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INTRODUCTION 
 

Central precocious puberty or named as GnRH-

dependent precocious puberty (CPP) is diagnosed by 

premature physical and hormone characters of pubertal 

development usually in girls aged less than 8 years and 

in boys aged less than 9 years. CPP is always 

accompanied with growth acceleration and rapid bone 

maturation resulting to adult short stature [1]. CPP is 

mainly classified to three types. The most common 

type is named as idiopathic precocious puberty (ICPP) 

without central nervous system lesions. The second 

type is due to organic precocious puberty (intracranial 

lesions). The last type is transformed from peripheral 

precocious puberty [2]. Our study focused on 

exploring the molecular mechanism of the first type. 

The incidence of central precocious puberty increased 

significantly year by year and the age of onset is 

gradually earlier worldwide [3]. Unfortunately, the 

mechanism of central precocious puberty is still 

unclear due to the timing of pubertal onset is 

influenced by a complex interaction of genetic, 

epigenetic factors and environmental. Systematically 

to study the molecular mechanism of central 

precocious puberty is necessary for the diagnosis and 

treatment. 

 

Currently, mutations in the kisspeptin system 

KISS1/KISS1R (peptide products of the kisspeptin-1/ 
peptide products of the kisspeptin-1 receptor), 

MKRN3 (makorin ring finger protein 3), and 

DLK1also named Pref-1 (Delta like non-canonical 
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ABSTRACT 
 

Though central precocious puberty (CPP) as a disease that seriously affects the development of a child is 
increasing year by year, treatment options remain limited and is the same as the 1980s’ method. These are 
mainly due to the complex pathogenesis of central precocious puberty. Therefore, systems biology approach 
to identify and explore the multiple factors related to the pathogenesis of central precocious puberty is 
necessary. Our data established the first proteome profile of CPP revealed 163 down-regulated and 129 were 
up-regulated differentially expressed proteins. These altered proteins were primarily enriched in three 
metabolic process including energy metabolism, amino acid metabolism and nitrogenous base metabolism. 
The identified altered members of the metabolic signaling are valuable and potential novel therapeutic 
targets of central precocious puberty. 
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Notch ligand 1) have been identified as causal 

variants leading to CPP [4]. KISS1 and KISS1R are 

neurotransmitter and neurotransmitter receptor of 

GnRH respectively that directly control GnRH 

release [5]. MKRN3 functions as a ubiquitin E3 

ligase to be essential for the puberty initiation [6]. 

Recent study showed that DLK1 is important for 

adipose tissue homeostasis and neurogenesis, and 
regulates Notch signaling to control the timing of 

puberty [7]. However, many areas remain to be 

explored such as KISS1/KISS1, MKRN3, and DLK1 

targeting signals and the members, and other factors 

involved in central precocious puberty. Moreover, the 

timing of puberty is genetically determined and 

sensitive to numerous internal and external cues as 

metabolic signals [8]. And it was also reported 

central precocious puberty may be a manifestation of 

endocrine dysfunction in pediatric patients with 

mitochondrial disease [9]. However, which metabolic 

signals and metabolic members involving in central 

precocious puberty are unknown. Therefore, a 

systematic study is necessary to identify more 

members related to the cause of the disease and help 

to understand the complexity of the pathogenesis of 

central precocious puberty. 

 

Proteomics study can identify and quantify diverse 

proteins involving complex biological processes [10]. 

To our best known, there are seldom researches about 

proteome with central precocious puberty. In this study, 

we used label-free technology combined with 

HPLC/LC-MS/MS analysis to identify the whole 

peripheral blood plasma proteome of central precocious 

puberty to identify the differentially expressed proteins 

(DEPs) and screen the candidate biomarkers. Our data 

was the first proteome profile of CPP and showed 

multiple metabolisms related differentially expressed 

proteins involved in central precocious puberty that 

maybe novel potential diagnostic and therapeutic 

targets. 

 

MATERIALS AND METHODS 
 

Central precocious puberty patients’ enrollment and 

the proteomic profile 

 

A total of 15 girls hospitalized with precocious puberty 

were enrolled from the Department of Pediatrics, the 

First Affiliated Hospital, College of Medicine, Zhejiang 

University in 2020. Central precocious puberty was 

confirmed according to the diagnostic criteria of CPP. 

The mainly inclusion criteria were as follows: 1. The 

chronological age was less than 8 years old and breast 

developed more than six months. 2. The bone age 

exceeded chronological age more than 1 year. 3. 

Ovarian volume greater than 1.0 ml. 4. The peak 

luteinizing hormone (LHpeak) is more than 5 mIU/ml 

and LHpeak/FSHpeak is more than 0.6 by LHRH test. 5. 

Organic central precocious puberty was excluded. 

Eventually, 15 girls diagnosed as central precocious 

puberty were qualified. Their mean age is 7.06 ± 1.37 

years and bone age are 9.27 ± 0.31 years. BMI is 15.03 

± 1.27 kg/m^2. Luteinizing hormone (LH) at base line is 

0.93 ± 0.33 mIU/ml and the peak LH is 18.48 ± 5.78 

mIU/ml. Follicle-stimulating hormone (FSH) at base 

line is 3.14 ± 0.39 mIU/ml and the peak of FSH is 15.30 

± 1.25 mIU/ml. The LHpeak/FSHpeak ratio is 1.17 ± 0.30. 

The left ovary volume is 2.45 ± 0.36 ml and the right is 

2.22 ± 0.28 ml. 15 healthy girls were enrolled as normal 

group. Neither their parents nor their families had a 

history of precocious puberty. They were all from the 

Hailiang Primary School in Zhuji, Zhejiang Province, 

China. Their mean age was 7.19 ± 0.86 years and had 

no precocious puberty or puberty (Breast development, 

B1 phase) and BMI is 16.78 ± 1.48 kg/m2. The research 

protocol conformed to the ethical guidelines of the 

Declaration of Helsinki was approved by Clinical 

Research Ethics Committee of the First Affiliated 

Hospital, College of Medicine, Zhejiang University 

(No. 2020-300). To analyze the global protein 

expression atlas in central precocious puberty (CPP 

group) and healthy girls (Normal group), we collected 

the plasma and utilized LC-MS/MS to analyze the 

sample following the workflow described in Figure 1. 

As we known, our data firstly mapped the proteomic 

profile in central precocious puberty. 

 

Plasma samples collection 

 

Blood samples from all participators were collected into 

plastic K2-EDTA tubes before breakfast after fasting for 

at least 8 hours. All samples were immediately 

manually inverted for 10 times and centrifuged at 

12000 g at 4°C for 10 min. Finally, the supernatant 

was collected and the protein concentration was 

determined with BCA kit according to the 

manufacturer’s instructions of Pierce™ Top 12 

Abundant Protein Depletion Spin Columns Kit (Thermo 

Scientific). Plasma samples were stored at −80°C until 

proteomic analysis. 

