springer
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930,558
27FPTIPLSR™
8000 / 2673.332
68Y SFLQNPQTSLCFSESIPTPSNR®
35L FDNAMLR*®

6000 A/35LFDNAMLR“2 + Oxidation (M)
g 7
%‘ 1205, 596'*NYGLLY CFR'%
& 1253.63
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S -
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Fig. 2 MS spectrum of the tryptic peptides derived from hGH that was contained in spot 14 in GH-secreting pituitary adenoma tissues. m/z = mass to

charge

Y5 Y6: Y8, ¥o. Yios Y12, and y1s5). Among those 13 tryptic pep-
tides, 7 were also found in an MS spectrum derived from
proteins contained in spot 36 in control pituitary tissues, which
also significantly matched to hGH (Swiss-Prot No.: P01241)
in the UniProtKB human protein database (Supplemental
Table 1). Thus, hGH was identified in spot 36 in GH-
secreting pituitary adenomas and control pituitaries, which—
combined with its observed p/ and M, in the 2DGE map (its
theoretical p/ and M, were 5.27 and 22.13 kD)—characterized
the GH proteoform 36. GH proteoform 36 had an increased
abundance level in GH-secreting pituitary adenomas relative
to control pituitary tissues with ratio (tumor/control) =2.46
(Table 3). The same method was used to identify the other
GH proteoforms in GH-secreting pituitary adenomas and con-
trol pituitary tissues (Table 3; Supplemental Table 1).
Therefore, PMF data and MS/MS data clearly demonstrated
that hGH was distributed in all 46 GH-immunoaffinity posi-
tive spots in GH-secreting pituitary adenomas and 35 GH-
immunoaffinity positive spots in control pituitary tissues
(Fig. 1 and Table 3).

Analysis of signal-peptide removal in GH proteoforms
in GH-secreting pituitary adenomas and control pitu-
itary tissues

The human GH precursor contains a signal peptide (position
1-26) that is not contained in mature GH (Table 1). Before the
signal peptide is removed, theoretically there are four charac-
teristic tryptic peptides, including '"MATGSR® (M + H]" m/z

@ Springer

622.3), "TSLLLAFGLLCLPWLQEGSAFPTIPLSR** ([M +
H]* m/z 3043.7), '"MATGSRTSLLLAFGLL
CLPWLQEGSAFPTIPLSR** ([M + H]" m/z 3646.9), and
"TSLLLAFGLLCLPWLQEGSAFPTIPLSRLFDNAMLR*
(IM +HJ*m/z 4004.2) (Table 4). After the signal peptide is
removed, theoretically there are two characteristic tryptic pep-
tides, including ’FPTIPLSR** ([M + H]* m/z 930.5), and
2’FPTIPLSRLFDNAMLR* ([M + H]" m/z 1891, or 1907.0
(MSO: 40)) (Table 4). These characteristic tryptic peptide ions
(Table 4) were compared to the PMF data (Fig. 2) of each GH
proteoform derived from GH-secreting pituitary adenoma and
control samples. The results clearly demonstrated that the
characteristic tryptic peptide ion ’FPTIPLSR** ([M + H]*
m/z 930.5) appeared in all PMF spectra derived from control
pituitary tissues, and from GH-secreting pituitary adenoma
tissues- except for proteoform 46 of GH-secreting pituitary
adenomas (Table 3). Those data indicate that these identified
GH proteoforms do not contain the signal peptide (position 1—
26). For proteoform 46 of GH-secreting pituitary adenomas,
the characteristic tryptic peptide ion 2’FPTIPLSR** (M + H]*
m/z 930.5) did not appear in its PMF spectrum, but the char-
acteristic tryptic peptide ion "TSLLLAFGLLCLPW
LQEGSAFPTIPLSR**([M + H]"m/z = 3043.7) did appear
(Table 3) to clearly demonstrate that the signal peptide was
not removed from GH proteoform 46. Therefore, GH
proteoform 46 was a GH precursor in GH-secreting pituitary
adenoma tissues. All other identified GH proteoforms were
not GH precursors but mature GH in GH-secreting pituitary
adenoma and control pituitary tissues (Table 3).
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Fig. 3 MS/MS spectra of the tryptic peptides
“SLHQLAFDTYQEFEEAYIPK®* (A) and
12ISVFANSLVYGAS*DSNVYDLLK'*!' (S* = phosphorylated

