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Abstract: Human hepatocellular carcinoma (HCC) is the most frequent cancer worldwide with a poor prognosis. Tu-
mor-specific pyruvate kinase M2 (PKM2) is essential for cancer metabolism and tumorigenesis. Shikonin, a specific 
inhibitor of PKM2, but not PKM1, exhibits significant anticancer effect in HCC, and was deemed as a promising drug 
for cancer therapy. However, shikonin-mediated bypass signaling in HCC remained unclear. Here, we performed for-
ward/reverse stable isotope labeling with amino acids in cell culture (SILAC)-based proteomics to identify the early 
molecular events controlled by shikonin. We demonstrated for the first time that shikonin could induce the nuclear 
translocation of PKM2 for recruiting Nrf2, and transcriptionally activated Nrf2 downstream target gene BAG3, there-
fore increasing protective effect to sustain cell survival. Knockdown of BAG3 by si-RNA significantly potentiated the 
anticancer effect of shikonin. These findings provided the first evidence of a new noncanonical function of inhibited 
PKM2 could act as a transcriptional coactivator of Nrf2 in cancer survival, highlight that shikonin in combined with 
BAG3 inhibitor could be a promising therapeutic strategy for HCC therapy.
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Introduction

Hepatocellular carcinoma (HCC) accounts for 
the most frequently occurring type of cancer in 
the world [1], its incidences and mortalities are 
steadily elevating and ranked sixth for cancer, 
as a result of chronic hepatitis virus infections 
and steatohepatitis caused by adiposity [2]. 
Chemotherapy remains the key approach for 
the treatment of HCC, some multikinase inhibi-
tors, such as sorafenib, have been approved  
as the first-line targeted therapy for advanced 
HCC [3], however, the current chemotherapeu-
tic agents remain unable to achieve a satisfac-
tory effect on late phase HCC patients in clinic. 
Thus, it is an urgent need to investigate effec-
tive anticancer agents for HCC clinical therapy.

Pyruvate kinase was recognized as the final 
rate-limiting enzyme of cellular glycolysis, and 

its expression is dramatically increased in mul-
tiple tumor cells [4]. Different from PKM1, 
PKM2 is a key modulator in regulating the can-
cer metabolism by increasing glucose uptake 
and lactate production. More importantly, 
PKM2 was reported to be a transcriptional 
coactivator to promote the gene transcription 
in cancer cells, and therefore be considered to 
be a potential target to suppress the growth of 
tumor. Since PKMs are critical kinase that indis-
pensable for normal physiological metabolism, 
many strategies to decrease PKM2 expression 
like using si-RNA or CRISP/Cas9 [5], are toxicity 
for normal tissue, which are not suitable for 
clinical cancer therapy. Therefore, identific- 
ation of a new drug that inhibits PKM2 activity 
would be clinically meaningful.

Shikonin, a naphthoquinone that extracted 
from comfrey, was recently reported to be a 
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specific inhibitor to PKM2, rather than PKM1 
[6], and exhibited significant anticancer effect 
on cancer [7]. A study showed that shikonin 
could induce endometrioid endometrial cell 
apoptosis by controlling mTOR signaling [8]. In 
non-small cell lung cancer, shikonin stimulation 
could induce necroptosis and autophagy [9]. 
Current studies demonstrated that shikonin 
was employed as chemosensitizer to potenti-
ate the anticancer effect of traditional chemo-
therapeutic agents of HCC, such as arsenic tri-
oxide [10], doxorubicin and cisplatin [11]. These 
results suggested that shikonin that inhibiting 
PKM2 activity can achieve significant antican-
cer effect in multiple cancers, therefore, identi-
fication of the underling mechanism of action is 
critical needed for preclinical investigation of 
shikonin.

It has caught interest to investigate what pro-
teins or bypass signaling pathways can be con-
trolled by shikonin, which warrants proteome 
level study [12]. SILAC-based mass spectrom-
etry is an effective technology to comprehen-
sively quantify protein change in cell [13, 14]. 
Advanced forward/reverse labelling strategy 
could significantly improve the accuracy of 
quantitation. In this study, our forward/reverse 
SILAC-proteomics and a series of experimental 
confirmation demonstrate that protective Nrf2-
BAG3 signaling was upregulation in response to 
shikonin stimulation in HCC cells, suggesting 
BAG3 inhibition in combined with shikonin 
could be a novel therapeutic strategy against 
HCC.

Material and methods 

Cell lines and reagents

Human hepatocellular carcinoma cell lines 
SMMC-7721 and HepG2 were obtained from 
Cell Bank, Chinese Academy of Sciences 
(Shanghai, China). Cells were routinely cultured 
in Dulbecco’s Modified Eagle Medium (DMEM) 
purchased from Gibco (NY, USA) containing 
10% fetal bovine serum (FBS, Gibco, NY, USA) 
and 1% Penicillin/Streptomycin mixture (So- 
larbio, Beijing, China) at 37°C in 5% CO2 atmo-
sphere. Shikonin with purity above 98% was 
purchased from Topscience (Shanghai, China) 
and was dissolved in DMEM. Antibodies again- 
st PARP (full and cleaved form), caspase3 (full 
and cleaved form), Bax, BCL-2, BAG3, Nrf2  
and GAPDH were purchased from Proteintech 

Group (Wuhan, China), P62/SQSTM1 was pur-
chased from Santa Cruz biotechnology (MA, 
USA). PKM2 was purchased from Cell Signaling 
Technology (Cell Signaling Technology, MA, 
USA).

Cell viability assay and cell morphology detec-
tion

Cell viability was evaluated by performing the 
cell counting kit 8 (CCK-8, Beyotime, Shanghai, 
China) assay. SMMC-7721 and HepG2 cells 
seeded in 96-well plates at a density of 4×103 
cells/well respectively, were incubated with 
increasing dosages (0-10 μM) of shikonin for 
12, 24, 36 and 48 h. After incubation, CCK-8 
was added to the wells for another 1 hour. 
Finally, the absorbance for each sample was 
measured in a microplate reader (Tecan, 
Switzerland) at 450 nm. In addition, inverted 
microscope (DMi8, Leica, Germany) can be 
used to observe changes in cell morphology at 
different concentrations.

