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Abstract

Phosphorylation is crucial in regulating various biological processes. However, comprehensive 

phosphoproteomic profiling in the termination of liver regeneration (LR) is still missing. Here, we 

used TMT labeling coupled with phosphopeptides enrichment and 2D LC-MS/MS analysis to 

establish a global phosphoproteomic map in the liver of mice at day 5 after partial hepatectomy 

(PH). Altogether, 9731 phosphosites from 3443 proteins were identified and 7802 phosphosites 

from 2980 proteins were quantified. Motif analysis of the identified phosphosites revealed a 

diverse array of consensus sequences, suggesting multiple kinase families including ERK/MAPK, 

PKA/PKC, CaMK-II, CKII and CDK may be involved in the termination of LR. Functional 

clustering analysis of proteins with dysregulated phosphosites showed that they mainly participate 

in metabolic pathways, DNA replication and tight junction. More importantly, deletion of PP2Acα 
in the liver remarkably changes the overall phosphorylation profile, indicating its critical role in 

regulating the termination of LR. Finally, several differentially phosphorylated sites were validated 

by Co-immunoprecipitation and Western blot. Taken together, our data unravels the first 

comprehensive phosphoproteomic map in the termination of LR in mice, which greatly expands 
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our knowledge in the complicate regulation of this process and provides new directions for the 

treatment of liver cancer using liver resection.

Graphical Abstract
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Phosphorylation; partial hepatectomy; liver regeneration; TMT; PP2Acα; metabolic 
reprogramming

Introduction

The liver is the only organ that has the ability to regenerate after massive loss of tissue mass 

induced by partial hepatectomy (PH) or toxic injury1. Liver resection is commonly 

performed for primary and metastatic liver cancer and is considered as the most effective 

method to treat liver cancer2, 3. Understanding the hepatic regenerative process is clinically 

important as effective treatments of chronic liver diseases, such as resection of tumors and 

donor liver transplantation, requires complete liver regeneration. This process is marked by 

how well the architecture, size and function of the liver can be restored. Hepatocytes 

undergo replication to restore the liver mass by compensatory hyperplasia. Immediately after 

hepatectomy, the liver begins to regenerate1. Cytokines, growth factors, and metabolic 

networks are essential components required for liver regeneration. These include changes in 

the enzymatic activation of extracellular matrix remodelers (e.g. urokinase plasminogen 

activator, MMP-9)4, relative changes in blood flow volume in relation to the remaining 

hepatic sinusoid, the increment on the bioavailability of certain growth factors (HGF, EGFR 

ligands)5, hormones (noradrenalin, serotonin) and cytokines6; the activation of transcription 

factors (STAT3, NF-κB, Notch-NICD, β-catenin) and changes in the transcriptome of 

hepatocytes7, 8.

Post-translational modifications (PTMs) provide a means to regulate protein function, and 

phosphorylation is one of ubiquitous and extensively studied PTMs9, 10. Reversible protein 

phosphorylation temporally and spatially modifies 30% of all cellular proteins and plays a 

crucial role in regulating a variety of biological processes such as signal transduction and the 

cell cycle, and controls various biological functions like cell proliferation, growth, 

polarization, survival and apoptosis10. The presence of multiple phosphosites within a 

protein expands the possibilities and complexities for regulation. Phosphorylation at 

different sites within a protein may have similar or opposite effects on one specific function 
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and/or distinct functions of the protein11–13. Phosphate groups can be directly involved in 

ligand binding. Phosphorylation/dephosphorylation can also be considered to be an on/off 

switch for ligand interaction and protein function when the phospho-group is directly 

involved in molecular interactions10, 14. Thus, the identification of kinase-specific 

phosphosites and the systematic elucidation of site-specific kinase-substrate relations would 

provide a fundamental basis for understanding cellular pathways to unravel molecular 

mechanisms underlying human pathology, which would help identifying potential drug 

targets for future biomedical design15, 16.

During the liver regeneration process, many key signaling pathways are regulated by 

phosphorylation, such as STAT3, YAP, MAPK, Akt, GSK-3β, AMPK and NF-κB17–21. 

After partial hepatectomy, hepatocytes proliferate rapidly, correlating with increased AMPK 

phosphorylation. Apart from negative regulation of β-catenin, GSK3 can directly regulate 

several other cell proliferation mediators, including cyclin D1, c-Myc, c-Jun, and eIF2B20. 

Thus, GSK3 could also potentially alter liver regeneration. Upon binding of TGF-β to its 

type I and II surface receptor complexes, intracellular Smad2 and 3 are phosphorylated and 

form a complex with Smad4, which translocate to the nucleus to modulate the 

transcriptional response by interacting with a variety of factors regulating the expression of 

target genes22. Stat3 signaling is also a known regulator of cell survival and proliferation. 

Upon activation by a number of factors including IL-6, Stat3 promotes cell survival 

including the induction of anti-apoptotic factors while also promoting cell cycle progression 

and liver regeneration8.