 

Trypsin digestion 

 

For digestion, the protein solution was reduced with 5 

mM dithiothreitol for 30 min at 56°C and alkylated with 

11 mM iodoacetamide for 15 min at room temperature 

in darkness. The protein sample was then diluted by 

adding 100 mM TEAB to urea concentration less than 

2 M. Finally, trypsin was added at 1:50 trypsin-to-protein 
mass ratio for the first digestion overnight and 1:100 

trypsin-to-protein mass ratio for a second 4 h-digestion. 

The peptides were recovered by centrifugation at 
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12000 g for 10 min at room temperature, then the 

peptides were recovered with ultrapure water once, and 

the two peptide solutions were combined. 

 

LC-MS/MS analysis 

 

The tryptic peptides were dissolved in 0.1% formic acid 

in 2% acetonitrile (solvent A), directly loaded onto a 

home-made reversed-phase analytical column (15-cm 

length,75 μm i.d.). The gradient was comprised of an 

increase from 4% to 20% solvent B (0.1% formic acid 

in 90% acetonitrile) over 96 min, 20% to 32% in 28 

min, and climbing to 80% in 3 min then holding at 80% 

for the last 3 min, all at a constant flow rate of 500 

nL/min on an EASY-nLC 1200 UPLC system. The 

peptides were subjected to NSI source followed by 

 

 
 

Figure 1. The workflow of proteomic analysis between normal and CPP group. 
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tandem mass spectrometry (MS/MS) in Exploris 480 

(Thermo) coupled online to the UPLC. The electrospray 

voltage applied was 2.2 kv. The m/z scan range was 400 

to 1200 for full scan, and intact peptides were detected 

in the Orbitrap at a resolution of 60 000. Peptides were 

then selected for MS/MS using NCE setting as 27 and 

the fragments were detected in the Orbitrap at a 

resolution of 30000. A data-dependent procedure that 

alternated between one MS scan followed by 20 

MS/MS scans with 30.0s dynamic exclusion. Automatic 

gain control (AGC) was set at 7.5E4. Fixed first mass 

was set as 100 m/z. 

 

Database search 

 

The resulting MS/MS data were processed using PD 

2.4. Tandem mass spectra were searched against human 

uniport database concatenated with reverse decoy 

database. Trypsin/P was specified as cleavage enzyme 

allowing up to 2 missing cleavages. The mass tolerance 

for precursor ions was set as 10 ppm in First search and 

5 ppm in Main search, and the mass tolerance for 

fragment ions was set as 0.02 Da. Carbamidomethyl on 

Cys was specified as fixed modification and acetylation 

modification and oxidation on Met were specified as 

variable modification. FDR was adjusted to <1% and 

minimum score for modified peptides was set >40. 

 

Bioinformatics methods 

 

The Gene Ontology (GO) annotation proteome analysis 

was derived from the UniProt-GOA database 

(http://www.ebi.ac.uk/GOA) and the InterProScan soft. 

Proteins were classified by GO based on three 

categories: biological process (BP), cellular component 

(CC) and molecular function (MF). The Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database 

was used to annotate protein pathway (metabolism, 

genetic information processing, cellular processes, rat 

disease, environmental information processing, drug 

development (http://www.genome.jp/kegg/). We used 

wolfpsort as a subcelluar localization predication soft to 

predict subcelluar localization. Wolfpsort is an updated 

version of PSORT/PSORTII for the prediction of 

eukaryotic sequences. GO annotation and enriched 

pathways with a corrected P-value <0.05 were 

considered statistically significant. All differentially 

expressed proteins database accessions or sequences 

were searched against the STRING database (version 

10.5) for protein-protein interactions (PPI). Only 

interactions between the proteins belonging to the 

searched data set were selected, thereby excluding 

external candidates. STRING defines a metric known as 
“confidence score” to define interaction confidence; we 

used all interactions with a confidence score ≥0.7 (high 

confidence). 

Parallel reaction monitoring analysis 

 

The selected proteins’ peptide samples were prepared 

for Parallel Reaction Monitoring (PRM) using the 

results of proteome analysis described above. The 

tryptic peptides were dissolved in 0.1% formic acid 

(solvent A) and directly loaded onto a home-made 

reversed-phase analytical column. Solvent B consisted 

of 0.1% formic acid in 98% acetonitrile and increased 

from 6% to 23% for 38 min, 23% to 35% for 14 min, 

80% for 4 min, and was then held at 80% for an 

additional 4 min. The flow rate was a constant 700 

nL/min on an EASY-nLC 1000 UPLC system. The 

peptides were subjected to the NSI source followed by 

tandem mass spectrometry (MS/MS) in Q Exactive™ 

Plus (Thermo) system that was coupled online to the 

UPLC. The electrospray voltage was 2.0 kV, the m/z 

scan range was 350 to 1000 (full scan), and intact 

peptides were detected in the Orbitrap at a resolution of 

35,000. Peptides were then selected for MS/MS using a 

normalized collision energy (NCE) of 27, and the 

fragments were detected in the Orbitrap at a resolution 

of 17,500. A data-independent procedure alternated 

between one MS scan followed by 20 MS/MS scans. 

The AGC was 3E6 for full MS and 1E5 for MS/MS. 

The maximum IT was 20 ms for full MS and automatic 

for MS/MS. The isolation window for MS/MS was 2.0 

m/z. The resulting MS data were processed using 

Skyline (ver. 3.6). For peptide settings, the enzyme was 

Trypsin [KR/P], and the maximum missed cleavage set 

was as 2. The peptide length was 8 to 25, variable 

modification was carbamidomethyl on Cys and 

oxidation on Met, and max variable modifications were 

3. For transition settings, the precursor charges were 2 

and 3, the ion charges 1 and 2, and the ion types were b, 

y, and p. The product ions were from ion 3 to last ion, 

the ion match tolerance was 0.02 Da. 

 

Data availability 

 

All authors declare that all data are fully available 

without restriction. 

 

RESULTS 
 

Quality control of mass spectral data and total 

identified differentially expressed proteins in the 

proteomic profile 

 

We firstly based on multidimensional quality control 

indexes including peptide length distribution, identified 

protein mass distribution, number of peptides per 

protein distribution, protein mass and coverage 

distribution and protein sequence coverage distribution 

to assess mass spectrometry-based proteomics data. 

Most peptides length distributed between 7–20 without 

http://www.ebi.ac.uk/GOA
http://www.genome.jp/kegg/
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less than 5 peptides (Figure 2A). Proteins above 10 kDa 

were distributed uniformly without obvious molecular 

weight shift (Figure 2B). Most proteins corresponded to 

more than two peptides with high precision and 

credibility (Figure 2C). The molecular weight of the 

protein was negatively correlated with the coverage 

(Figure 2D) and most proteins have a coverage of less 

than 20% (Figure 2E). In summary, our study identified 

2055723 spectrums, 610913 matched spectrums, 18233 

peptides, 17050 unique peptides, 3285 proteins and 

quantified 2517 proteins of which 163 were down-

regulated and 129 were up-regulated in the CPP group 

compared to the Normal group (Figure 2F). The 

criterion for significant differences between two groups 

was ≥1.5-fold change and p-value < 0.05. 