Colony formation

An amount of 5×103 SMMC-7721 and HepG2 
cells seeded in 6-well plates respectively were 
incubated with shikonin at a concentration of 0, 
1, 3 and 6 μM for about 7 days. Subsequently, 
all cell colonies in plates were fixed with etha-
nol for 5 min and stained with 1% crystal violet 
for another 5 min. The areas of cell colonies 
were counted by photoshop, and the statistical 
data were obtained from three independent 
experiments [15].

Detection of apoptosis by flow cytometry

For the detection of apoptotic cells, 2×105 
SMMC-7721 and HepG2 cells seeded in 6-well 
plates respectively were incubated with incre- 
asing concentration (0, 2, 4, 8 μM) of shikonin 
for 24 hours. All cells were harvested and 
washed twice with PBS, 5-10×104 cells were 
dissolved in 500 μL binding buffer, where 5 µL 
Annexin V FITC and Propidium Iodide (PI) (Be- 
yotime biotechnology, Shanghai, China) added 
respectively, and incubated together for 15 min 
in the dark. The apoptotic cells were analysis 
via C6 flow cytometer (BD Biosciences, San 
Diego, CA, USA), and the data obtained was fur-
ther analyzed quantitatively by using FlowJo 
software (Version 7.6.5). In the statistical analy-
sis, cell populations in the Q2 and Q3 quadrant 
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(Annexin V+) was considered as apoptosis  
cells.

Cell cycle analysis

Both HCC cells were respectively seeded into 
the plates with a density of 2×105 and cultured 
overnight. Then, the cells were incubated with 
different concentration (0, 2, 4, 8 μM) of shiko-
nin. Cells were harvested via centrifugation 
(1500 g, 10 min) and wash with PBS twice, 
which was fixed in cold 70% ethanol at 4°C  
for 24 h. Subsequently, the cells were collected 
in cold PBS. Before detection, all cells were 
incubated with prepared propidium iodide 
staining mixture solution containing 500 μL 
staining buffer, 25 μL propidium iodide stain- 
ing solution and 50 μL Rnase A (Beyotime bio-
technology, Shanghai, China) in the dark at 
37°C for 30 min. In the end, the samples were 
analyzed using C6 flow cytometer (BD Biosci- 
ences, San Diego, CA, USA), and the cycle 
phase were furthered analyzed via Modifit 
software.

Western blot analysis

After designed treatment completed, the pro-
teins of both HCC cells were extracted via RIPA 
lysis buffer (CST), and the concentration of 
each sample was determined by Bradford 
assay reagent (GeneCopeia, MD, USA). Equal 
amounts of protein lysates were electropho-
resed by 10% or 12% SDS-PAGE and then 
transferred to polyvinylidine fluoride (PVDF) 
membranes (Bio-Rad, CA, USA). The PVDF 
membranes were blocked with 5% fresh nonfat 
milk for 2 h and incubated with indicated pri-
mary antibodies at 4°C overnight, followed by 
incubation with corresponding secondary anti-
bodies for 1.5 h at room temperature. Ulti- 
mately, blot bands were visualized via BeyoECL 
Plus reagent (Beyotime biotechnology, Shang- 
hai, China).

SILAC labeling and protein extraction

HepG2 cells were selected for proteomics  
analysis. First of all, HepG2 cells (2×105) were 
seeded in petri dish and cultured with 12C6 
(light)/ 13C6 (heavy) isotope labeled lysine (Lys) 
SILAC DMEM medium respectively. After about 
six subcultures, HepG2 cells stably labeled with 
corresponding amino acids were obtained. 
When the cell density reached the appropriate 

density, shikonin was added in the experimen-
tal group, and the group without shikonin was 
set as a control. Here, we set positive and nega-
tive labeling repeat which including two groups. 
In detail, in one group, cells cultured with light 
medium were the control group and cultured 
with heavy medium were the experimental 
group. In another group, the settings of the  
control and experimental groups are reversed. 
24 h later, the cells were collected and then 
lysed at low temperature for 30 min, centri-
fuged at 20000 g, 4°C for 20 min, the protein 
lysate was obtained eventually via supernatant 
collection. After cell concentrations were mea-
sured using an ultraviolet spectrophotometer 
with the Bradford method, the light/weight 
(12C6/

13C6) isotope-labeled proteins of the 
experimental and control groups were mixed in 
a 1:1 ratio into the same tube. Then the final 
concentration of 15% TFA (v/v) was added to 
precipitate the crude protein, wash twice with 
acetone (-20°C), centrifuge (20000 g, 4°C) for 
10 min. Protein precipitation obtained by cen-
trifugation was dissolved in 100 mM NH4HCO3 
(PH 8.0). 

Peptide acquisition and HPLC separation

Trypsin is added to the collected cell protein 
solution in an appropriate ratio, and digested 
for 16 h at 37°C. Then 10 mM dithiothreitol 
(DTT) was added and reacted at 37°C for 1 h. 
Add indole-3-acetic acid (IAA) to a final concen-
tration of 20 mM, and react in the dark for 45 
min, in which process the protein was alkylat-
ed. Finally, trypsin was added again so that the 
ratio of trypsin to protein was 1:100 (w/w), and 
digestion was continued at 37°C for 4 h to  
complete the digestion cycle. 

The trypsin digested samples were subjected 
to high pH reverse HPLC by Agilent 300 Extend 
C18 column (5 μm particles, 250×4.6 mm) to 
fractionate the protein samples. Initially, pro-
tein peptides were separated in a gradient of 
2% to 60% acetonitrile in 10 mM ammonium 
bicarbonate buffer (pH = 10) within 80 min, fol-
lowed by vacuum centrifugal drying.

LC-MS/MS analysis

The EASY-nLC 1000 UPLC system (Thermo 
Fisher Scientific, MA, USA) was used for pep-
tide analysis using Acclaim PepMap RSLC col-
umn (Thermo Fisher Scientific, MA, USA). The 
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composition of mobile phase A was 0.1% FA 
and 5% CAN while mobile phase B was 0.1%  
FA and 98% CAN. The obtained peptide was 
dissolved in 0.1% TFA, and the sample flow rate 
was 400 nl/min. The linear separation gradient 
ranged from 4% to 80% with the elution time  
is 40 min. All peptides were analyzed by Q 
ExactiveTM hybrid quadrupole-Orbitrap mass 
spectrometer (Thermo Fisher Scientific, MA, 
USA). The mass spectrometer (MS) was oper-
ated in a top 20 data-dependent mode to 
switch automatically between MS and MS/MS 
acquisition with a dynamic exclusion time of 20 
s. The MS scanning ranges from 350 to 1800 
(m/z) and the scanning resolution is 70000. 