Up to now, mechanisms leading to termination of liver regeneration remain elusive. TGF-β 
is usually considered as the termination signal of liver regeneration6, 23. Satellite cells which 

are activated by TGF-β secret large amount of extracellular matrix. Newly synthesized 

matrix binds HGF and prevents it from being activated by urokinase. Besides TGF-β, 

normalized blood flow of the liver may contribute to the termination of regeneration. Protein 

phosphatases 1 and 2A (PP1 and PP2A) are the most ubiquitous and abundant serine/

threonine phosphatases in eukaryotic cells24. PP2A plays a critical role in the regulation of 

the cell cycle. It is known to dephosphorylate over 300 substrates involved in the cell cycle, 

regulating almost all major pathways and cell cycle checkpoints. We have previously 

reported that PP2Acα−/− mice showed prolonged LR termination and an increased liver size 

compared to the original mass25. Further study demonstrated PP2Acα plays an essential role 

in the proper termination of LR via the AKT/GSK3β/Cyclin D1 pathway, indicating that 

phosphorylation/dephosphorylation events play critical roles in controlling termination of 

liver regeneration. However, comprehensive investigation of global protein phosphorylation/

dephosphorylation and the role of PP2Acα in this process are still missing. In this study, we 

report an integrated approach of TMT labeling coupled with phosphopeptides enrichment 

and 2D LC-MS/MS to establish a global phosphoproteomic profile in the termination of LR 

in both wild type and PP2Acα−/− mice using 70 % partial hepatectomy model.
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Material and methods

Mice PH model and liver tissue preparation

This study was approved by the Ethics Committee of the Affiliated Drum Tower Hospital of 

Medical School, Nanjing University. C57BL6/J mice were bought from Model Animal 

Research Center of Nanjing University. PP2Acα−/− mice were generated as described 

previously25. Adult male C57BL6/J (Wild-type) and PP2Acα−/− mice which were 8–10 

weeks old were used in our study. The mice were housed in a temperature-controlled animal 

facility with 12-h light-dark cycles and had unlimited access to water and commercial food. 

To perform partial hepatectomy, animals were anesthetized by inhalation of isoflurane. The 

abdomen was accessed via midline laparotomy, the left lateral and median lobes (70 % of 

the liver) were ligated separately with a single 4–0 silk suture and resected. The abdomen 

was closed with also a 4–0 silk suture and mice were placed in an incubator (37 °C) for 

recovery. Sham operations comprised the same procedure but omitted removal of the liver 

lobes. The mice were sacrificed at 5 days after hepatectomy (n = 3 at each time point) which 

represents the key time point of liver regeneration termination by our previous study25. The 

liver/body weight ratio was measured and liver tissues were snap frozen in liquid nitrogen 

and stored in −80 °C for further analysis.

Protein extraction

Mice liver tissue was grinded by liquid nitrogen into cell powder and then transferred to a 5-

mL centrifuge tube. After that, four volumes of lysis buffer (8 M urea, 1% Protease Inhibitor 

Cocktail) were added to the cell powder, followed by sonication three times on ice using a 

high intensity ultrasonic processor (Scientz). The remaining debris was removed by 

centrifugation at 12,000 g at 4 °C for 10 min. Finally, the supernatant was collected and the 

protein concentration was determined with Pierce™ BCA Protein Assay Kit (Thermo 

Scientific) according to the manufacturer’s instructions.

Trypsin digestion and TMT Labeling

For digestion, 1mg protein solution was reduced with 5 mM dithiothreitol for 30 min at 56 

°C and alkylated with 10 mM iodoacetamide for 15 min at room temperature in darkness. 

The protein sample was then diluted by adding 100 mM TEAB to make urea concentration 

less than 2M. 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. After 

trypsin digestion, peptide was desalted by Strata X C18 SPE column (Phenomenex) and 

vacuum-dried. Peptide was reconstituted in 0.5 M TEAB and processed according to the 

manufacturer’s protocol for TMT 6-plex kit (Thermo). Briefly, one unit of TMT reagent 

were thawed, reconstituted in acetonitrile and added to the peptides. The peptide mixtures 

were then incubated for 2 h at room temperature and pooled, desalted and dried by vacuum 

centrifugation.

HPLC fractionation

The tryptic peptides were fractionated into fractions by high pH reverse-phase HPLC 

(Agilent 1260) using Thermo Betasil C18 column (5 μm particles, 10 mm ID, 250 mm 

Zhang et al. Page 4

J Proteome Res. Author manuscript; available in PMC 2020 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



length). The buffers used for basic reverse phase were buffer A (2% acetonitrile, 10 mM 

ammonium formate, pH 9) and buffer B (98% acetonitrile, 10mM ammonium formate, pH 

9). Briefly, peptides were first separated with a gradient of 8% to 32% acetonitrile (pH 9) 

over 40 min into 40 fractions at a flow rate of 1mL/min. Then, the peptides were combined 

into 8 samples by pooling fractions with every 8 intervals, e.g. pooling fractions (1, 9, 17, 

25, 33) as sample 1, fractions (2, 10, 18, 26, 34) as sample 2, until fractions (8, 16, 24, 32, 

40) as sample 8. The combined samples were then dried by vacuum centrifugation for next 

step.