 

Validation of quantitative proteomics results via 

parallel reaction monitoring 

 

We then performed Parallel Reaction Monitoring 

(PRM) analysis to validate the differentially expressed 

proteins (DEPs) identified by quantitative proteomics. 

We selected the top five up-regulated and down-

regulated, and 10 randomly selected DEPs (Protein 

 

 
 

Figure 2. Quality control indexes and proteome landscape between normal and CPP group. (A) Identified peptide length 

distribution. (B) Identified protein mass distribution. (C) Number of peptides per protein distribution. (D) Protein mass and coverage 
distribution. (E) Protein sequence coverage distribution. (F) The number of total spectrums, matched spectrums, identified peptides, 
unique peptides, identified proteins and quantifiable proteins.  
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accession: O43866, Q5SRP5, P19652, P02751, P02452, 

P22692, P00738, Q15848, P00918 and A0A0C4DH42) 

to analysis, and successfully quantitated and confirmed 

all up-regulated and down-regulated and other 9 

randomly selected DEPs (Figure 3A and 3B, Table 1). 

The PRM and proteomic quantification results were 

highly consistent, and the PRM results had good 

correlation with the proteomics results that suggested 

the high quality and credibility of this first proteomic 

profile of central precocious puberty. 

 

GO function, subcellular localization and COG/KOG 

categories analysis of differentially expressed proteins 

 

The overall of all 292 differentially expressed proteins 

was visualized via a volcano plot as shown in Figure 4A. 

 

 
 

Figure 3. Peptide ion peak area distribution of PRM. (A) Ion peak area distribution of top 5 up regulated proteins’ peptides. (B) Ion 

peak area distribution of top 5 down regulated proteins’ peptides. 
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Table 1. Quantitative confirmation of top 5 up or down regulated and 10 randomly selected proteins. 

Protein Accession Protein Name CPP/N Ratio CPP/N P-value 

P08603 CFH 6.80 6.39E-07 

O95497 VNN1 2.72 2.77E-03 

V9GYE7 CFHR2 6.85 8.26E-06 

Q7Z7M0 MEGF8 1.23 3.76E-02 

A0A087X0S5 COL6A1 1.69 2.50E-01 

P22891 PROZ 1.03 4.77E-01 

A0A0C4DFP6 CRTAC1 0.86 4.70E-01 

H0Y512 APMAP 0.73 8.08E-01 

Q99784 OLFM1 0.82 3.07E-01 

Q15166 PON3 1.17 8.39E-02 

O43866 CD5L 0.87 7.49E-01 

Q5SRP5 APOM 0.95 9.52E-01 

P19652 ORM2 0.69 8.14E-01 

P02751 FN1 3.87 1.16E-04 

P02452 COL1A1 1.92 2.90E-04 

P22692 IGFBP4 1.18 1.95E-01 

P00738 HP 0.46 8.92E-01 

Q15848 ADIPOQ 0.27 1.00E-02 

P00918 CA2 1.92 5.04E-03 

The bold and the italic texts are the top 5 up or down regulated proteins respectively. The bold italic texts are randomly 
selected differentially expressed proteins. 

 

Then the subcellular localization of 292 differentially 

expressed proteins (129 up-regulated and 163 down-

regulated) were predicted and analyzed. The top three 

subcellular localization were extracellular (29.11%), 

cytoplasm (27.4) and nucleus (17.47%) as shown in 

Figure 4B. Interestingly, 11.99% DEPs were in 

mitochondria (Figure 4B) and previous study showed 

central precocious puberty may be a manifestation of 

endocrine dysfunction in pediatric patients with 

mitochondrial disease as we mentioned before [9]. 

Next, we classified all DEPs into biological process 

(BP), cellular component (CC) and molecular 

function (MF) based on three biological functions. 

The top three of BP were cellular process (210 

DEPs), single-organism process (193 DEPs) and 

metabolic process (153 DEPs) (Figure 4C, green 

part). The top three of CC were cell (235 DEPs), 

organelle (209 DEPs) and extracellular region (159 

DEPs) (Figure 4C, red part). This is consistent with 

the subcellular localization analysis showed 29.11% 

DEPs were located extracellular (Figure 4B). The top 

three of MF were binding (233 DEPs), catalytic 

activity (129 DEPs) and structural molecule activity 

(29 DEPs) (Figure 4C, purple part). Finally, DEPs 
were categorized based on homology and 

functionality. The top category was signal 

transduction mechanisms including 40 DEPs and 

consistent with the GO annotation showed 193 DEPs 

participating in single-organism process (Figure 4C). 

The “O” category (posttranslational modification, 

protein turnover, chaperones), the “R” category 

(general function prediction only) and the “C” 

category (energy production and conversion) 

clustered major DEPs and were 32, 27 and 21 

respectively (Figure 4D). Interestingly, the data of 

Figure 4B–4D all revealed metabolic process 

especially energy metabolism maybe closely related 

to central precocious puberty. 

 

PPI network of differentially expressed proteins in 

central precocious puberty 

 

To explore the interactions among the differentially 

expressed proteins between the CPP group and the 

Normal group, we conducted a PPI network by 

searching the PPI database (https://string-db.org). Then, 

we performed a clustering analysis to find highly 

interconnected clusters based on the PPI network. As 

shown in Figure 5, a total of 4 clusters (non-clustered 

proteins are not shown) were detected including 

vasopressin-regulated water reabsorption, protein 

export, estrogen signaling pathway and phagosome. 
Notably, most DEPs of protein export cluster and all 

DEPs of estrogen signaling pathway cluster were down-

regulated that suggests a potential negative regulation in 

central precocious puberty. 

https://string-db.org/
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Protein domain and KEGG pathway enrichment 

and heatmap analysis of differentially expressed 

proteins in central precocious puberty 

 

DEPs were first enriched (Figure 6A and 6C) and then 

classified to four subgroups named as Q1–4. The four 

subgroups were hierarchically clustered according to 

related functions via heatmap. DEPs with mitochondrial 

carrier domain were significant up-regulated in Q1 

category (Figure 6B). A total of 35 pathways were 

generated from the KEGG pathway analysis based on 

the differentially expressed proteins between the CPP 

group and the Normal group. 