Analysis of splicing events in GH proteoforms in GH-
secreting pituitary adenomas and control pituitary
tissues

Alternative splicing is an important factor to produce protein
diversity. Human GH has four splicing variants [29], includ-
ing splicing variant 2 with removal of amino acid sequence
58-72, splicing variant 3 with removal of amino acid se-
quence 111-148, and splicing variant 4 with removal of ami-
no acid sequence 117-162, from the normal GH (GH variant

1500 2000

Ser132) (B) derived from hGH that was contained in spot 36 in GH-
secreting pituitary adenoma tissues. m/z = mass to change

1) (Table 1). Thus, before and after removal of these amino
acid sequences from normal GH, there were characteristic
tryptic peptides for the splicing events of human GH in human
GH-secreting pituitary adenomas and control pituitary tissues
(Table 5). These characteristic tryptic peptide ions were com-
pared to the PMF data of each GH proteoform derived from
GH-secreting pituitary adenoma and control pituitary tissues.
The results show that, for GH-secreting pituitary adenomas,
GH proteoforms 1 and 5 were splicing variant 2, GH
proteoform 78 was splicing variant 3, the other 43 GH

@ Springer



80

EPMA Journal (2021) 12:67-89

Table 4  Analysis of removal of signal peptide sequence (position 1-26) from hGH in GH-secreting pituitary adenomas and control pituitaries

Before and after Tryptic peptide Position Calculated [M+H]+ Observed [M+H]+  GH-secreting pituitary ~ Control pituitary
removal of the signal ion (m/z) ion (m/z) with adenoma (Spot number) (Spot number)
peptide 1-26 MALDI PMF data
Before MATGSR 1-6 622.3 (MSO: 1;
638.3)
7-34 3043.7 3042.6 46
TSLLLAFGL- 3100.7
LCLPWLQE- (Cys_CAM: 17)
GSAFPTIPLS-
R
1-34 3646.9
MATGSRTS- 3704.0 (Cys_
LLLAFGLLC- CAM: 17)
LPWLQEGS- 3662.9 (MSO: 1)
AFPTIPLSR
7-42 4004.2
TSLLLAFGL- 4061.2 (Cys_
LCLPWLQE- CAM: 17)
GSAFPTIPLS- 4020.1 (MSO: 40)
RLFDNAMLR
After FPTIPLSR 27-34  930.5 1-6, 8-18, 28-34, 1, 3-6, 8, 10-14, 16, 28,
36-39, 43-44, 47, 31-34, 36, 37, 39, 43,
52-59, 61-64, 67, 78 56, 58, 59, 67
2742 1891
FPTIPLSRLF- 1907.0 (MSO: 40)
DNAMLR

proteoforms were splicing variant 1 (normal GH), and no
splicing variant 4 was identified. For control pituitaries, GH
proteoforms 3, 4, and 6 were splicing variant 2, and the other
GH proteoforms were splicing variant 1 (normal GH); no
splicing variants 3 and 4 were identified (Tables 3 and 5).

Analysis of PTMs of GH proteoforms in GH-secreting
pituitary adenomas and control pituitary tissues

PTMs are another crucially important factor that produces
protein diversity — namely proteoforms. Our previous
quantitative phosphoproteomic, ubiquitinomic, and
acetylomic studies [38, 46] determined four phosphoryla-
tion sites at residues Ser132, Ser134, Thr174, and Ser176,
one ubiquitination site at residue Lys96, and one acetyla-
tion site at residue Lys171, in human GH in pituitary
adenomas and control pituitary tissues (Table 2). Those
PTM sites and the corresponding tryptic peptides were
compared to each MS spectrum of GH proteoform that
was contained in a 2DGE spot to determine the status of
phosphorylation, ubiquitination, and acetylation in each
GH proteoform in GH-secreting pituitary adenomas and
control pituitary tissues (Table 6).