Affinity enrichment of phosphopeptides

IMAC microspheres were bought from Dalian Institute of Chemical Physics, Chinese 

Academy of Sciences and Ti4+-IMAC microsphere was used here to enrich 

phosphopeptide26. Peptide mixtures were first incubated with IMAC microspheres 

suspension with vibration in loading buffer (50% acetonitrile/6% trifluoroacetic acid). The 

IMAC microspheres with enriched phosphopeptides were collected by centrifugation, and 

the supernatant was removed. To remove nonspecifically adsorbed peptides, the IMAC 

microspheres were washed with 50% acetonitrile/6% trifluoroacetic acid and 30% 

acetonitrile/0.1% trifluoroacetic acid, sequentially. To elute the enriched phosphopeptides 

from the IMAC microspheres, elution buffer containing 10% NH4OH was added and the 

enriched phosphopeptides were eluted with vibration. The supernatant containing 

phosphopeptides was collected and lyophilized for LC-MS/MS analysis.

LC-MS/MS analysis

The tryptic peptides of each fraction were dissolved in solvent A (0.1% formic acid in 2% 

acetonitrile), directly loaded onto a home-made reversed-phase analytical column (15 cm 

length, 75 μm i.d.) packed with Reprosil-Pur Basic C18, 1.9 µm (Dr. Maisch GmbH HPLC). 

The gradient was comprised of an increase from 2% to 22% solvent B (0.1% formic acid in 

98% acetonitrile) over 40 min, 22% to 35% in 12 min and climbing to 80% in 4 min then 

holding at 80% for the last 4 min, all at a constant flow rate of 350 nL/min on an EASY-nLC 

1000 UPLC system.

The peptides were subject to NSI source followed by tandem mass spectrometry (MS/MS) 

in Q Exactive™ Plus (Thermo) coupled online to the UPLC. The electrospray voltage 

applied was 2.0 kV. The m/z scan range was 350 to 1800 for full scan, and intact peptides 

were detected in the Orbitrap at a resolution of 70,000. Peptides were then selected for 

MS/MS using NCE setting as 28 and the fragments were detected in the Orbitrap at a 

resolution of 17,500. A data-dependent procedure that alternated between one MS scan 

followed by 20 MS/MS scans with 15.0 s dynamic exclusion. Automatic gain control (AGC) 

was set at 5E4. Fixed first mass was set as 100 m/z.

Database search

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE27 partner repository with the dataset identifier PXD011374. 

Submission details: Project Name: Global Phosphoproteomic Analysis Reveals Significant 

Metabolic Reprogramming in the Termination of Liver Regeneration in Mice. Project 
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accession: PXD011374; Project DOI: Not applicable. Reviewer account details: Username: 

reviewer31869@ebi.ac.uk; Password: bHVUE0WF. The resulting MS/MS data were 

processed using Maxquant search engine (v.1.5.2.8). Tandem mass spectra were searched 

against UniProt_Mus musculus (83,099 sequences, released on Dec. 2017) database 

concatenated with reverse decoy database. TMT-4plex was selected as quantification 

method. Trypsin/P was specified as cleavage enzyme allowing up to 3 missing cleavages, 4 

modifications per peptide and 5 charges. Mass error was set to 20 ppm for first search, 5 

ppm for main search and 0.02 Da for fragment ions. Carbamidomethylation on Cys was 

specified as fixed modification and oxidation on Met, phosphorylation on Ser, Thr, Tyr and 

acetylation on protein N-terminal were specified as variable modifications. False discovery 

rate (FDR) thresholds for protein, peptide and modification site were specified at 1%. 

Minimum peptide length was set at 7. All the other parameters in MaxQuant were set to 

default values. The site localization probability was set as > 0.75.

Statistical analysis

For TMT quantification of a specific phosphosite, the ratios of the TMT reporter ion 

intensities in MS/MS spectra (m/z 126, 128, 130, 131) from raw data sets were used to 

calculate fold changes among samples. Differential expression of phosphosites was 

calculated by the mean of the three repeats over the mean of the three repeats. For statistical 

test, two-sample, two-sided T-tests were used to compare the dysregulated phosphosites. In 

general, p < 0.05 was considered to be statistically significant, and we reported the p value 

or significance level any time a statistical test was performed.

Motif analysis

Software motif-X28 was used to analyze the model of sequences constituted with amino 

acids in specific positions of modify-13-mers (6 amino acids upstream and downstream of 

the site) in all protein sequences. And all the database protein sequences were used as 

background database parameter, other parameters with default.

Enrichment analysis of Gene Ontology, KEGG pathway and protein domain

Enrichment analysis of Gene Ontology, the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway and protein domain was performed for proteins with dysregulated 

phosphosites as described29. Briefly, proteins with dysregulated phosphosites were classified 

by GO annotation into three categories: biological process, cellular compartment and 

molecular function. Similarly, the KEGG database was used to identify enriched pathways 

and InterPro database was researched to identify enriched protein domains in proteins with 

dysregulated phosphosites against all identified proteins. For each GO, KEGG pathway or 

protein domain, a two-tailed Fisher’s exact test was employed to test the enrichment of 

proteins with dysregulated phosphosites against all identified proteins. The GO, KEGG 

pathway or protein domain with a corrected p value < 0.05 is considered significant.