Database search and bioinformatics analysis

The raw MS data was imported in MaxQuant 
software program (V.1.4.1.2), which used 
Andromeda search engine to search the 
Swissprot_human database (v.3.85). The rele-
vant parameters of MaxQuant software are set 
as: fixed modification: carbamyl methylation of 
cysteine; optional modification: acetylation of 
N-term and oxidation on met; fragment ion 
mass error is 0.02 Da; protein, peptide and 
modification site FDR threshold are 1%. The  
following bioinformatics analysis mainly includ-
ing Go analysis, KEGG analysis, String analysis 
and so on.

Immunofluorescence

Cells were treated with shikonin (2 μM) for 24 h, 
fixed in 4% paraformaldehyde and permeabi-
lized with 0.1% TrintonX-100 for 10 min before 
being blocked with 10% BSA for 2 h. The cells 
were then stained with PKM2 and Nrf2 anti- 
bodies (proteintech) according to manufactur-
er’s instructions. The cells were washed 3 
times with 1% TBST, and counterstained with 
DAPI (Beyotime) to determine the cellular nu- 
cleus, followed by laser scanning confocal 
microscopy observation (Leica Microsystems, 
Wetzlar, Germany).

RNA interference

The small-interfering RNAs (siRNA) were syn-
thesized by GenePharma (Shanghai, China)  
and the sequence is listed as follows: BAG3 
sense: (5’-AAGGUUCAGACCAUCUUGGAA-3’ and 
3’-UUCCAAGAUGGUCUGAACCUU-5’). Cells were 
transfected via the LipofectamineTM RNAiMAX 

Transfection reagent (Invitrogen, CA, USA) 
according to the instruction for 48 h, and then 
collect transfected cells for further analysis. 

Tumor xenograft experiments

Female BALB/c nude mice aged 6-8 weeks 
were maintained under standard conditions. 
HepG2 cells (1×106) in 100 μL of PBS and 
Matrigel were subcutaneously implanted into 
the flanks of mice to establish tumor xeno-
grafts. When the tumor xenografts reached ~4 
mm in diameter, the mice were randomly divid-
ed into treatment and control groups (4 mices/
group). The treatment group received intraperi-
toneal injection of shikonin at a dose of 1 mg/
kg every three day for 12 days, whereas the 
control group received the PBS only. Tumor size 
was measured every three days, and the tumor 
volume was calculated using the following 
equation: V = (length × width2)/2. 

Statistical analysis

All statistics are expressed as means ± SD 
from three independent experiments, for in 
vitro studies, the significant differences in 
means are tested by two-tailed Student’s t-test. 
In vivo experiment is tested by one-way ANOVA 
analysis. The differences with *P < 0.05, **P < 
0.01, or ***P < 0.001 were considered statisti-
cally significant. GraphPad Prism 8 (GraphPad, 
San Diego, CA) was used to perform statistical 
analyses and graphic processing. Survival anal-
ysis was performed using the Kaplan-Meier 
method with the log-rank test by IBM SPSS 
Statistics v.19 (SPSS Inc., Chicago, IL).

Result

PKM2 overexpression predicts poor prognosis 
in HCC patients

To investigate the oncogenic role of PKM2 on 
HCC, we analyzed the PKM2 level via using 
TCGA (The Cancer Genome Atlas) database, 
and observed that PKM2 expression was sig-
nificantly upregulated in tumor tissues, as com-
pared to para-tumor tissue (Figure 1A), in these 
HCC patients, PKM2 expression was elevated 
in stage-dependent manner (Figure 1B). To 
evaluate the significant contribution of PKM2 in 
the prognosis of HCC patients, we analyzed the 
relevance of PKM2 expression with overall sur-
vival and disease specific survival of patients. 
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As shown in Figure 1C, patients with PKM2 
positive exhibited worse overall survival (OS, 
Logrank P = 3.9e-05) and lower disease spe-
cific survival (DSS, Logrank P = 0.0026) than 
the PKM2 low expression group. These data 
highlighted an oncogenic role of PKM2 in HCC, 
suggesting PKM2 can develop as a promising 
target for clinical cancer therapy. Shikonin was 
previous reported as the most potent and spe-
cific inhibitors of PKM2 [6], by using molecular 
docking, we found that shikonin could bind to 
PKM2 on the surface of forming dimer or tetra-
mer (Figure 1D), the 2D digram of shikonin and 
PKM2 interaction was showed in Figure 1E, shi-
konin can form hydrogen bonds with PKM2 at 
Phe26, Tyr390, Leu33, Leu353, Ala388 and 
Lys311.

Shikonin inhibits the cell proliferation of HCC 
cell lines

To investigate the anti-cancer effect of shikonin 
in HCC, two representative HCC cell lines were 
then treated with increasing dosages of shiko-
nin (0-10 µM) for 12, 24, 36 and 48 h, and the 
cell viability was detected by CCK8 assay. As 
shown in Figure 2A, shikonin suppressed the 
cell viability of SMMC-7721 and HepG2 cells in 
dose- and time-dependent manners, with IC50 
values of 12.34 ± 2.03 µM and 6.82 ± 0.4 µM 
for 24 h treatment, and 4.28 ± 0.05 µM and 
4.25 ± 0.11 µM for 48 h treatment, res- 
pectively (Tables 1, 2). Moreover, our colony 
formation assays were performed to detect the 
suppressive effect of shikonin on the cell 
growth of both HCC cells. As shown in Figure 
2B, colony formation ability of the two HCC  
cells was decreased by shikonin in a dose-
dependent manner. Moreover, we found that 
shikonin could induce cell cycle arrest in both 
SMMC-7721 and HepG2 cells (Figure 2C). 
These data suggested that shikonin inhibits  
the proliferation of HCC cells via triggering cell 
cycle arrest.