For phosphorylation analysis of GH proteoforms, quantita-
tive phosphoproteomics identified four phosphorylation sites
atresidues Ser132, Ser134, Thr174, and Ser176 in human GH
(P02141) (Table 2) with an mass shift of + 80 Da at

@ Springer

phosphorylated residues. NetPhos 3.1 Server software predict-
ed potential phosphorylation sites of hGH precursor (P01241),
including 18 pSer sites at residues 5, 8, 25, 33, 69, 77, 81, 88,
97, 105, 111, 121, 126, 134, 158, 170, 176, and 210, eight
pThr sites at residues 3, 53, 76, 86, 93, 149, 168, and 201, and
five pTyr sites at residues 54, 61, 68, 129, and 169. Those
predicted phosphorylation sites assisted in the accurate iden-
tification of GH phosphorylation sites. Also, our previous
study [46] found that Ser77 in peptide ®*YSFLQNPQTSL
CFSESIPTPSNR’?, Serl176 in peptide
'"2FDTNSHNDDALLK'®*, and Serl132 in peptide
12651 VY GASDSNVYDLLK "' were phosphorylated in con-
trol pituitary tissues [29]. The tryptic peptide ions that
contained these phosphorylation sites at residues Ser132,
Ser134, Thr174, and Ser176 were compared with the PMF
spectrum of each GH proteoform derived from GH-secreting
pituitary adenomas and control pituitary tissues to determine
the phosphorylation status of human GH proteoforms in GH-
secreting pituitary adenomas and control pituitary tissues
(Table 6). The theoretical masses were calculated for four
tryptic peptide ions '*'SVFANSLVYGAS
DSNVYDLLK'*', '""FDTNSHNDDALLK"®**,
"7QTYSKFDTNSHNDDALLK'®#*, and
'"FDTNSHNDDALLKNYGLLYCFR'®, with and without
phosphorylation at residues Ser132, Ser134, Thrl74, or
Ser176 in human GH via an increase of 80 Da for phosphor-
ylation. Those data were compared to the corresponding
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Table 5

Identification of splicing events of hGH in GH-secreting pituitary adenomas and control pituitaries

GH Tryptic peptide that covers the Calculated [M+H]*

Observed [M+H]" ion

GH-secreting pituitary Control pituitary

isoform splicing site ion (m/z) (m/z) in PMF data adenoma (Spot number) (spot number)
1 2 DLEEGIQTLMGR ' 1361.7 One or two ions were 2-4,6,8-18,28-34,36-39, 1,5,8,10-14, 16, 28,
1377.7 (MSO: 151) detected to exclude 43-44, 46-47, 52-59, 31-34, 36, 37, 39, 43,
lzlsVFANSLVYGASDSN— 2262.1 Isoforms 3 and 4 61—64, 67 56, 58, 59, 67
VYDLLK'!
YL HQLA 2342.1 One, two, or three
FDTYQEFEEAYIPK®* ions were detected to
8YSF 2616.2 exclude Isoform 2
LQNPQTSLCFSESIPTPS- 5673 2
90 :
NR (Cys-CAM: 79)
“AHRLHQLAFDTYQ 2706.3
EFEEAYIPK®*
2 3470.6
LHQLAFDTYQEF"NPQ- 3577 7 35273 1,5
TSLCFSESIPTPSNR (Cys-CAM: 64) 35075 3.4.6
3529.5 6
3834.8
AHRLHQLAFDTYQEF™ 3g91 9
NPQTSLCFSESIPTPSNR (Cys-CAM: 64)
LHQLAFDTYQEF*® 4213.9
NPQTSLCFSESIPTPSNR- 4571 o
EETQQK (Cys-CAM: 64)
3 ISLLLIQ'"'"TLMGR 1357.8 1357.7 78
1373.8 (MSO: 113)
ISLLLIQ'! 21122
TLMGRLEDGSPR 2128.2 (MSO: 113)
SNLE 2183.3
LLRISLLLIQ'"TLMGR 5993 (MSO: 113)
4 ISLLLIQSWLEPV!''7QIFK ~ 2027.2
ISLLLIQSWLEPV'!? 2852.7
QIFKQTYS K
SNLE 2852.7
LLRISLLLIQSWLEPV'!"
QIFK