Most significant regulated KEGG pathways are related 

to metabolism including starch and sucrose metabolism 

(hsa00500 including P52790 and P06737) in Q4, purine 

metabolism (hsa00230 including P00568, J3KPD9 and 

P00491) in Q3, pyrimidine metabolism (hsa00240 

including J3KPD9 and P00491) in Q3, nitrogen 

metabolism (hsa00910 including P00918 and P22748) 

in Q1, beta-Alanine metabolism (hsa00410) in Q2 

(including P30084, P51648 and P49189) and Q4 

(including O95822 and P05091), tryptophan 

metabolism (hsa00380 including Q16836, P30084, 

P51648 and P49189) in Q2, glycerolipid metabolism 

(has00561 including P51648 and P49189) in Q2, 

 

 
 

Figure 4. Global proteomics analyses of the identified differentially expressed proteins in CPP. (A) The horizontal axis and 

vertical axis of the volcano plot was the logarithmically converted value of the relative quantitative value of the protein and logarithmically 
converted p-value after the log-log conversion, respectively. In the volcano plot, the red dot indicated significantly up regulated proteins 
and the blue dot indicated significantly down regulated proteins. The p-value was calculated using the two-sample t-test method. 
(B) Clusters of Orthologous Groups of differentially expressed proteins. (C) Sub cellular Localization and classification of differentially 
expressed proteins. (D) The up regulated proteins and down regulated proteins between two groups via Enrichment of GO analysis. 
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histidine metabolism (hsa00340 including P51648 and 

P49189) in Q2, butanoate metabolism (hsa00650 

including Q16836 and P30084) in Q2, ascorbate and 

aldarate metabolism (hsa00053 including P51648 and 

P49189) in Q2 (Figure 6D). 

 

DISCUSSION 
 

Central precocious puberty estimated the incidence at 

0.2% of girls or 1.1 per 100,000 girls and the incidence 

is increasing year by year [11, 12]. Though knowledge 

regarding central precocious puberty continued to 

enrich, the exact control signal and members of central 

precocious puberty remains a mystery. It is known that 

endogenous signal plays a primary role combined with 

complex environmental and nutritional factors to affect 

the occurrence and development of central precocious 

puberty [13, 14]. However, until now only the 

kisspeptin system KISS1/KISS1R, MKRN3, and DLK1 

or Pref-1 identified in sporadic or familial central 

precocious puberty cases have been confirmed causal 

variants leading to CPP [4]. In clinical management, 

long-acting hypothalamic gonadotropin-releasing 

hormone (GnRH) agonists have been widely used as the 

gold-standard treatment but with several adverse effects 

including the desensitization of luteinizing hormone 

release, the regression of puberty and the delay progress 

of bone age [15, 16]. Short-acting GnRH or substitutive 

therapy of GnRH agonists urgently needs to establish. 

However, the molecular mechanism of central 

precocious puberty is unclear and the exact therapeutic 

targets are scarce. Since the mid-1980s, long-acting 

GnRH agonists are almost the only available treatment 

and child patients are usually required to take the drugs 

 

 
 

Figure 5. PPI network of differentially expressed proteins in CPP. 
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for more than two years [17]. Moreover, the laboratory 

experimental markers for the diagnosis of central 

precocious puberty remain absent. 

 

Our present study first identified 292 differentially 

expressed proteins including 163 down-regulated and 

129 up-regulated DEPs in the CPP group compared to 

the Normal group (Figure 2F). Additionally, KEGG 

pathway analysis revealed several metabolic processes 

be closely related to central precocious puberty 

(Figure 6). Especially, our data further implied energy 

metabolic signal may play a vital role in central 

precocious puberty supported by numerous evidences 

including 11.99% mitochondria subcellular location of 

DEPs (Figure 4B), 21 DEPs enriched in “energy 

production and conversion” (Figure 4D) and DEPs with 

mitochondrial carrier domain were significant up-

regulated (Figure 6B). 

Clinical reports suggested central precocious puberty 

was closely connected with alterations in metabolic 

factors [18–20]. Central precocious puberty patients 

with DLK1 defection accompanied with metabolic 

disturbance including hyperlipidemia, obesity, glucose 

intolerance et al. [18, 19]. Adverse metabolic 

abnormality persistently existed during the therapeutic 

process even after GnRHa treatment [20]. Consistent 

with these reports, our data confirmed metabolic 

regulation as the major changes in central precocious 

puberty and quantificationally identified related 

metabolic regulation members in detail. In summary, 

energy metabolism (hsa00500 starch and sucrose 

metabolism), amino acid metabolism (hsa00410 beta-

Alanine metabolism, hsa00380 tryptophan metabolism 

and hsa00340 histidine metabolism) and nitrogenous 

base metabolism (hsa00230 purine metabolism and 

hsa00240 pyrimidine metabolism) are three 

 

 
 

Figure 6. Enrichment analysis and heatmap analysis of protein domains and KEGG pathway. (A) Enrichment analysis of protein 

domains. (B) Heatmap analysis of proteins domains. (C) Enrichment analysis of KEGG pathway. (D) Heatmap analysis of KEGG pathway. 
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major related metabolic regulation in central precocious 

puberty. 

 

In energy metabolism (hsa00500 starch and sucrose 

metabolism), Hexokinase-3 (HK3, P52790) and 

glycogen phosphorylase liver isoform (PYGL, P06737) 

was up-regulated 2.825233927 and 2.459379777-fold 

respectively in central precocious puberty (Figure 7). 

HK3 belongs to the hexokinase family and is a 

glycolytic enzyme phosphorylating glucose to glucose-

6-phosphate [21, 22]. The hexokinase family contains 

four hexokinase isozymes HK1-4 that sense glucose 

level and the sequence of HK1 to HK3 are highly 

homology but exhibit unique tissue distribution that 

results to distinct physiologic function [23, 24]. HK3 is 

found with a high expression in uterus, placenta and 

adipose [21]. In particular cells (granulocytes) HK3 

contributes major hexokinse activity (~70–80%) [25]. 

Our data only identified HK3 without HK1, 2, 4 that 

suggested HK3 may also play a particular role in central 

precocious puberty and further explore the distribution 

of HK3 in central precocious puberty patients’ tissue 

would be important to clarify its functions. PYGL is the 

member of glycogen phosphorylase (PYG) family 

including three different tissue distribution members 

PYGM (the muscle isoform), PYGL (the liver isoform) 

and PYGB (the brain isoform) that are the key rate-

limiting enzyme in glycogenolysis [26, 27]. Our data 

only identified the significant up-regulated of PYGL 

that implied the special liver glycogen homeostasis 

closely related to central precocious puberty (Figure 7). 

Another identified differentially expressed protein 

PFKL (P17858, ATP-dependent 6-phosphofructokinase, 

liver type) further confirmed the speculate. There are 

two 6-phosphofructokinase isomers PFKM (the muscle 

isoform) and PFKL (the liver isoform) in humans and 

only the liver isoform PFKL was identified [28]. In 

conclusion, central precocious puberty affects liver 

glycogen homeostasis not muscle or brain. Furthermore, 

PHKA1 (phosphorylase kinase alpha 1) and PYGL have 

been reported as two key regulators during glycogen 

metabolism to balance the supplement of the glucose 

but the expression of PHKA1 was not changed in 

central precocious puberty that suggested the regulation 

of glycogen metabolism only via PYGL not PHKA1. 