Enrichment-based clustering

For further hierarchical clustering based on different protein functional classification (such 

as: Motif, GO, Domain and KEGG Pathway). We first collated all the categories obtained 
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after enrichment along with their p values, and then filtered for those categories which were 

at least enriched in one of the clusters with p value < 0.05. This filtered p value matrix was 

transformed by the function x = −log10 (p value). Finally, these x values were z-transformed 

for each functional category. These z scores were then clustered by one-way hierarchical 

clustering (Euclidean distance, average linkage clustering) in Genesis. Cluster membership 

was visualized by a heatmap using the “heatmap.2” function from the “gplots” R-package.

Validation of proteins with dysregulated phosphosites in the termination of liver 
regeneration

Several proteins were selected for validation from proteins with dysregulated phosphosites 

identified by TMT quantitation. For validation of PDHA, total lysates of mice liver from 

different days after PH were used to detect change of PDHA phosphorylation using p-PDHA 

Ser232 antibody. For validations of other proteins, Co-Immunoprecipitation (Co-IP) was 

performed according to the manufacturer’s instructions (Pierce, USA). Briefly, every 50 mg 

liver tissue was homogenized in 1 mL lysis buffer with protease inhibitors and phosphatase 

inhibitor (Roche, Switzerland). After centrifugation at 12,000g/min for 20 min, the 

supernatants were harvested as total lysates. After incubating with the Control Agarose 

Resins to pre-clear, the total lysates were ready to use. 10 μg antibodies of ACACA 

(BM4414, Boster), FASN (PB0909, Boster), GBE1 (20313–1-AP, Proteintech), MAP4K4 

(55247–1-AP, Proteintech), Stathmin (11157–1-AP, Proteintech) and BNIP3 (BM5039, 

Proteintech) were immobilized to the AminoLink Plus Coupling Resins in the columns, 

respectively. Two columns of each antibody were prepared. Co-IP was performed by adding 

total lysates from Sham and PH group respectively into the resins conjugated with different 

antibodies. After incubating overnight at 4 °C with gentle mixing, the proteins were eluted 

from the resins and analyzed by Western blot. The eluted proteins were separated by 10% 

SDS–polyacrylamide gel and transferred onto polyvinylidene fluoride membrane. The 

membrane was probed with Phospho-(Ser/Thr) Phe (Abcam, USA) antibody to detect 

phosphorylated ACACA, FASN, GBE1, MAP4K4, Stathmin and BNIP3 using an enhanced 

chemiluminescence Western blotting Kit (Beyotime Biotech, Shanghai, China). The amount 

of PDHA, ACACA, FASN, GBE1, MAP4K4, Stathmin and BNIP3 in total lysates was also 

measured by Western blot using corresponding antibody, and β-Actin (BM0627, Boster) was 

used as loading control. All the Western blots have been repeated at least three times in our 

study.

Results

A schematic workflow of global phosphoproteomic analysis in the termination of mice 
liver regeneration

A schematic workflow in this study has been illustrated (Fig. 1). Briefly, 70% partial 

hepatectomy was performed for wild-type and PP2Acα−/− mice, named PH-WT and PH-

KO, respectively. Meanwhile, Sham operation was also performed, and the samples were 

named Sham-WT and Sham-KO, respectively. Three biological replicates were set, and each 

replicate contains a group of Sham-WT, PH-WT, Sham-KO and PH-KO. Five days after PH 

or Sham operation, the livers from all mice were collected and preceded to protein extraction 

separately. After trypsin digestion, the resulting peptides from each group of Sham-WT, PH-
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WT, Sham-KO and PH-KO were labeled with reagents 126, 128, 130 and 131 of TMT 6-

plex kit (Thermo, USA), respectively and then mixed prior to high pH HPLC fractionation. 

Twelve HPLC samples were pooled for IMAC phosphopeptide enrichment and subsequent 

LC-MS/MS analysis. Then, phosphorylation sites were identified and quantified through 

database searching, and further subject to extensive bioinformatics analyses to reveal the 

markedly phosphoproteomic alterations in the termination of liver regeneration in mice.

Quantification overview of phosphorylation sites

To ensure the validity of MS data, three biological replicates were used in this study. The 

results have shown high reproducibility among three biological replicates with a Pearson 

correlation coefficient > 0.8 (Fig. S-1A). Secondly, the mass error of most peptides is < 5 

ppm, which means the mass accuracy of the MS data fit the requirement (Fig. S-1B). 

Finally, for most of identified proteins, their number of modification sites per protein was 1 

to 3 (Fig. S-1C).