observed tryptic peptide ion masses of each GH proteoform
(Table 6). The phosphorylated tryptic peptide
2ISVFANSLVYGASDSNVYDLLK ! (pSer132) was iden-
tified with PMF and amino acid MS/MS sequence data. For
example, the tryptic peptide '*'SVFANSLVYGASD
SNVYDLLK'! had an [M +H]" ion at m/z 2262.1. If
Ser132 were phosphorylated, then it would have an [M +
HJ" ion m/z 2342.1. However, the [M +H]" ion of another
tryptic peptide (**LHQLAFDTYQEFEEAYIPK®") derived
from hGH had the same m/z value. Further, MS/MS analysis
was used to determine the amino acid sequence of the peptide
with an [M + H]" ion at m/z2342.318 (Fig. 3). A careful ex-
amination of the PMF and MS/MS data derived from 46 GH
proteoforms in GH-secreting pituitary adenomas and 20 GH
proteoforms in controls found 7 PMF spectra (7 spots) that
contained [M + H]"m/z 2342.318 with MS/MS data to

determine two peptide amino acid sequences
“SLHQLAFDTYQEFEEAYIPK®* (Fig. 3A) and
2ISVFANSLVYGAS*DSNVYDLLK'*! (S* = phosphory-
lated Ser132) (Fig. 3B).A total of three GH proteoforms (12,
36, and 54) in GH-pituitary adenomas and four GH
proteoforms (11, 32, 33, and 56) in controls contained this
phosphopeptideion'?' SVFANSLVYGAS*DSNVYDLLK !
(S* =phosphorylated Ser132) (Tables 3 and 6).
Phosphorylated Ser77 was identified in nine GH proteoforms
(9,10, 13,16, 17,33, 38, 43, and 44) in GH-secreting pituitary
adenoma tissues (Tables 3 and 6). Phosphorylated Thr174 or
Ser176 was identified in GH proteoforms 6, 39, and 78 in GH-
secreting pituitary adenoma tissues (Tables 3 and 6). These
data clearly demonstrated the difference in phosphorylation
status of GH proteoforms between GH-secreting pituitary ad-
enomas and control pituitary tissues.

@ Springer
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For ubiquitination analysis of GH proteoforms, quantita-
tive ubiquitinomics identified one ubiquitination site at resi-
due Lys96 (K96) in human GH (Table 2) with an mass shift
of + 114 Da at residue K96. Theoretically, ubiquitinated tryp-
tic peptides that contain the ubiquitination site K96 from hu-
man GH (P01241) have four peptides, including
®®YSFLQNPQTSLCFSESIPTPSNREETQQK’®,
TEETQQKSNLELLR'?}, °'TEETQQK’®, and
"EETQQKSNLELLRISLLLIQSWLEPVQFLR'??
(Table 6). Only peptide *'EETQQKSNLELLR'® was found
to be ubiquitinated with PMF data of GH proteoform T78
(Table 6), and was evidenced with an[M +H]" ion at m/z
1587.8 (unmodified peptide *'EETQQKSNLELLR'%) and
m/z 1701.8 (ubiquitinated peptide *’EETQQKSNLELLR'*
at residue K96) after careful examination of the PMF data
and MS/MS data of each GH proteoformin GH-secreting pi-
tuitary adenomas and control pituitary tissues (Tables 3 and
6). Those data clearly demonstrated that ubiquitination oc-
curred in GH proteoform T78 in GH-secreting pituitary ade-
nomas, but not in control pituitary tissues.