Shikonin induces apoptotic cell death in HCC 
cells via mitochondrial pathway

Since shikonin significantly decreased the cell 
viability of SMMC-7721 and HepG2, we further 
asked whether shikonin induced apoptosis in 
HCC cells. Initially, by investigating the mor- 
phology of both SMMC-7721 and HepG2 cells 
that treated with shikonin, a significant cell 
shrinkage and decreased cellular attachment 
were found (Figure 3A). Next, both SMMC-7721 
and HepG2 cells were incubated with increas-
ing dosages of shikonin (0, 2, 4, 8 µM) for 24 h, 
the apoptosis of HCC cells was detected by 
Annexin V-FITC/PI double staining assay (Figure 
3B), the result showed that apoptotic rate of 
SMMC-7721 and HepG2 cells increased by shi-
konin in dose-dependent manners. Immuno- 
blotting assay was employed and revealed that 
shikonin dramatically enhenced the level of 
cleaved-PARP and Bax, while decreased the 
expression of Bcl2, in a dose-dependent man-
ner (Figure 3C), suggesting that shikonin could 
induce apoptotic cell death in HCC. To further 
determine the anticancer effect of shikonin in 
vivo, we established tumor xenograft model 
using HepG2 cells and found that intraperito-
neal injection of shikonin at a dose of 1 mg/kg 
significantly decreased cancer growth as com-
pared to PBS treated group (Figure 3D). These 
data reveal that shikonin exhibits significantly 
anticancer effect on HCC in vivo and in vitro.

Forward/reverse SILAC-based proteomic analy-
sis of HCC cells treated with shikonin 

To further investigate some novel molecular 
events regulated by shikonin, we performed an 
SILAC-based quantitative proteomics to global-
ly profiling protein alteration in shikonin-treated 
HepG2 cells. The schematic diagram was 
shown in Figure 4A. HepG2 cells labeled with 
Heavy or Light chain were treated with DMSO or 
shikonin (2 μM) for 24 h, respectively. From two 

Figure 1. The oncogenic role of PKM2 in HCC. A. Expression level of PKM2 in TCGA HCC tumors (n = 371) compared 
to normal liver tissues (n = 50), were analyzed by using GEPIA (Gene Expression Profiling Interactive Analysis) web-
server, showing that PKM2 was upregulated in the TCGA HCC. B. Among these patients, PKM2 expression level was 
positively correlated with TNM stages (normal liver samples and tumor samples classified to stage 1, stage 2, stage 
3 and stage 4). C. Kaplan-Meier survival analysis showing that PKM2 overexpression was positively associated 
with worse Overall survival and Disease specific survival. D. The interaction of PKM2 and shikonin conducted by 
molecular docking. Dimerized PKM2 was coloured by cyan and red. Shikonin, yellow. The hydrophobicity of shikonin 
in PKM2 was showed. E. The detail interaction between shikonin-PKM2 was showed on 2D diagram. Green, conven-
tional hydrogen bond; Pink, Pi-Alkyl interaction.
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Figure 2. Shikonin inhibits the cell growth of HCC. A. Both SMMC-7721 and HepG2 cells were treated with increasing 
concentrations (0-10 μM) of shikonin for different time points (12, 24, 36, 48 h), and the cell viability was deter-
mined by CCK-8 assay. B. Both HCC cells treated with 2 and 4 μM of shikonin were compared for their abilities to 
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independent label-swap experiments (forward 
and reverse), a total of 702 proteins were iden-
tified in two experiments, among which 247 
proteins were increased and 206 proteins were 
decreased, as analyzed by volcano plot (fold 
change > ± 1.2, P < 0.05, Figure 4C, Table S1). 
The 453 differential expressed proteins (DEPs) 
were submitted to IPA analysis to study the bio-
logical progresses that participated in the anti-
cancer effects of shikonin in HCC. As shown in 
Figure 4D, shikonin-regulated proteins were 
remarkably enriched in several biological pro-
gresses including Nrf2-mediated oxidative 
stress response and protein ubiquitination 
pathway. Network analysis showed that BAG3 
was the hub protein in the shikonin-driven net-
work that significantly upregulated (Figure 4E). 
The SILAC-based quantitative proteomic result 
indicated that Nrf2-mediated BAG3 expression 
is the critical event in HCC in response to shiko-
nin stimuli.

Nrf2-BAG3 signaling is adaptively response for 
shikonin stimuli in HCC

According to the SILAC-quantitative proteomic 
data, shikonin dramatically induced Nrf2-
signaling activation in HCC cells, which promot-
ed the cellular adaptive response. We next  
performed western blotting to confirm the 
expression of Nrf2 in HCC cells treated with shi-
konin. Our data demonstrated that Nrf2 were 
significantly increased in the nuclear section of 
HCC cells treated with shikonin (Figure 5A). 
Previous study reported a noncanonical func-
tion of PKM2 as a transcriptional coactivator of 
Nrf2, which recruits Nrf2 for detoxification in 
cell [16]. Here, we also observed that the nucle-
ar translocation of PKM2 in HCC cells were 
enhanced by shikonin stimuli. In addition, we 
found that shikonin treatment could en- 
hance the interaction between Nrf2 and PKM2 
(Figure 5B). To further confirm this result, we 

form colonies; Scale bar, 1 cm. C. SMMC-7721 and HepG2 cells were treated with increasing concentrations (0-8 
μM) of shikonin for 24 h, the percentages of cells in G1, S and G2/M phases were statistically presented. Mean ± 
SD; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001 compared with DMSO-treated cells.

Table 2. Inhibition ratio of shikonin on HepG2 cells

Concentration (μM)
Inhibition rate (%)

12 h 24 h 36 h 48 h
0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
2 2.42 ± 2.66 9.88 ± 1.55** 15.87 ± 4.05** 17.53 ± 3.06**
4 5.41 ± 5.00 34.20 ± 1.81** 43.00 ± 0.89** 50.63 ± 1.01**
6 8.40 ± 5.25 48.40 ± 1.44** 50.12 ± 2.42** 67.78 ± 0.73**
8 37.95 ± 2.31** 55.57 ± 3.97** 66.76 ± 1.06** 76.70 ± 0.69**
10 38.55 ± 3.11** 61.33 ± 2.86** 72.98 ± 0.98** 78.43 ± 0.61**
Note: **indicated extremely significant difference (P < 0.01). All concentration groups were compared with 0 μM group.