 

In acid metabolism (hsa00410 beta-Alanine metabolism, 

hsa00380 tryptophan metabolism and hsa00340 histidine 

metabolism), Malonyl-CoA decarboxylase mitochondrial 

(MLYCD, O95822) and Aldehyde dehydrogenase 

mitochondrial (ALDH2, P05091) was up-regulated 

2.200942237 and 2.745247991-fold respectively in 

central precocious puberty (Figure 7). Enoyl-CoA 

hydratase mitochondrial (ECHS1, P30084), Aldehyde 

dehydrogenase family 3 member A2 (ALDH3A2, 

P51648), 4-trimethylaminobutyraldehyde dehydrogenase 

(ALDH9A1, P49189) and Hydroxyacyl-coenzyme A 

dehydrogenase mitochondrial (HADH, Q16836) was 

down-regulated 0.632687067, 0.638665838, 0.627453085 

and 0.582303316-fold respectively in central precocious 

puberty (Figure 7). Interestingly, most DEPs (MLYCD, 

ALDH2, ECHS1 and HADH) involved in acid 

metabolism was predicted to locate in mitochondria or 

contained mitochondrial carrier domain (Figure 4B, 

Figure 6B) that suggested central precocious puberty 

may affect mitochondria related acid metabolism. 

There are few reports about the role of MLYCD in 

beta-Alanine metabolism that is known to accelerate 

oxidation via the peroxisome to inhibit the activity of 

pyruvate dehydrogenase [29]. ALDH2 can transform 

 

 
 

Figure 7. Three major enrichment metabolisms in central precocious puberty including energy metabolism (hsa00500 
starch and sucrose metabolism), amino acid metabolism (hsa00410 beta-Alanine metabolism, hsa00380 tryptophan 
metabolism and hsa00340 histidine metabolism) and nitrogenous base metabolism (hsa00230 purine metabolism and 
hsa00240 pyrimidine metabolism). 
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β-aminopropion-aldehyde to β-alanine [30] and is widely 

studied as an important cardioprotective factor [31]. 

Activate ALDH2 promote mitochondrial homeostasis 

and suppress mitochondrial ROS (reactive oxygen 

species) [32, 33]. In our results, both MLYCD and 

ALDH2 was obviously up-regulated that MLYCD may a 

marker of ROS in central precocious puberty and 

ALDH2 may play an endogenous protective role. ECHS1 

mutation or ECHS1 deficiency is known as a primary 

cause leading to lactic acidosis in neonate that maybe 

related to mitochondrial fatty acid oxidation disorder [34, 

35]. Our data showed the down-regulation of ECHS1 that 

suggested the identification of ECHS1 mutation and the 

detection of lactic acid changes maybe valuable in 

specific central precocious puberty patients. HADH is 

reported as a common cause of hyperinsulinemia and the 

function of HADH needs further to determine in central 

precocious puberty [36]. Furthermore, the function of 

ALDH3A2 and ALDH9A1 should be pay special 

attention because ALDH3A2 and ALDH9A1 were 

differentially expressed in all three acid metabolisms 

(Figure 7). However, the existing studies on ALDH3A2 

and ALDH9A1 are less. ALDH3A2 mutation has been 

reported to cause Sjögren-Larsson syndrome [37, 38] and 

the variation of ALDH9A1 maybe a related pathogenic 

factor of renal cancer [39]. Further to explore the role of 

ALDH3A2 and ALDH9A1 in central precocious puberty 

will be interesting. 

 

In nitrogenous base metabolism (hsa00230 purine 

metabolism and hsa00240 pyrimidine metabolism), 

Adenylate kinase isoenzyme 1 (AK1, P00568), NME1-

NME2 read through (NME1-NME2, J3KPD9) and 

Purine nucleoside phosphorylase (PNP, P00491) were 

all up-regulated 1.582035928, 1.637353964 and 

1.975223898-fold respectively (Figure 7). AK1 is 

selected as a prognostic indicator in acute myeloid 

leukemia patients treated with chemotherapy [40]. 

NME1 play a potential role to regulated neuroblastoma 

or hepatocellular carcinoma pathogenesis and NME2 

can inhibit gastric cancer metastasis [41–43]. PNP play 

an important in ATP binding and the stabilization of 

RNaseII [44, 45]. The function of AK1, NME1-NME2 

and PNP in central precocious puberty needs further 

research to clarify the relationship between 

nitrogenous base metabolism and CPP pathogenesis. 

 

CONCLUSIONS 
 

Overall, our data provided a valuable profile with high 

quality and reliability that confirmed via multiple 

quality control indexes and PRM. The results suggested 

that multiple metabolic regulation may participate in 

central precocious puberty. In addition, these data 

further provided candidate differentially expressed 

proteins that may be novel potential targets for the 

future research of central precocious puberty diagnoses 

and treatment. 

 

AUTHOR CONTRIBUTIONS 
 

Chunlin Wang designed the study and drafted the 

manuscript. Qingqing Chen and Minfei He performed 

the experiments and Ke Yuan analyzed the data. 

Qingfeng Yan revised the manuscript. Jianfang Zhu and 

Yanlan Fang collected the CPP data. Jianhong Hu 

performed the control data. 

 

ACKNOWLEDGMENTS 
 

This work was supported by the key Research and 

Development Program of Zhejiang Province 

(2020C03121). 

 

CONFLICTS OF INTEREST  
 

The authors declare no conflicts of interest related to 

this study. 

 

REFERENCES 
 
1. Bangalore Krishna K, Fuqua JS, Rogol AD, Klein KO, 

Popovic J, Houk CP, Charmandari E, Lee PA, Freire AV, 
Ropelato MG, Yazid Jalaludin M, Mbogo J, Kanaka-
Gantenbein C, et al. Use of Gonadotropin-Releasing 
Hormone Analogs in Children: Update by an 
International Consortium. Horm Res Paediatr. 2019; 
91:357–72. 
https://doi.org/10.1159/000501336 
PMID:31319416 

2. Carel JC, Léger J. Clinical practice. Precocious puberty. 
N Engl J Med. 2008; 358:2366–77. 
https://doi.org/10.1056/NEJMcp0800459 
PMID:18509122 

3. Kim SH, Huh K, Won S, Lee KW, Park MJ. A Significant 
Increase in the Incidence of Central Precocious 
Puberty among Korean Girls from 2004 to 2010. PLoS 
One. 2015; 10:e0141844. 
https://doi.org/10.1371/journal.pone.0141844 
PMID:26539988 

4. Roberts SA, Kaiser UB. GENETICS IN 
ENDOCRINOLOGY: Genetic etiologies of central 
precocious puberty and the role of imprinted genes. 
Eur J Endocrinol. 2020; 183:R107–17. 
https://doi.org/10.1530/EJE-20-0103 
PMID:32698138 