For acetylation analysis of GH proteoforms, quantitative
acetylomics identified one acetylation site at residue Lys171
(K171) in human GH (Table 2) with an mass shift of + 42 Da
at residue K171. Also, bioinformatics analysis against a
protein-modification database predicted seven potential acet-
ylation sites at Lys residues 64, 96, 141, 166, 171, 194, and
198 in human GH (P01241) to assist in the accurate identifi-
cation of acetylation at residue K171 in human GH
(P012141). Theoretically, acetylated tryptic peptides that con-
tain acetylation site K171 had six peptides, including
"ITGQIFKQTYSK'’', '*7QTYSK'"!",
SYLEDGSPRTGQIFKQTYSK!'"!, "7QTYSKFDTN
SHNDDALLK'®*, '"!TGQIFKQTYSKFDTNSH
NDDALLK'®*, and '"*’QTYSKFDTNSHNDDALLKNY
GLLYCFR'?? (Table 6). However, only peptide
17QTYSK*FDTNSHNDDALLKNYGLLYCFR!?? (K* =
acetylated Lys171) was detected in GH proteoform T30 in
GH-secreting pituitary adenoma tissues (Tables 3 and 6).

Deamination at residue Asnl78 (D178) was also de-
tected in 25 GH proteoforms (1, 5, 6, 8, 9, 13, 14, 16,
17, 18, 28, 30, 34, 36, 38, 39, 43, 44, 53, 54, 57, 58, 59,
63, and 67) in GH-secreting pituitary adenomas, and GH
proteoforms 1, 14, 31, 32, and 56 in control pituitary
tissues (Tables 3 and 6). Deamidation at glutamine (Q)
and asparagine (N) to form corresponding glutamate (E)
and aspartate (D) with an increased mass shift of 1 Da and
decreased apparent p/ to a negatively charged (at pH 7.4)
carboxylate anion commonly occurs with protein aging,
or from basic conditions of protein sample storage [29].
Deamination clearly presents in a 2D gel a series of spots
with the same M, and different p/ value; for example,
spots 1, 4, 6, and 8; spots 33, 32, 11, and 12; and spots
13, 10, and 31, in that 2DE map (Fig. 1A and B).

@ Springer

Discussion

GH proteoform patterns in GH-secreting pituitary ad-
enomas and control pituitaries

Human GH is synthesized in somatotroph cells in the pituitary
gland, and is a very important hormone in the hypothalamus-
pituitary-growth axes to maintain crucial physiological activ-
ity. However, abnormally secreted GH in human body might
cause a wide-range of GH-related diseases, including dwarf-
ism due to the reduced GH in childhood, gigantism due to the
increased GH in adolescence, and acromegaly due to the in-
creased GH in adult [47]. In the proteoform concept, a
proteoform is defined by the amino acid sequence + PTMs +
conformation + cofactors + binding partners + localization +
function, which is the final structure and functional form
encoded by a gene, and is the basic unit of a proteome [25].
Clarification of a GH proteoform pattern can help to elucidate
the processes in the formation of, and rationalize molecular
aspects of, GH-related diseases. Our previous study identified
24 human GH proteoforms in normal control pituitary tissues
[29]. Acromegaly is commonly derived from GH-secreting
pituitary adenomas. This present study investigated the GH
proteoform pattern in GH-secreting pituitary adenoma tissues,
compared with GH proteoforms in normal control pituitary
tissues. A total of 46 GH proteoforms were identified in
GH-secreting pituitary adenoma tissues, and 35 GH
proteoforms in normal control pituitary tissues.