In total, 9,731 phosphosites from 3,443 proteins were identified, among which 7,802 

phosphosites from 2,980 proteins were quantified (Fig. 2A, Table S-1). When setting the 

ratio > 1.2, p < 0.05 as up-regulation and ratio < 1/1.2 (0.833), p < 0.05 as down-regulation, 

754 phosphosites from 506 proteins were up-regulated and 600 phosphosites from 417 

proteins were down-regulated in PH-WT/Sham-WT(Fig. 2B and Table S-2), suggesting the 

remarkably global phosphorylation changes in the termination of mice liver regeneration. 

Interestingly, 539 phosphosites from 388 proteins were up-regulated and 420 phosphosites 

from 327 proteins were down-regulated in PH-KO/PH-WT, indicating that the loss of PP2A 

leaded to markedly phosphoproteomic alterations in the termination of mice liver 

regeneration.

Motif analysis of all identified phosphosites

Phosphorylation motifs among all identified phosphosites were analyzed by Motif-x online 

tool. Totally 22 different motifs were found with fold increase > 10, including 12 Ser and 10 

Thr motifs (Fig. 3A). These phosphorylation motifs contain common consensus 

phosphorylation sequences of ERK/MAPK, PKA/PKC, CaMK-II, CKII and CDK, 

suggesting that several specific kinase families are involved in the termination of liver 

regeneration (Fig. 3B and 3C). Among these protein kinases, almost all of them have been 

reported to participate in cell proliferation, cell cycle, cell skeleton and cell-cell adhesion, 

suggesting these kinases might play essential roles in regulating the termination of liver 

regeneration.

Protein annotation of identified and quantified phosphosites

To further understand the functions and characteristics of proteins with identified and 

quantified phosphosites, we performed several bioinformatics analyses to annotate their 

Gene Ontology, Protein Domain, KEGG Pathway and Subcellular Localization. Fig. S-2 

displays such annotations for proteins with up-regulated or down-regulated phosphosites, 

respectively.

Zhang et al. Page 8

J Proteome Res. Author manuscript; available in PMC 2020 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the proteins with up-regulated phosphosites, regulation of cellular process, regulation of 

biological process, macromolecule metabolic process, regulation of metabolic process and 

multicellular organism development are prominently represented in the category of 

biological process, accounting for 7%, 5%, 4%, 4% and 4%, respectively (Fig. S-2A). In the 

cellular components category, the top 3 classes are intracellular (23%), cell periphery (9%) 

and organelle lumen (8%) (Fig. S-2B). In the molecular function category, a great number of 

proteins are involved in nucleic acid binding (8%), anion binding (8%), nucleoside 

phosphate binding (8%), cation binding (8%) and enzyme binding (6%), indicating the 

essential regulatory role of phosphorylation in molecular binding and catalytic activity of 

enzymes (Fig. S-2C). In the subcellular localization category, the top 3 classes are nucleus 

(48%), cytoplasm (21%) and plasma membrane (11%), which indicates these up-regulated 

phosphorylation events mainly take place in nucleus and cytoplasm (Fig. S-2D). It’s also 

notable that 7% of proteins with up-regulated phosphosites are located in mitochondria, 

suggesting mitochondria may play important role in regulating the termination of liver 

regeneration.

Functional classifications of the proteins with down-regulated phosphosites are very similar 

to those with up-regulated phosphosites. In the category of biological process, regulation of 

cellular process, macromolecule metabolic process, regulation of metabolic process, 

regulation of biological process and cellular nitrogen compound metabolic process are also 

prominently represented, accounting for 7%, 5%, 5%, 4% and 4% of all proteins with down-

regulated phosphosites, respectively (Fig. S-2E). In the cellular components category (Fig. 

S-2F), the top 3 classes are intracellular (24%), vesicle (9%) and organelle lumen (8%). In 

the molecular function category (Fig. S-2G), most proteins are involved in binding activity 

including cation binding (9%), nucleic acid binding (9%), anion binding (8%), nucleoside 

phosphate binding (7%), and enzyme binding (7%). In the subcellular localization category 

(Fig. S-2H), the top 3 classes are nucleus (42%), cytoplasm (26%) and plasma membrane 

(12%), mitochondria is the fourth large class which accounts for 8% of proteins with down-

regulated phosphosites. The proteins with down-regulated phosphosites are also involved in 

biological processes of transport (4%), organic cyclic compound metabolic process (3%), 

organic substrate biosynthetic process (3%) and multicellular organism development (3%) 

etc.

Functional enrichment of proteins with differentially regulated phosphosites

GO-based enrichment analysis was further performed to elucidate the preferred biological 

functions of proteins with differentially regulated phosphosites in PH-WT vs. Sham-WT 

(Fig. 4). In proteins with up-regulated phosphosites, the enrichment results of cellular 

component indicate that phosphorylation in the termination of liver regeneration may prefer 

to regulate cell-cell junction, anchoring junction, cell junction, adherens junction, and cell-

cell adherens junction (Fig. 4A). In agreement with the observation above, cell adhesion 

molecule binding was the most enriched category, followed by protein binding involved in 

cell-cell adhesion and cadherin binding in category of molecular function. Furthermore, the 

evaluation of biological process shows the top 5 processes are cell adhesion, biological 

adhesion, cell-cell adhesion, cytoskeleton organization and cell migration, followed by 

locomotion.
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In contrary to proteins with up-regulated phosphosites, the enrichment results of proteins 

with down-regulated phosphosites show distinct characteristics in all 3 GO-based analyses 

(Fig. 4B). In category of cellular component, endoplasmic reticulum membrane, ribosome, 

cell cortex part and Golgi membrane are prominently enriched. In category of molecular 

function, iron ion binding was the most enriched category, followed by oxidoreductase 

activity and substrate-specific transporter activity. In category of biological process, the top 

3 processes are metabolic processes including organonitrogen compound, cellular amide and 

cofactor, followed by organonitrogen compound biosynthetic process and oxidation-

reduction process.