5. Tommiska J, Sørensen K, Aksglaede L, Koivu R, 
Puhakka L, Juul A, Raivio T. LIN28B, LIN28A, KISS1, 
and KISS1R in idiopathic central precocious puberty. 
BMC Res Notes. 2011; 4:363. 

https://doi.org/10.1159/000501336
https://pubmed.ncbi.nlm.nih.gov/31319416
https://doi.org/10.1056/NEJMcp0800459
https://pubmed.ncbi.nlm.nih.gov/18509122
https://doi.org/10.1371/journal.pone.0141844
https://pubmed.ncbi.nlm.nih.gov/26539988
https://doi.org/10.1530/EJE-20-0103
https://pubmed.ncbi.nlm.nih.gov/32698138


 

www.aging-us.com 24248 AGING 

https://doi.org/10.1186/1756-0500-4-363 
PMID:21939553 

 6. Liu H, Kong X, Chen F. Mkrn3 functions as a novel 
ubiquitin E3 ligase to inhibit Nptx1 during puberty 
initiation. Oncotarget. 2017; 8:85102–9. 
https://doi.org/10.18632/oncotarget.19347 
PMID:29156706 

 7. Macedo DB, Kaiser UB. DLK1, Notch Signaling and 
the Timing of Puberty. Semin Reprod Med. 2019; 
37:174–81. 
https://doi.org/10.1055/s-0039-3400963 
PMID:31972862 

 8. Vazquez MJ, Velasco I, Tena-Sempere M. Novel 
mechanisms for the metabolic control of puberty: 
implications for pubertal alterations in early-onset 
obesity and malnutrition. J Endocrinol. 2019; 
242:R51–65. 
https://doi.org/10.1530/JOE-19-0223 
PMID:31189134 

 9. Chae HW, Na JH, Kwon A, Kim HS, Lee YM. Central 
precocious puberty may be a manifestation of 
endocrine dysfunction in pediatric patients with 
mitochondrial disease. Eur J Pediatr. 2021; 
180:425–32. 
https://doi.org/10.1007/s00431-020-03804-3 
PMID:32914201 

10. Calderón-Celis F, Encinar JR, Sanz-Medel A. 
Standardization approaches in absolute quantitative 
proteomics with mass spectrometry. Mass Spectrom 
Rev. 2018; 37:715–37. 
https://doi.org/10.1002/mas.21542 
PMID:28758227 

11. Soriano-Guillén L, Corripio R, Labarta JI, Cañete R, 
Castro-Feijóo L, Espino R, Argente J. Central 
precocious puberty in children living in Spain: 
incidence, prevalence, and influence of adoption 
and immigration. J Clin Endocrinol Metab. 2010; 
95:4305–13. 
https://doi.org/10.1210/jc.2010-1025 
PMID:20554707 

12. Teilmann G, Pedersen CB, Jensen TK, Skakkebaek NE, 
Juul A. Prevalence and incidence of precocious 
pubertal development in Denmark: an epidemiologic 
study based on national registries. Pediatrics. 2005; 
116:1323–8. 
https://doi.org/10.1542/peds.2005-0012 
PMID:16322154 

13. Latronico AC, Brito VN, Carel JC. Causes, diagnosis, 
and treatment of central precocious puberty. Lancet 
Diabetes Endocrinol. 2016; 4:265–74. 
https://doi.org/10.1016/S2213-8587(15)00380-0 
PMID:26852255 

14. Aguirre RS, Eugster EA. Central precocious puberty: 
From genetics to treatment. Best Pract Res Clin 
Endocrinol Metab. 2018; 32:343–54. 
https://doi.org/10.1016/j.beem.2018.05.008 
PMID:30086862 

15. Carel JC, Eugster EA, Rogol A, Ghizzoni L, Palmert MR, 
Antoniazzi F, Berenbaum S, Bourguignon JP, Chrousos 
GP, Coste J, Deal S, de Vries L, Foster C, et al, and 
ESPE-LWPES GnRH Analogs Consensus Conference 
Group. Consensus statement on the use of 
gonadotropin-releasing hormone analogs in children. 
Pediatrics. 2009; 123:e752–62. 
https://doi.org/10.1542/peds.2008-1783 
PMID:19332438 

16. Lahlou N, Carel JC, Chaussain JL, Roger M. 
Pharmacokinetics and pharmacodynamics of GnRH 
agonists: clinical implications in pediatrics. J Pediatr 
Endocrinol Metab. 2000 (Suppl 1); 13:723–37. 
https://doi.org/10.1515/jpem.2000.13.s1.723 
PMID:10969915 

17. Carel JC, Roger M, Ispas S, Tondu F, Lahlou N, 
Blumberg J, Chaussain JL. Final height after long-term 
treatment with triptorelin slow release for central 
precocious puberty: importance of statural growth 
after interruption of treatment. French study group 
of Decapeptyl in Precocious Puberty. J Clin Endocrinol 
Metab. 1999; 84:1973–8. 
https://doi.org/10.1210/jcem.84.6.5647 
PMID:10372696 

18. Gomes LG, Cunha-Silva M, Crespo RP, Ramos CO, 
Montenegro LR, Canton A, Lees M, Spoudeas H, 
Dauber A, Macedo DB, Bessa DS, Maciel GA, Baracat 
EC, et al. DLK1 Is a Novel Link Between Reproduction 
and Metabolism. J Clin Endocrinol Metab. 2019; 
104:2112–20. 
https://doi.org/10.1210/jc.2018-02010 
PMID:30462238 

19. Montenegro L, Labarta JI, Piovesan M, Canton APM, 
Corripio R, Soriano-Guillén L, Travieso-Suárez L, 
Martín-Rivada Á, Barrios V, Seraphim CE, Brito VN, 
Latronico AC, Argente J. Novel Genetic and 
Biochemical Findings of DLK1 in Children with Central 
Precocious Puberty: A Brazilian-Spanish Study. J Clin 
Endocrinol Metab. 2020; 105:dgaa461. 
https://doi.org/10.1210/clinem/dgaa461 
PMID:32676665 