Comparative analysis of GH proteoform pattern
changes in GH-secreting pituitary adenomas

Comparative analysis of GH proteoform patterns between
GH-secreting pituitary adenomas and control pituitaries indi-
cated that 11 GH proteoforms were found in only GH-
secreting pituitary adenoma tissues but not in control pituitary
tissues, and that 35 GH proteoforms were found in GH-
secreting pituitary adenoma and control pituitary tissues, with
abundance changes. Those data clearly demonstrated that the
GH proteoform pattern was significantly different between
GH-secreting pituitary adenoma and control pituitary tissues.
This difference might be due to the following factors: (i) a
certain genes such as STAT3 induce GH-secreting pituitary
adenoma cell growth, and bind specifically to the hGH pro-
moter to induce transcription to further promote GH secretion
[48]; (ii) alterations in cell-cycle regulation and growth-factor
signaling because of epigenetic changes lead to gene muta-
tions for GH hypersecretion [49]; (iii) mistranslation provides
a very large potential source of protein diversity, especially
under the condition of stimulation by external factors; and (iv)
PTMs, including glycosylation, phosphorylation, acetylation,
ubiquitination, deamidation, and nitration, might have an im-
pact on the structure and function of proteins to allow an
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exponentially increased number of proteoforms [29, 37, 38,
50, 51]. Similarly, these factors also contribute to the forma-
tion of GH proteoforms in pituitary tissues and GH-secreting
pituitary adenoma tissues. For example, this present study
found that phosphorylation, ubiquitination, acetylation, and
deamination occurred in human GH in GH-secreting pituitary
adenoma and control pituitary tissues. Also, alternative splic-
ing and removal of signal peptide occurred in the human GH
proteoforms. The alteration in a GH proteoform pattern be-
tween GH-secreting pituitary adenoma and control pituitary
tissues not only demonstrated the altered quantity of GH, but
also showed the structural differences of GH in GH-secreting
pituitary adenomas relative to control pituitary tissues.
Significantly, these novel experimental data demonstrate the
important utility of the careful analysis of GH proteoform
patterns in GH-related diseases in the context of predictive,
preventive and, personalized medicine (3P medicine) [52-54].

2DGE in combination with MS is crucial to analyze GH
proteoforms

2DGE in combination with MS is an effective method to de-
tect, identify, and quantify human GH proteoforms in GH-
secreting pituitary adenoma and control pituitary tissues.
Also, a 2DGE-based western blot against anti-human GH an-
tibody effectively visualizes the human GH proteoform pat-
tern in a 2DGE map. According to the two unique properties,
pl and M,, of each GH proteoform, GH proteoforms were
arrayed with 2DGE, confirmed with a two-dimensional west-
ern blot against an anti-GH antibody, and identified with mass
spectrometry, in GH-secreting pituitary adenoma and control
pituitary tissues. A total of 46 GH proteoforms in GH-
secreting pituitary adenoma tissues and 35 GH proteoforms
in control pituitary tissues were arrayed and identified in
2DGE maps (Fig. 1). Further analysis showed that the signal
peptide (position 1-26) was removed from 35 GH
proteoforms in control pituitaries and 45 GH proteoforms (ex-
cept for GH proteoform T46) in GH-secreting pituitary ade-
nomas. The data clearly demonstrate that all identified GH
proteoforms derive from mature GH except for GH
proteoform T46 (Table 3) and suggest an incomplete removal
of signal peptide from GH proteoforms in GH-secreting pitu-
itary adenomas. Alternative splicing is an important factor that
contributes to GH protein diversity. This present study found
that GH splicing variants 1, 2, and 3 existed in GH-secreting
pituitary adenoma tissues, and that GH splicing variants 1 and
2 existed in control pituitary tissues (Table 3). The results
demonstrated GH splicing variants 2 from adenomas and 1
from controls in spots 1 and 5, GH splicing variants 1 from
adenomas and 2 from controls in spots 3, 4, and 6, and GH
splicing variant 3 from adenoma in spot 78 (Table 3). PTMs
are another crucial factor that contribute to GH proteoforms
[55]. This present study clearly demonstrated

phosphorylation, ubiquitination, acetylation, and deamination
in human GH proteoforms in GH-secreting pituitary adenoma
and control tissues.