Table 1. Inhibitory ratio of shikonin on SMMC-7721 cells

Concentration (μM)
Inhibition rate (%)

12 h 24 h 36 h 48 h
0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
2 3.83 ± 0.06 7.53 ± 3.98* 19.53 ± 4.34** 22.07 ± 1.33**
4 13.47 ± 0.25** 21.10 ± 3.01** 37.25 ± 2.13** 42.40 ± 1.4**
6 14.13 ± 0.21** 36.90 ± 2.69** 51.30 ± 4.44** 68.10 ± 1.35**
8 26.95 ± 0.15** 38.03 ± 2.65** 60.02 ± 2.30** 74.30 ± 1.89**
10 29.40 ± 0.10** 39.72 ± 3.73** 62.83 ± 3.06** 82.90 ± 0.89**
Note: *indicated significant difference (P < 0.05), and **indicated extremely significant difference (P < 0.01). All concentration 
groups were compared with 0 μM group.
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Figure 3. Shikonin induces the apoptosis of HCC. A. SMMC-7721 and HepG2 cells were treated with shikonin for 24 h. Cell morphology was photographed under a 
microscopy (40× magnification), Scale bar: 100 µm. B. SMMC-7721 and HepG2 cells were treated with shikonin for 24 h. The apoptosis rate of SMMC-7721 and 
HepG2 was determined by Annexin V-FITC/PI double staining assay. C. The expression of apoptosis-related proteins including pro-PARP, cleaved-PARP, Bax and Bcl2 
were detected by immunoblotting. D. Nude mice bearing HepG2-derived xenografts were intraperitoneally injected either shikonin (1 mg/kg) or PBS every three days 
(n = 4 per group). Left, images of tumors; right, tumor curves showed that shikonin exerted a significant inhibitory effect on the growth of tumor xenografts. Mean 
± SD; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001 compared with control group.
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Figure 4. SILC-based proteomics identifies 
shikonin-regulated proteins. A. Experimental 
flow chart of the identification of shikonin 
regulated proteins. B. Venn diagram of the 
number of proteins that identified in forward 
and reverse experiment. C. Volcano plots 
of DEPs in shikonin treatment in HCC cells. 
D. DEPs were subjected to the IPA analysis, 
and the top five canonical pathways were 
generated according to the P values. Note 
that the shikonin regulated proteins were 
mainly enriched in Nrf2 mediated oxidative 
stress response. E. Network analysis from 
IPA showed that BAG3 is the hub protein that 
upregulated in shikonin regulated proteins.
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Figure 5. Shikonin induces BAG3 expression by enhancing the interaction of Nrf2 and PKM2. (A) HepG2 cells 
were treated with shikonin for 24 h, the nuclear and cytoplasmic fractions were isolated for western blot analysis. 
Lamin B and GAPDH was used as the marker for nuclear protein and cytoplasmic fraction, respectively. (B) HepG2 
expressing Nrf2-flag was treated with shikonin (2 μM) for 24 h, the interaction of PKM2 and Nrf2 was determined 
by co-immunoprecipitation using anti-flag antibody. (C) HCC cells treated with shikonin (2 μM) for 24 h, the cellular 
localization of PKM2 and Nrf2 was determined by confocal assay. (D, E) Both SMMC-7721 and HepG2 cells were 
treated with indicated dosages of shikonin for 24 h, the mRNA of BAG3 was determined by qRT-PCR (D), and the 
protein expression of BAG3 was determined by immunoblotting (E). Bars, mean ± SD; n = 3; **P < 0.01, compared 
with DMSO-treated cells.
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performed confocal assay and found that colo-
calization and nuclear translocation of Nrf2 
and PKM2 were found in HCC cells treated with 
shikonin (Figure 5C), suggesting shikonin not 
only suppresses the activity of PKM2, but also 
induces nuclear translocation of PKM2 for 
recruiting Nrf2. As a downstream target of Nrf2, 
BAG3 was up-regulated in mRNA and protein 
level after shikonin treatment in dose-depen-
dent manner (Figure 5D and 5E), suggesting 
that Nrf2-BAG3 signaling is response for shiko-
nin stimulation in HCC.

Knockdown of BAG3 enhances the anticancer 
effect of shikonin

Since the results above indicated that shikonin 
induced the upregulation of BAG3, we further 
asked whether blockade of BAG3 can augment 
the anticancer effects of shikonin. As shown in 
Figure 6A, both HCC cells with BAG3 knock-
down showed lower cell viability after increas-
ing shikonin treatment. We next treated HCC 
cells with shikonin in the presence or absence 
of the si-BAG3, and then detected by colony for-
mation assay and cell cycle assay. As shown in 
Figure 6B, 6C, knockdown of BAG3 decreased 
cell proliferation and induced cell cycle arrest 
at G1 phase, and this anticancer effect was  
significantly augmented by the treatment of shi-
konin in both HCC cells. Moreover, we also 
observed that knockdown of BAG3 expression 
enhanced the cancer cell apoptosis induced by 
shikonin (Figure 6D), as indicated by Annexin 
V-FITC/PI double staining assay and expression 
for cleaved-PARP, Bax and Bcl2 (Figure 6E), 
suggesting a synergistic effect of shikonin stim-
ulation and BAG3 suppression. 

The oncogenic role of BAG3 in HCC

It seems that BAG3 play a protective role in 
HCC in response to shikonin mediated cancer 
suppression. We further investigate the clinical 
significance of BAG3 on HCC by using TCGA 
database, and observed that BAG3 was incre- 
ased in HCC tissues, as compared to para-
tumor tissue (Figure 7A), in these HCC patients, 
BAG3 expression was elevated in stage-depen-
dent manner (Figure 7B). To evaluate the sig-
nificant contribution of BAG3 expression in the 
prognosis of patients with HCC, we analyzed 
the relevance of BAG3 expression and overall 
survival and disease specific survival of pa- 
tients, respectively. As shown in Figure 7C, 

patients with high PKM2 expression exhibited 
worse overall survival (OS, Logrank P = 0.017) 
and lower disease specific survival (DSS, 
Logrank P = 0.042) than the PKM2 low expres-
sion group. These data highlight an oncogenic 
role of BAG3 in HCC, suggesting inhibition of 
BAG3 in combinated with PKM2 inhibitor is a 
promising strategy for clinical cancer therapy of 
HCC. 

Discussion 

This study firstly discovered a novel mechanism 
of PKM2 suppression induced by specific inhib-
itor shikonin, by which shikonin could induced 
PKM2 nucleus translocation for recruiting Nrf2, 
the activated Nrf2 transcriptionally promoted 
the expression of downstream target gene 
BAG3, which plays a protective role in HCC.  
We thus proposed inhibition of BAG3 could 
increase the anticancer effect of shikonin on 
HCC (Figure 7D).