To investigate the metabolic processes and pathways in which the differentially 

phosphorylated proteins are involved in the termination of liver regeneration, KEGG 

pathway enrichment analysis was performed for the protein with either up- or down-

regulated phosphosites, respectively. The proteins with up-regulated phosphosites are 

mapped to pathways with significant p values (p < 0.05) including leukocyte 

transendothelial migration, focal adhesion, tight junction, axon guidance, DNA replication, 

mismatch repair and regulation of actin cytoskeleton (Fig. 4C). While in proteins with down-

regulated phosphosites, most of them are mapped to malaria, calcium signaling pathway, 

glucagon signaling pathway, histidine metabolism and salivary secretion (Fig. 4D).

Protein functions are largely dependent on specific domain structures in the sequence. Thus, 

we performed domain enrichment analysis to assess the domain structures of proteins with 

differentially regulated phosphosites in the termination of liver regeneration. The protein 

domains significantly enriched in the proteins with up-regulated phosphosites includes 

ubiquitin-related domain, calponin homology domain, guanlylate kinase/L-type calcium 

channel beta subunit, SH3 domain and PDZ domain, etc. (Fig. 4E). While in proteins with 

down-regulated phosphosites, the significantly enriched protein domains are P-type ATPase, 

transmembrane and GRIP domain (Fig. 4F).

Validation of proteins with differentially regulated phosphosites and their biological 
significance

To verify the dynamic phosphorylation changes induced by PH in liver regeneration, several 

proteins with differentially regulated phosphosites including PDHA, ACACA, FASN, 

GBE1, MAP4K4, Stathmin and BNIP3 were chosen to validate the phosphoproteomic 

results (Table S-3). Among them, PDHA, ACACA, FASN and GBE1 are important 

metabolic enzymes; MAP4K4 is a key kinase in MAPK signaling pathway; Stathmin plays 

crucial roles in preventing assembly and promoting disassembly of microtubules, which is 

very important in controlling mitotic spindle organization and mitotic cytokinesis; BNIP3 is 

an apoptosis-inducing protein that can overcome BCL2 suppression, and also involved in 

mitochondrial quality control.

In our study, in the first 4 days after PH, PDHA was highly phosphorylated at S-232, S-293, 

S-295 and S-300, possibly by PDK family. Interestingly, at day 5 after PH, the 

phosphorylation of PDHA rapidly decreased (Table S-3, Fig. 5B). In contrary to PDHA, 

multiple phosphosites of acetyl-coenzyme carboxylase (ACACA) were up-regulated at day 5 

after PH (Table S-3, Fig. 5C), inducing the inhibition of its activity. Similarly, Ser-2403 and 
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Thr-976 of FASN were up-regulated 2.11 folds and 1.34 folds in PH-WT/Sham-WT, 

respectively (Table S-3 and Fig. 5D). We also validated the altered phosphorylation of 

several other proteins (Fig. 5 E–H) such as 1,4-alpha-glucan-branching enzyme (GBE1), 

mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4), Stathmin, and BCL2/

adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3). These proteins are involved 

in various biological processes including glycogen accumulation, MAPK signaling pathway, 

microtubule filament assembly/disassembly and mitochondrial quality control, which are 

closely related to the termination of liver regeneration.

Dramatic global phosphorylation changes in PP2Acα−/− mice in the termination of liver 
regeneration

In our previous work, we’ve reported that PP2Acα−/− mice showed prolonged LR 

termination and an increased liver size compared to the original mass via the AKT/GSK3β/

Cyclin D1 pathway25. In this study, we show that PP2Acα−/− liver specific deletion induces 

dramatic global phosphorylation changes in the termination of liver regeneration. As shown 

in Fig. 6A, enrichment-based clustering on KEGG pathway of PH-KO/PH-WT demonstrates 

distinct pattern compared to PH-WT/Sham-WT. In PH-KO/PH-WT, the proteins with up-

regulated phosphosites mainly participate in HIF-1 signaling pathway, adherens junction, 

hypertrophic cardiomyopathy, glucagon signaling pathway, proteoglycans in cancer, 

regulation of actin cytoskeleton, axon guidance, followed by AMPK signaling pathway and 

insulin signaling pathway, which are not significantly changed in PH-WT/Sham-WT. 

Further KEGG pathway analysis of proteins with up-regulated phosphosites in PH-KO/PH-

WT shows similar results that proteoglycans in cancer, glucagon signaling pathway, axon 

guidance, insulin signaling pathway and AMPK signaling pathway are the top 5 enriched 

pathways (Fig. 6B).