An altered GH proteoform profile contributes to, and
reflects metabolic processes that contribute to,
related pathologies

Quantitative changes of human GH contribute to, and reflect
metabolic processes involved in, GH-related diseases.
Alterations of human GH proteoforms can be used to develop
potential biomarkers to predict, diagnose, stratify patients, and
prognostically assess the personalized treatment of GH-
related diseases. Moreover, GH synthesized in the pituitary
gland must be secreted into blood circulation to exert its func-
tional roles. Therefore, compared to the invasive collection of
human pituitary tissues, the non-invasive collection of blood
of patients to detect a serum GH proteoform pattern is an
effective method to develop serum GH proteoform pattern
as an effective biomarker for the PPPM practice in GH-
secreting pituitary adenomas and GH-related diseases [39,
53, 54].

Strength, limitations, and future studies

Human growth hormone that was synthesized, stored, and
secreted by somatotroph cells in the pituitary gland plays im-
portant roles in the hypothalamus-pituitary-growth axes in the
endocrine system. Its abnormal secretion is closely associated
with multiple GH-related diseases, including GH-secreting
pituitary adenomas that causes acromegaly. The traditional
concept is that the pathologically increased GH levels secreted
by GH-secreting pituitary adenomas cause the acromegaly.
For the first time, this present study: 1) identified 46 GH
proteoforms in GH-secreting pituitary adenoma tissues and 35
GH proteoforms in control pituitary tissues; 2) 35 of 46 GH
proteoforms in GH-secreting pituitary adenoma tissues were
matched with 35 GH proteoforms in control pituitary tissues;
and 3) the other 11 of 46 GH proteoforms existed only in GH-
secreting pituitary adenoma tissues but not in control pituitary
tissues. Also, these GH proteoforms in pituitary adenoma and
control pituitary tissues might be derived from removal of
signal peptides, alternative splicing, and PTMs (phosphoryla-
tion, ubiquitination, acetylation, deamination). These data, for
the first time, clearly demonstrate that the quantity and type of
changes of GH in GH-secreting pituitary adenomas might
contribute to the initiation and progression of acromegaly.
This study emphasizes the importance, extensive informa-
tion on metabolic processes, and potential clinical value of
human GH proteoform profiling in GH-secreting pituitary ad-
enoma, acromegaly, and other GH-related diseases to eluci-
date molecular mechanisms of GH-pituitary adenomas and
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acromegaly. A GH proteoform pattern indicates potential bio-
markers for PPPM practice in GH-secreting pituitary adeno-
mas and other GH-related diseases.

However, one must realize that some limitations in the
current study remain to be studied further. First, for this dis-
covery study, the sample size is very small. A significantly
expanded sample size is needed to develop GH proteoform
patterns as biomarker for GH-secreting pituitary adenomas,
acromegaly, and other GH-related diseases. Second, GH must
be secreted into the blood circulation to bind to growth hor-
mone receptor (GHR) on its target organ to exert real func-
tions. It is necessary to detect, identify, and quantify the serum
GH proteoform pattern in patients with GH-secreting pituitary
adenomas compared to normal control sera. The serum GH
proteoform pattern might have more important clinical value
for the development of biomarkers in the context of PPPM in
GH-secreting pituitary adenoma and acromegaly. Third, se-
rum GH must interact with GHR to exert its biological func-
tions. Thus, different GH proteoforms must have their corre-
sponding GHR proteoforms. It is also necessary to detect,
identify, and quantify the GHR proteoform pattern on the
target organ tissues/cells in patients with GH-secreting pitui-
tary adenomas and acromegaly. Fourth, it also might be nec-
essary to determine the binding relationship of GH
proteoforms and GHR proteoforms, and also to clarify the
downstream molecular signaling characterization and biolog-
ical functions of different GH proteoforms through the corre-
sponding GHR proteoforms in the targeted organ/cells.

These multiple studies on GH proteoforms at different
levels of pituitary tissue, serum, and targeted organ/cell will
significantly advance the understanding of human growth hor-
mone in GH-related diseases, including GH-secreting pitui-
tary adenomas and acromegaly, and will benefit development
of a human GH proteoform pattern as biomarkers towards
PPPM practice.