20. Sørensen K, Mouritsen A, Mogensen SS, Aksglaede L, 
Juul A. Insulin sensitivity and lipid profiles in girls 
with central precocious puberty before and during 
gonadal suppression. J Clin Endocrinol Metab. 2010; 
95:3736–44. 
https://doi.org/10.1210/jc.2010-0731 
PMID:20484471 

https://doi.org/10.1186/1756-0500-4-363
https://pubmed.ncbi.nlm.nih.gov/21939553
https://doi.org/10.18632/oncotarget.19347
https://pubmed.ncbi.nlm.nih.gov/29156706
https://doi.org/10.1055/s-0039-3400963
https://pubmed.ncbi.nlm.nih.gov/31972862
https://doi.org/10.1530/JOE-19-0223
https://pubmed.ncbi.nlm.nih.gov/31189134
https://doi.org/10.1007/s00431-020-03804-3
https://pubmed.ncbi.nlm.nih.gov/32914201
https://doi.org/10.1002/mas.21542
https://pubmed.ncbi.nlm.nih.gov/28758227
https://doi.org/10.1210/jc.2010-1025
https://pubmed.ncbi.nlm.nih.gov/20554707
https://doi.org/10.1542/peds.2005-0012
https://pubmed.ncbi.nlm.nih.gov/16322154
https://doi.org/10.1016/S2213-8587(15)00380-0
https://pubmed.ncbi.nlm.nih.gov/26852255
https://doi.org/10.1016/j.beem.2018.05.008
https://pubmed.ncbi.nlm.nih.gov/30086862
https://doi.org/10.1542/peds.2008-1783
https://pubmed.ncbi.nlm.nih.gov/19332438
https://doi.org/10.1515/jpem.2000.13.s1.723
https://pubmed.ncbi.nlm.nih.gov/10969915
https://doi.org/10.1210/jcem.84.6.5647
https://pubmed.ncbi.nlm.nih.gov/10372696
https://doi.org/10.1210/jc.2018-02010
https://pubmed.ncbi.nlm.nih.gov/30462238
https://doi.org/10.1210/clinem/dgaa461
https://pubmed.ncbi.nlm.nih.gov/32676665
https://doi.org/10.1210/jc.2010-0731
https://pubmed.ncbi.nlm.nih.gov/20484471


 

www.aging-us.com 24249 AGING 

21. Qin Y, Sun M, You L, Wei D, Sun J, Liang X, Zhang B, 
Jiang H, Xu J, Chen ZJ. ESR1, HK3 and BRSK1 gene 
variants are associated with both age at natural 
menopause and premature ovarian failure. Orphanet 
J Rare Dis. 2012; 7:5. 
https://doi.org/10.1186/1750-1172-7-5 
PMID:22248077 

22. Nakamura N, Shibata H, O'Brien DA, Mori C, Eddy EM. 
Spermatogenic cell-specific type 1 hexokinase is the 
predominant hexokinase in sperm. Mol Reprod Dev. 
2008; 75:632–40. 
https://doi.org/10.1002/mrd.20791 
PMID:17924400 

23. Federzoni EA, Valk PJ, Torbett BE, Haferlach T, 
Löwenberg B, Fey MF, Tschan MP. PU.1 is linking the 
glycolytic enzyme HK3 in neutrophil differentiation 
and survival of APL cells. Blood. 2012; 119:4963–70. 
https://doi.org/10.1182/blood-2011-09-378117 
PMID:22498738 

24.  Wilson JE. Isozymes of mammalian hexokinase: 
structure, subcellular localization and metabolic 
function. J Exp Biol. 2003; 206:2049–57. 
https://doi.org/10.1242/jeb.00241 
PMID:12756287 

25. Rijksen G, Staal GE, Beks PJ, Streefkerk M, 
Akkerman JW. Compartmentation of hexokinase in 
human blood cells. Characterization of soluble and 
particulate enzymes. Biochim Biophys Acta. 1982; 
719:431–7. 
https://doi.org/10.1016/0304-4165(82)90230-6 
PMID:7150652 

26. Duran J, Guinovart JJ. Brain glycogen in health and 
disease. Mol Aspects Med. 2015; 46:70–7. 
https://doi.org/10.1016/j.mam.2015.08.007 
PMID:26344371 

27. Mathieu C, Li de la Sierra-Gallay I, Duval R, Xu X, 
Cocaign A, Léger T, Woffendin G, Camadro JM, 
Etchebest C, Haouz A, Dupret JM, Rodrigues-Lima F. 
Insights into Brain Glycogen Metabolism: THE 
STRUCTURE OF HUMAN BRAIN GLYCOGEN 
PHOSPHORYLASE. J Biol Chem. 2016; 291:18072–83. 
https://doi.org/10.1074/jbc.M116.738898 
PMID:27402852 

28. Barupal DK, Gao B, Budczies J, Phinney BS, Perroud B, 
Denkert C, Fiehn O. Prioritization of metabolic genes 
as novel therapeutic targets in estrogen-receptor 
negative breast tumors using multi-omics data and 
text mining. Oncotarget. 2019; 10:3894–909. 
https://doi.org/10.18632/oncotarget.26995 
PMID:31231467 

29. Nimri L, Saadi J, Peri I, Yehuda-Shnaidman E, Schwartz 
B. Mechanisms linking obesity to altered metabolism 

in mice colon carcinogenesis. Oncotarget. 2015; 
6:38195–209. 
https://doi.org/10.18632/oncotarget.5561 
PMID:26472027 

30. Liu H, Guo J, Li Y, Zhang Y, Wang J, Gao J, Deng Y, Li Y. 
Investigation on Intestinal Proteins and Drug 
Metabolizing Enzymes in Simulated Microgravity Rats 
by a Proteomics Method. Molecules. 2020; 25:4391. 
https://doi.org/10.3390/molecules25194391 
PMID:32987831 

31. Fang T, Cao R, Wang W, Ye H, Shen L, Li Z, Hu J, Gao 
Q. Alterations in necroptosis during ALDH2-mediated 
protection against high glucose-induced H9c2 cardiac 
cell injury. Mol Med Rep. 2018; 18:2807–15. 
https://doi.org/10.3892/mmr.2018.9269 
PMID:30015964 

32. Zhang R, Liu B, Fan X, Wang W, Xu T, Wei S, Zheng W, 
Yuan Q, Gao L, Yin X, Zheng B, Zhang C, Zhang S, et al. 
Aldehyde Dehydrogenase 2 Protects Against Post-
Cardiac Arrest Myocardial Dysfunction Through a 
Novel Mechanism of Suppressing Mitochondrial 
Reactive Oxygen Species Production. Front Pharmacol. 
2020; 11:373. 
https://doi.org/10.3389/fphar.2020.00373 
PMID:32292348 

33. Sun X, Gao R, Li W, Zhao Y, Yang H, Chen H, Jiang H, 
Dong Z, Hu J, Liu J, Zou Y, Sun A, Ge J. Alda-1 
treatment promotes the therapeutic effect of 
mitochondrial transplantation for myocardial 
ischemia-reperfusion injury. Bioact Mater. 2021; 
6:2058–69. 
https://doi.org/10.1016/j.bioactmat.2020.12.024 
PMID:33511307 

34. Ganetzky RD, Bloom K, Ahrens-Nicklas R, Edmondson 
A, Deardorff MA, Bennett MJ, Ficicioglu C. ECHS1 
Deficiency as a Cause of Severe Neonatal Lactic 
Acidosis. JIMD Rep. 2016; 30:33–7. 
https://doi.org/10.1007/8904_2016_538 
PMID:26920905 