Glucagon signaling pathway plays critical anti-hypoglycemic role in maintaining glucose 

homeostasis in both animals and humans. To increase blood glucose, glucagon promotes 

hepatic glucose output by increasing glycogenolysis and gluconeogenesis and by decreasing 

glycogenesis and glycolysis in a concerted fashion via multiple mechanisms. In WT mice, 

phosphorylation of key molecules in glucagon signaling pathway including SIK2, IP3R, 

PHK, PFKFB1, AMPK, LDH and PECK decreases significantly at day 5 after PH compared 

to Sham group, indicating the inactivation of this pathway in the termination of LR (Fig. 

6C). However, this pathway switched to continuous activation by demonstrating remarkably 

enhanced phosphorylation of these seven proteins in PP2Acα−/− mice compared to WT 

mice at day 5 after PH, suggesting PP2A is essential for proper termination of LR via 
regulating glucose metabolism (Fig. 6 C–D).

Discussion

Liver resection is the most common treatment for primary and metastatic liver cancer2, 3. 

Immediately after hepatectomy, the liver begins to regenerate. Thus, understanding the 

hepatic regenerative process has critical clinical interest. Numerous studies have shown liver 

regeneration is a complex while precisely tuned process, in which cytokines, growth factors, 

and metabolic networks work synergistically to monitor its initiation, progression and 
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termination5, 21, 22, 30. As one of the most important post-translational modifications, 

phosphorylation is well-known in regulating various biological processes such as cell 

proliferation, growth, polarization, survival and apoptosis13, 31, 32. Our previous study of 

liver specific PP2Acα−/− mice has also shown phosphorylation/dephosphorylation events 

play crucial roles in controlling liver regeneration, especially the termination process. 

However, comprehensive phosphoproteomic profiling in the termination of liver 

regeneration is still missing. In this study, we used TMT labeling coupled with 

phosphopeptides enrichment and 2D LC-MS/MS analysis to establish a global map of 

protein phosphorylation/dephosphorylation in the termination of liver regeneration in mice. 

Changes of phosphorylation could be affected by both the protein phosphorylation status and 

also the protein expression level. Thus, in addition to the phosphoproteomic analysis, future 

general proteomic analysis in parallel would complement the findings of significantly 

changed protein phosphorylation in this study.

Based on KEGG pathway analysis, seven proteins with differentially regulated phosphosites 

such as PDHA, ACACA, FASN, GBE1, MAP4K4, Stathmin and BNIP3, were selected for 

validating our phosphoproteomic results in PH-WT/Sham-WT. The pyruvate dehydrogenase 

complex catalyzes the overall conversion of pyruvate to acetyl-CoA and CO2, and thereby 

links the glycolytic pathway to the tricarboxylic (TCA) cycle. Phosphorylation of pyruvate 

dehydrogenase (PDHA) abolishes its activity and shuts down the TCA cycle, switching the 

glucose metabolism from oxidative phosphorylation to glycolysis33, 34. Our results show in 

the first 4 days after PH, PDHA was highly phosphorylated at S-232, S-293, S-295 and 

S-300 (Table S-3, Fig. 5B) possibly by PDK family, indicating that during the initiation and 

in the middle of liver regeneration, the glucose metabolism preferred to glycolysis, which 

mimics the Warburg effects in tumor metabolism. Interestingly, at day 5 after PH, the 

phosphorylation of PDHA was rapidly decreased (Table S-3, Fig. 5B), and switched glucose 

metabolism to oxidative phosphorylation in liver. Thus, our data supports that 

dephosphorylation of PDHA at day 5 after PH might be a key signal in controlling the 

switch between glycolysis and oxidative phosphorylation to complete the termination of 

liver regeneration. In contrary to PDHA, multiple phosphosites of acetyl-coenzyme 

carboxylase (ACACA) were up-regulated at day 5 after PH (Table S-3, Fig. 5C), inducing 

the inhibition of its activity. ACACA is a biotin-dependent enzyme that catalyzes the 

irreversible carboxylation of acetyl-CoA to produce malonyl-CoA for the biosynthesis of 

fatty acids. AMPK is the main kinase regulator of ACACA, able to phosphorylate a number 

of serine residues on both isoforms of ACACA35. However, phosphorylation of AMPK was 

decreased and AMPK activation was inhibited in our data (Fig. 6A). Further analysis of up-

regulated phosphosites in ACACA showed consensus sequence of protein kinase CK-II and 

MAPK, suggesting that some other kinases might be responsible for the phosphorylation of 

ACACA in the termination of liver regeneration. Fatty acid synthetase (FASN) is a key 

enzyme in fatty acid biosynthetic process and lipid metabolism by catalyzing the formation 

of long-chain fatty acids from acetyl-CoA, malonyl-CoA and NADPH. FASN usually forms 

a homodimer in a head to tail fashion to be active. However, its fatty acid synthase activity is 

reduced when interacting with CEACAM1 in an insulin and phosphorylation-dependent 

manner36. In our study, the enhanced phosphorylation of FASN in PH-WT/Sham-WT may 

decrease its fatty acid synthase activity, leading to the inhibition of fatty acid biosynthetic 
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process in the termination of liver regeneration (Table S-3, Fig. 5D). Thus, as shown in Fig. 