HCC is an emerging problem worldwide due to 
the rising incidences and lack of effective pre-
ventive drugs. Therefore, the investigation for 
new anticancer agents that are attracted a 
great of interest. Natural products extracted 
from medicinal plants are critical sources for 
chemotherapeutic agent discovery [17, 18]. For 
example, camptothecin, a quinoline type of 
alkaloid isolated from Camptotheca acuminata 
(Nyssaceae), was found to exhibit strong anti-
cancer effect by targeting nuclear DNA topoi-
somerase I, resulting DNA damage in cancer 
cell [19]. Shikonin is the major bioactive compo-
nent isolated from the dried plant roots of 
Lithospermum erythrorhizon, which was previ-
ously been found to exert significant anticancer 
effects on various carcinomas. For example, 
shikonin could induce necrosis or apoptotic cell 
death in gastrointestinal cancer by generating 
reactive oxygen species [20]. It could suppress 
the metastatic activity of breast cancer cells 
through reducing the promoter activity of acti-
vator protein-1 (AP-1) that suppressed MMP-9 
transcription [21]. In this study, we found that 
shikonin not only induced cell cycle arrest at 
G2/M phase, but also trigger cell apoptosis in 
HCC, suggesting shikonin can be a potential 
anticancer compound for HCC therapy. 

It is well recognized that PKM2 has an critical 
function in boosting cancer cell metabolism 
and proliferation by providing major energy 
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Figure 6. Knockdown of BAG3 enhanced the anticancer effect of shikonin in HCC cells. (A) SMMC-7721 and HepG2 cells were transfected with siRNA against BAG3 
or scramble siRNA (si-Con) for 24 h, and cells were treated with increasing dosage of shikonin (0-10 µM), and the cell viability was detected by CCK-8 assays. (B, C) 
SMMC-7721 and HepG2 cells were transfected with siRNA against BAG3 or scramble siRNA (si-Con) for 24 h, the BAG3 knockdown groups were treated with shi-
konin for 24 h, and the cell abilities to form colonies was determined by colony formation (B), and cell cycle was detected by flow cytometry (C). The apoptotic cells 
were determined by Annexin V-FITC/PI double staining assay (D). Mean ± SD; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 1 cm. (E) The expression of 
apoptosis-related proteins including pro-PARP, cleaved-PARP, Bax and Bcl2 were detected by immunoblotting.
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source for cancer [22]. Inhibition of PKM2 
expression by siRNA could dramatically reduce 

the tumor growth, therefore, PKM2 could be a 
promising target for cancer therapy. Shikonin 

Figure 7. The expression of BAG3 on HCC. A. Expression level of BAG3 in TCGA HCC tumors (n = 371) compared to 
normal liver tissues (n = 50), were analyzed by using GEPIA webserver, showing that BAG3 was upregulated in the 
TCGA HCC. B. Among these patients, BAG3 expression level was positively correlated with TNM stages (normal liver 
samples and tumor samples classified to stage 1, stage 2, stage 3 and stage 4). C. Kaplan-Meier survival analysis 
showing that BAG3 overexpression was positively associated with worse Overall survival and Disease specific sur-
vival. D. Schematic diagram of the apoptotic pathway induced by shikonin.
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was reported to be a specific inhibitor that 
binds to PKM2, but not PKM1 [6]. We here fur-
ther demonstrated that shikonin could bind to 
the surface of PKM2 dimer or tetramer by form-
ing hydrogen bonds with PKM2 at Phe26, 
Tyr390, Leu33, Leu353, Ala388 and Lys311. 
To further investigate the cellular molecular 
events caused by shikonin in HCC, SILAC-based 
quantitative proteomics were employed to 
characterize the shikonin-regulated protein 
change in HCC, and then evaluated the high  
relevant signaling pathways guided by the pro-
teomic. Our data demonstrated that shikonin 
treatment could activate Nrf2-BAG3 signaling 
to protect cancer cell from cytotoxicity, as evi-
denced by suppression of BAG3 using siRNA 
could dramatically enhance the anticancer 
effect of shikonin. Nrf2 is a transcription factor 
that can enhance adaptive protection gene 
expression, to offset cellular oxidative and pro-
teotoxic stress [23]. Recently study reported a 
new noncanonical function of PKM2 as a tran-
scriptional coactivator of Nrf2, to generate  
sufficient GSH for ROS detoxification [16]. 
Interestingly, our study novelly found that PKM2 
suppressed by shikonin could translocate to 
nucleus, and recruit Nrf2 for initiating down-
stream target gene BAG3 expression, an anti-
apoptotic protein that sustaining cellular 
homoeostasis [24]. Therefore, we proposed 
abolishment of BAG3 function in HCC could 
enhance the anticancer effect of shikonin. 

Multifunctional protein BAG3 is constitutively 
expressed in various tumor types, which plays 
an essential role in sustaining cell survival in 
cancer cells [25]. In glioblastoma, BAG3 was 
reported to bind with Bax in cytoplasm, and 
inhibited its translocation to mitochondria, 
therefore preventing cells from apoptosis [26]. 
The anti-apoptosis activity of BAG3 was evi-
denced by its involvement of ERK1/2-de- 
pendent pathway and IKKα transactivation in 
castration-resistant prostate cancer cells [27]. 
Our results showed that shikonin could induced 
BAG3 expression via Nrf2 signaling, which 
exerts protect role in offsetting the antitumor 
effect of shikonin.