35. Sharpe AJ, McKenzie M. Mitochondrial Fatty Acid 
Oxidation Disorders Associated with Short-Chain Enoyl-
CoA Hydratase (ECHS1) Deficiency. Cells. 2018; 7:46. 
https://doi.org/10.3390/cells7060046 
PMID:29882869 

36. Çamtosun E, Flanagan SE, Ellard S, Şıklar Z, Hussain K, 
Kocaay P, Berberoğlu M. A Deep Intronic HADH 
Splicing Mutation (c.636+471G>T) in a Congenital 
Hyperinsulinemic Hypoglycemia Case: Long Term 
Clinical Course. J Clin Res Pediatr Endocrinol. 2015; 
7:144–7. 
https://doi.org/10.4274/jcrpe.1963 
PMID:26316438 

https://doi.org/10.1186/1750-1172-7-5
https://pubmed.ncbi.nlm.nih.gov/22248077
https://doi.org/10.1002/mrd.20791
https://pubmed.ncbi.nlm.nih.gov/17924400
https://doi.org/10.1182/blood-2011-09-378117
https://pubmed.ncbi.nlm.nih.gov/22498738
https://doi.org/10.1242/jeb.00241
https://pubmed.ncbi.nlm.nih.gov/12756287
https://doi.org/10.1016/0304-4165(82)90230-6
https://pubmed.ncbi.nlm.nih.gov/7150652
https://doi.org/10.1016/j.mam.2015.08.007
https://pubmed.ncbi.nlm.nih.gov/26344371
https://doi.org/10.1074/jbc.M116.738898
https://pubmed.ncbi.nlm.nih.gov/27402852
https://doi.org/10.18632/oncotarget.26995
https://pubmed.ncbi.nlm.nih.gov/31231467
https://doi.org/10.18632/oncotarget.5561
https://pubmed.ncbi.nlm.nih.gov/26472027
https://doi.org/10.3390/molecules25194391
https://pubmed.ncbi.nlm.nih.gov/32987831
https://doi.org/10.3892/mmr.2018.9269
https://pubmed.ncbi.nlm.nih.gov/30015964
https://doi.org/10.3389/fphar.2020.00373
https://pubmed.ncbi.nlm.nih.gov/32292348
https://doi.org/10.1016/j.bioactmat.2020.12.024
https://pubmed.ncbi.nlm.nih.gov/33511307
https://doi.org/10.1007/8904_2016_538
https://pubmed.ncbi.nlm.nih.gov/26920905
https://doi.org/10.3390/cells7060046
https://pubmed.ncbi.nlm.nih.gov/29882869
https://doi.org/10.4274/jcrpe.1963
https://pubmed.ncbi.nlm.nih.gov/26316438


 

www.aging-us.com 24250 AGING 

37. Incecık F, Herguner OM, Rizzo WB, Altunbasak S. A 
Turkish family with Sjögren-Larsson syndrome caused 
by a novel ALDH3A2 mutation. Ann Indian Acad 
Neurol. 2013; 16:425–7. 
https://doi.org/10.4103/0972-2327.116927 
PMID:24101836 

38. Taghdiri M, Kashef A, Fardaei M, Miryounesi M. 
Identification of a novel deletion within ALDH3A2 
gene in an Iranian Family with Sjögren-Larsson 
Syndrome. Clin Case Rep. 2017; 6:32–6. 
https://doi.org/10.1002/ccr3.1235 
PMID:29375833 

39. Henrion MY, Purdue MP, Scelo G, Broderick P, 
Frampton M, Ritchie A, Meade A, Li P, McKay J, 
Johansson M, Lathrop M, Larkin J, Rothman N, et al. 
Common variation at 1q24.1 (ALDH9A1) is a potential 
risk factor for renal cancer. PLoS One. 2015; 
10:e0122589. 
https://doi.org/10.1371/journal.pone.0122589 
PMID:25826619 

40. Qin T, Zhao H, Shao Y, Hu N, Shi J, Fu L, Zhang Y. 
High expression of AK1 predicts inferior prognosis 
in acute myeloid leukemia patients undergoing 
chemotherapy. Biosci Rep. 2020; 40:BSR20200097. 
https://doi.org/10.1042/BSR20200097 
PMID:32519744 

41. Liu YF, Yang A, Liu W, Wang C, Wang M, Zhang L, 
Wang D, Dong JF, Li M. NME2 reduces proliferation, 
migration and invasion of gastric cancer cells to limit 
metastasis. PLoS One. 2015; 10:e0115968. 
https://doi.org/10.1371/journal.pone.0115968 
PMID:25700270 

42. Yang J, Lv Z, Huang J, Zhao Y, Li Y. High expression of 
NME1 correlates with progression and poor prognosis 
in patients of hepatocellular carcinoma. Int J Clin Exp 
Pathol. 2017; 10:8561–8. 
PMID:31966710 

43. Adam K, Lesperance J, Hunter T, Zage PE. The 
Potential Functional Roles of NME1 Histidine Kinase 
Activity in Neuroblastoma Pathogenesis. Int J Mol Sci. 
2020; 21:3319. 
https://doi.org/10.3390/ijms21093319 
PMID:32392889 

44. Hajnsdorf E, Steier O, Coscoy L, Teysset L, Régnier P. 
Roles of RNase E, RNase II and PNPase in the 
degradation of the rpsO transcripts of Escherichia 
coli: stabilizing function of RNase II and evidence for 
efficient degradation in an ams pnp rnb mutant. 
EMBO J. 1994; 13:3368–77. 
https://doi.org/10.1002/j.1460-2075.1994.tb06639.x 
PMID:7519147 

45. Dixon-Clarke SE, Elkins JM, Cheng SW, Morin GB, 
Bullock AN. Structures of the CDK12/CycK complex 
with AMP-PNP reveal a flexible C-terminal kinase 
extension important for ATP binding. Sci Rep. 2015; 
5:17122. 
https://doi.org/10.1038/srep17122 
PMID:26597175 

 

 

https://doi.org/10.4103/0972-2327.116927
https://pubmed.ncbi.nlm.nih.gov/24101836
https://doi.org/10.1002/ccr3.1235
https://pubmed.ncbi.nlm.nih.gov/29375833
https://doi.org/10.1371/journal.pone.0122589
https://pubmed.ncbi.nlm.nih.gov/25826619
https://doi.org/10.1042/BSR20200097
https://pubmed.ncbi.nlm.nih.gov/32519744
https://doi.org/10.1371/journal.pone.0115968
https://pubmed.ncbi.nlm.nih.gov/25700270
https://pubmed.ncbi.nlm.nih.gov/31966710
https://doi.org/10.3390/ijms21093319
https://pubmed.ncbi.nlm.nih.gov/32392889
https://doi.org/10.1002/j.1460-2075.1994.tb06639.x
https://pubmed.ncbi.nlm.nih.gov/7519147
https://doi.org/10.1038/srep17122
https://pubmed.ncbi.nlm.nih.gov/26597175