5A, the validation of dysregulated phosphorylation of PDHA, ACACA and FASN, together 

with the observed increased phosphorylation of L-lactate dehydrogenase A chain (LDH) 

demonstrates markedly metabolic reprograming including glycolysis, lipogenesis and TCA 

cycle in regulating the termination of liver regeneration.

We also validated the altered phosphorylation of several other proteins such as mitogen-

activated protein kinase kinase kinase kinase 4 (MAP4K4), Stathmin, BCL2/adenovirus E1B 

19 kDa protein-interacting protein 3 (BNIP3) and 1,4-alpha-glucan-branching enzyme 

(GBE1). Importantly, MAP4K4 is a serine/threonine kinase that may play a role in the 

response to environmental stress and cytokines such as TNF-alpha, induces the MAPK 

cascade and phosphorylates its downstream substrates like SMAD1. The enhanced 

phosphorylation of MAP4K4 in our study supports the important role of MAPK signaling 

pathway in liver regeneration. Taken together, validations of all selected phosphoproteins are 

highly consistent with our quantitative phosphoproteomic results, demonstrating the 

successful application of phosphoproteomic approach in mapping the global 

phosphorylation changes in the termination of liver regeneration. More importantly, our 

results show that PP2Acα−/− liver specific deletion induces dramatic up-regulated 

phosphorylation in glucagon signaling pathway, insulin signaling pathway, proteoglycans in 

cancer and AMPK signaling pathway, suggesting the critical role of PP2A in regulating 

termination of liver regeneration.

Conclusions

Based on our findings, we have revealed significant metabolic reprograming regulated by 

protein phosphorylation in the termination of liver regeneration. Further investigations on 

some crucial key metabolic enzymes or signal transduction molecules which are 

differentially phosphorylated should be carried out to elucidate the precise mechanisms 

regulating the termination of liver regeneration, which could greatly benefit the treatment of 

liver cancer via liver resection and donor liver transplantation.
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Abbreviations

LR liver regeneration

PH partial hepatectomy

PTM post-translational modification

TMT Tandem Mass Tag

PP2Acα serine/threonine-protein phosphatase 2A catalytic subunit alpha 

isoform

HPLC high performance liquid chromatography

IMAC immobilized metal ion affinity chromatography
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Figure 1. 
A schematic workflow of phosphoproteomic analysis in the termination of liver regeneration 

in mice.
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Figure 2. 
Quantification overview of phosphoproteomic analysis in the termination of liver 

regeneration in mice. A. Summary of identified and quantified phosphoproteins and 

phosphopeptides; B. Summary of drastically changed global phosphorylation in the 

termination of liver regeneration.
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Figure 3. 
Motif analysis of all identified phosphosites in the termination of liver regeneration in mice. 

A. The sequence motifs of 6 amino acids upstream and downstream of surrounding the 

phosphorylated serine or threonine sites; B. 12 Ser containing motifs with fold increase > 10 

and their putative kinases; C. 10 Thr containing motifs with fold increase > 10 and their 

putative kinases.
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Figure 4. 
Bioinformatics analysis of proteins with differentially quantified phosphosites in PH-WT/

Sham-WT. GO-based enrichment analysis of proteins with up-regulated phosphosites (A) 

and proteins with down-regulated phosphosites (B) in PH-WT/Sham-WT; KEGG pathway-

based enrichment analysis of proteins with up-regulated phosphosites (C) and proteins with 

down-regulated phosphosites (D) in PH-WT/Sham-WT; Protein domain enrichment analysis 

of proteins with up-regulated phosphosites (E) and proteins with down-regulated 

phosphosites (F) in PH-WT/Sham-WT.
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Figure 5. 
Validation of proteins with differentially quantified phosphosites in PH-WT/Sham-WT. A. 

The significantly changed metabolic pathways obtained from KEGG pathway enrichment 

analysis in PH-WT/Sham-WT. B-H: Validation of significantly changed phosphorylation of 

PDHA, ACACA, FASN, GBE1, MAP4K4, Stathmin and BNIP3 in PH-WT/Sham-WT, 

respectively.
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Figure 6. 
PP2Acα is essential for the proper termination of liver regeneration after partial 

hepatectomy through dephosphorylation of key molecules in multiple signaling pathways. 

A. Dramatic global phosphorylation changes in PP2Acα−/− mice compared to wild type 

mice in the termination of liver regeneration, as shown by enrichment-based clustering on 

KEGG pathways. B. KEGG pathways with markedly up-regulated phosphorylation in PH-

KO/PH-WT in the termination of liver regeneration. C-D. In contrary to the efficient down-

regulation in wild type mice to facilitate the termination of liver regeneration (C), glucagon 

signaling pathway is consistently activated in PP2Acα−/− mice at day 5 after PH (D).
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