In conclusion, this study revealed that shikonin 
possesses strong anticancer activity via induc-
ing apoptotic cell death in SMMC-7721 and 
HepG2 cells. On the other hand, shikonin in- 
duces the PKM2-mediated Nrf2 transactiva-

tion to activate Nrf2-BAG3 signaling for sustain 
the survival of HCC cells. This finding reveals 
noncanonical function of PKM2-Nrf2-BAG3 sig-
naling in shikonin treatment, highlighting BAG3 
inhibition in combined with shikonin may be a 
potential antitumor strategy against HCC.
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Table S1. Differentially expressed proteins in the comparisons of shikinon treated HCC
Name FCa P value F-FCb F-Lc F-Hd R-FCe R-Lf R-Hg

Q53S33 1.36 5.31E-06 1.36 115.4 84.6 1.36 84.7 115.3
Q9BQE4 1.74 6.91E-06 1.73 126.8 73.2 1.74 73 127
Q13206 1.29 7.81E-06 1.29 112.6 87.4 1.29 87.3 112.7
Q13907 1.25 1.02E-05 1.25 111.1 88.9 1.25 89 111
P04792 1.22 1.29E-05 1.22 109.8 90.2 1.22 90.1 109.9
P53621 1.51 2.74E-05 1.51 120.1 79.9 1.51 79.6 120.4
Q01995 1.57 4.02E-05 1.58 122.5 77.5 1.57 77.9 122.1
O43709 1.24 4.45E-05 1.24 110.5 89.5 1.24 89.3 110.7
Q96L91 1.22 5.10E-05 1.22 110 90 1.22 90.2 109.8
Q9H2C0 1.48 5.26E-05 1.49 119.7 80.3 1.48 80.7 119.3
Q9NUQ3 1.31 0.000111 1.32 113.6 86.4 1.3 86.8 113.2
Q86X95 1.5 0.000112 1.49 119.7 80.3 1.51 79.7 120.3
O95817 1.51 0.000148 1.5 120 80 1.52 79.3 120.7
P17980 1.33 0.000156 1.34 114.4 85.6 1.32 86.1 113.9
P02794 2.46 0.000158 2.5 142.9 57.1 2.42 58.6 141.4
Q96N67 1.47 0.000169 1.46 118.7 81.3 1.48 80.6 119.4
Q12830 1.95 0.000175 1.97 132.7 67.3 1.92 68.5 131.5
Q6PCE3 1.36 0.000197 1.36 115.4 84.6 1.35 85.2 114.8
Q13885 1.28 0.000212 1.27 111.9 88.1 1.28 87.6 112.4
Q5W0Z9 2.13 0.000309 2.09 135.3 64.7 2.18 62.9 137.1
Q9UGU5 1.31 0.000349 1.32 113.6 86.4 1.3 87.1 112.9
P50452 1.21 0.00035 1.22 109.7 90.3 1.2 90.8 109.2
Q9GZR7 1.58 0.000359 1.56 121.8 78.2 1.6 77 123
P46821 2.18 0.000399 2.13 136.1 63.9 2.23 61.8 138.2
P17275 1.64 0.000685 1.67 125.2 74.8 1.61 76.6 123.4
O76021 1.45 0.000715 1.48 119.2 80.8 1.43 82.2 117.8
O95602 1.23 0.000725 1.23 110.1 89.9 1.25 89.1 110.9
Q7L3B6 1.34 0.000832 1.36 115.3 84.7 1.33 85.9 114.1
Q9BS26 1.21 0.000924 1.2 108.9 91.1 1.22 90.3 109.7
P62993 1.29 0.000929 1.28 112.2 87.8 1.31 86.7 113.3
P11387 1.67 0.000959 1.63 124 76 1.71 73.8 126.2
Q14573 1.28 0.00099 1.27 111.8 88.2 1.3 87.1 112.9
Q969X6 1.45 0.00106 1.48 119.3 80.7 1.43 82.4 117.6
Q8IZP0 1.36 0.001073 1.34 114.4 85.6 1.38 84.2 115.8
Q9P270 1.36 0.001192 1.38 116.1 83.9 1.34 85.4 114.6
P48507 2.04 0.001303 1.97 132.5 67.5 2.13 64 136
O00459 1.68 0.001318 1.63 124 76 1.72 73.4 126.6
Q96HA1 1.21 0.001442 1.19 108.8 91.2 1.22 90.2 109.8
Q9NQ29 1.32 0.001463 1.3 113.1 86.9 1.34 85.4 114.6
Q9BYG3 1.23 0.001465 1.24 110.7 89.3 1.21 90.4 109.6
Q71RC2 1.4 0.001605 1.38 115.8 84.2 1.43 82.3 117.7
O95707 1.32 0.001652 1.3 113.1 86.9 1.35 85.3 114.7
Q9Y5X2 1.35 0.001656 1.37 115.6 84.4 1.32 86.1 113.9
P07339 1.29 0.001753 1.27 111.9 88.1 1.31 86.6 113.4
P02792 2.86 0.001805 3.09 151.1 48.9 2.66 54.7 145.3
P25685 1.92 0.00201 2.01 133.5 66.5 1.84 70.5 129.5
Q15527 1.27 0.002252 1.29 112.7 87.3 1.25 88.9 111.1