Conclusion and expert recommendation

The use of 2DGE and 2DGE-based Western blot in combina-
tion with MS is an effective method to identify human GH
proteoforms in GH-secreting pituitary adenomas relative to
control pituitaries.A total of 46 GH proteoforms was identified
in GH-secreting pituitary adenoma tissues, and 35 GH
proteoforms in normal control pituitary tissues. A total of 35
GH proteoforms were matched between GH-secreting pitui-
tary adenomas and controls, and 11 GH proteoforms in GH-
secreting pituitary adenomas but not in controls. Moreover,
phosphorylation at residue Ser132 was found in three GH
proteoforms 12, 36, and 54 in GH-secreting pituitary adeno-
mas and four GH proteoforms 11, 32, 33, and 56 in control
pituitary tissues. Ubiquitination at residue K96 was identified
in GH proteoform 78 in GH-secreting pituitary adenomas.

@ Springer

Acetylation at residue K171 was identified in GH proteoform
30 in GH-secreting pituitary adenoma tissues. Deamination at
residue N178 was identified in 25 GH proteoforms in GH-
secreting pituitary adenomas and 5 GH proteoforms in control
pituitaries. For GH-secreting pituitary adenomas, alternative
splicing variants 2 occurred in GH proteoforms 1 and 5, and
alternative splicing variant 3 occurred in GH proteoform 78.
For control pituitaries, alternative splicing variant 2 occurred
in GH proteoforms 3, 4, and 6. The signal peptide was not
removed from GH proteoform 46 in GH-secreting pituitary
adenomas, but removed from all other GH proteoforms.
Thereby, the GH proteoform pattern was significantly differ-
ent in GH-secreting pituitary adenoma tissues relative to con-
trol pituitary tissues, with different PTMs (phosphorylation,
acetylation, ubiquitination, and deamination) in GH-secreting
pituitary adenomas compared to controls. These findings pro-
vide new ideas and mechanisms to effectively treat GH-
secreting pituitary adenomas and GH-related diseases, and
also provide the basis to develop effective GH proteoform
pattern biomarkers for prediction, diagnosis, prognostic as-
sessment, and patient stratification of GH-secreting pituitary
adenomas and GH-related diseases in the context of PPPM
practice.

We strongly recommend the following research activities
in the context of PPPM practice. (i) It is necessary to expand
the studies of human GH proteoform pattern in a significantly
increased sample size of GH-secreting pituitary adenoma tis-
sues to develop GH proteoform pattern biomarkers to person-
ally treat GH-related diseases. (ii) The invasive and progres-
sive characterization of pituitary adenomas is a very challeng-
ing clinical problem. It is necessary to analyze the differences
in GH proteoform patterns in invasive (or aggressive) vs. non-
invasive (or nonaggressive) pituitary adenomas to accurately
elucidate the relationship of any proteoform and invasive (or
aggressive) characterization to increase accurately the patient
stratification and prognostic assessment to individualized treat
pituitary adenomas. (iii) We should significantly strengthen
the study of serum GH proteoform patterns, which is a non-
invasive approach to better serve as effective biomarkers for
prediction, diagnosis, prognostic assessment, and patient strat-
ification of GH-secreting pituitary adenomas and GH-related
diseases. (iv) We should also initiate the study of GH receptor
(GHR) proteoform patterns, explore the binding relationship
of GH proteoforms and GHR proteoforms to clarify and ac-
curately analyze mechanisms and functions of GH
proteoforms. These systematic studies of a GH proteoform
pattern at the different levels of pituitary tissue, serum, GHR
on the target cell/organ, and the binding relationship of GH
proteoforms and GHR proteoforms will significantly expand,
deepen, and extend our understanding of GH biological func-
tions in GH-related diseases, provide an important data re-
source for the development of biomarkers and therapeutic
targets for patient stratification, and allow prediction/
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prognostic assessment, and personalized treatment of GH-
related diseases.

In sum, our greatest level of understanding a human disease
always derives from an in-depth and accurate analysis of the
molecules that are involved in that disease.
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