Mechanism of shikonin in hepatocellular carcinoma

2 

Q04721 1.28 0.002322 1.31 113.3 86.7 1.26 88.4 111.6
P82970 1.36 0.002331 1.39 116.4 83.6 1.33 85.7 114.3
O60885 1.26 0.00237 1.24 110.8 89.2 1.28 87.6 112.4
Q15910 1.33 0.002436 1.31 113.3 86.7 1.36 84.7 115.3
Q6P4R8 1.37 0.002445 1.34 114.6 85.4 1.4 83.2 116.8
Q92598 1.5 0.002466 1.45 118.5 81.5 1.54 78.7 121.3
Q92793 1.35 0.002524 1.32 113.7 86.3 1.38 84.2 115.8
Q9Y5Q8 1.58 0.002541 1.53 120.8 79.2 1.63 76 124
Q9NV06 1.67 0.002562 1.61 123.3 76.7 1.73 73.1 126.9
Q9UHY1 1.25 0.002587 1.27 111.9 88.1 1.23 89.7 110.3
Q13200 1.31 0.002773 1.34 114.4 85.6 1.28 87.6 112.4
Q8N6T7 2 0.002806 2.12 135.8 64.2 1.89 69.2 130.8
Q9H3C7 1.72 0.003013 1.79 128.4 71.6 1.64 75.7 124.3
Q8TF74 2.39 0.003032 2.59 144.2 55.8 2.21 62.2 137.8
Q9P035 1.26 0.003048 1.28 112.4 87.6 1.24 89.4 110.6
P51784 1.53 0.003117 1.58 122.5 77.5 1.48 80.8 119.2
Q9Y2K7 2.7 0.003154 2.46 142.2 57.8 2.96 50.5 149.5
Q92890 1.25 0.003157 1.23 110.4 89.6 1.28 87.8 112.2
Q5T3I0 1.3 0.003173 1.28 112.1 87.9 1.33 85.8 114.2
Q7Z739 1.25 0.003271 1.27 112 88 1.23 89.8 110.2
P35251 1.4 0.003271 1.36 115.3 84.7 1.44 82 118
O00220 1.24 0.003391 1.27 111.8 88.2 1.22 90 110
Q9NQ55 1.61 0.003469 1.68 125.3 74.7 1.54 78.6 121.4
Q9NV31 1.61 0.003499 1.67 125.2 74.8 1.54 78.7 121.3
O95361 1.34 0.00362 1.31 113.4 86.6 1.38 84.1 115.9
Q7Z4S6 1.67 0.003663 1.59 122.9 77.1 1.75 72.8 127.2
Q9H2J7 1.38 0.003854 1.42 117.3 82.7 1.34 85.5 114.5
Q96I51 1.28 0.003975 1.25 111.2 88.8 1.31 86.6 113.4
P46734 1.35 0.004052 1.31 113.6 86.4 1.39 83.7 116.3
Q9UHR4 1.28 0.004107 1.31 113.2 86.8 1.25 89 111
Q8IX18 1.76 0.004287 1.66 124.9 75.1 1.86 70 130
Q15121 1.35 0.004385 1.31 113.5 86.5 1.39 83.7 116.3
Q00534 1.83 0.004535 1.95 132.1 67.9 1.72 73.5 126.5
Q9H0U3 1.26 0.004544 1.23 110.4 89.6 1.29 87.4 112.6
Q96TA2 1.46 0.004552 1.52 120.6 79.4 1.41 83 117
P0DMV9 2.15 0.004829 2.34 140.1 59.9 1.98 67.1 132.9
Q6ZXV5 1.32 0.004855 1.28 112.3 87.7 1.35 85 115
O95801 1.26 0.005006 1.23 110.3 89.7 1.29 87.4 112.6
Q96CN9 2.33 0.005012 2.56 143.8 56.2 2.12 64.2 135.8
Q9NX55 1.53 0.005176 1.47 118.9 81.1 1.6 76.8 123.2
Q9NYP7 1.23 0.005308 1.2 109.1 90.9 1.25 88.8 111.2
Q9NXV2 2.54 0.005813 2.85 148.1 51.9 2.26 61.3 138.7
Q08AM6 1.31 0.005847 1.27 111.9 88.1 1.35 85.2 114.8
P35610 1.34 0.005951 1.3 113 87 1.39 83.8 116.2
Q8WWK9 1.94 0.006116 1.79 128.4 71.6 2.1 64.5 135.5
P43686 1.25 0.006116 1.29 112.5 87.5 1.22 90 110
Q8WTT2 1.23 0.006357 1.25 111.3 88.7 1.2 91 109
Q9HBH0 1.97 0.006379 2.14 136.3 63.7 1.81 71.1 128.9
O00267 1.2 0.006381 1.23 110.3 89.7 1.18 91.8 108.2
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Q8TED0 1.27 0.006536 1.23 110.4 89.6 1.3 86.9 113.1
Q9BTC0 1.34 0.006621 1.39 116.4 83.6 1.3 87 113
O14745 1.23 0.006718 1.2 109.1 90.9 1.26 88.5 111.5
Q9H8H2 1.48 0.006762 1.55 121.5 78.5 1.41 83 117
Q8N6N3 1.63 0.006849 1.53 121 79 1.73 73.4 126.6
Q9NQ84 2.17 0.007034 2.41 141.3 58.7 1.96 67.5 132.5
P62195 1.24 0.007037 1.21 109.6 90.4 1.28 87.8 112.2
Q03519 1.43 0.007338 1.49 119.8 80.2 1.37 84.5 115.5
Q9H2D6 1.49 0.007339 1.42 117.3 82.7 1.57 77.9 122.1
Q13867 1.23 0.007354 1.26 111.5 88.5 1.2 91 109
Q8TCJ2 1.23 0.007498 1.26 111.4 88.6 1.2 91.1 108.9
Q96QG7 1.42 0.007505 1.49 119.6 80.4 1.36 84.7 115.3
Q9H6W3 2.24 0.007523 2.5 142.8 57.2 2.01 66.6 133.4
Q4LE39 1.51 0.007836 1.59 122.8 77.2 1.43 82.3 117.7
Q969S3 1.65 0.007847 1.77 127.7 72.3 1.55 78.5 121.5
Q9C0J8 1.38 0.008058 1.44 118.1 81.9 1.33 86 114
O15213 1.21 0.008222 1.24 110.5 89.5 1.18 91.9 108.1
Q9H9T3 1.24 0.008609 1.27 112 88 1.2 90.8 109.2
Q9UDY4 1.77 0.008741 1.64 124.1 75.9 1.92 68.5 131.5
O75351 1.47 0.00875 1.4 116.6 83.4 1.55 78.3 121.7
Q9UHQ9 1.41 0.008925 1.48 119.4 80.6 1.35 85.2 114.8
P63000 1.28 0.00895 1.32 113.9 86.1 1.24 89.4 110.6
Q9BZE4 1.38 0.008963 1.44 118.1 81.9 1.32 86.2 113.8
Q5QJE6 1.39 0.009096 1.33 114 86 1.45 81.6 118.4
Q9NVP1 1.3 0.00945 1.35 114.8 85.2 1.25 88.8 111.2
Q99614 1.35 0.00952 1.29 112.7 87.3 1.4 83.2 116.8
Q9BYJ9 1.57 0.009609 1.47 119.1 80.9 1.68 74.7 125.3
O43474 1.87 0.009663 2.06 134.6 65.4 1.71 73.9 126.1
Q86U38 1.26 0.009881 1.31 113.3 86.7 1.22 90 110
P36543 1.27 0.010051 1.32 113.6 86.4 1.23 89.8 110.2
Q9Y520 1.24 0.010051 1.21 109.3 90.7 1.28 87.6 112.4
P49585 1.74 0.010124 1.89 130.7 69.3 1.6 77 123
P17535 1.31 0.010197 1.37 115.5 84.5 1.26 88.4 111.6
P50454 1.29 0.010838 1.35 114.7 85.3 1.24 89.1 110.9
Q8NCA5 1.25 0.011163 1.29 112.6 87.4 1.21 90.7 109.3
P48729 1.33 0.011628 1.4 116.5 83.5 1.28 87.9 112.1
P46379 1.68 0.011765 1.54 121.3 78.7 1.82 70.9 129.1
P51149 1.21 0.011812 1.24 110.8 89.2 1.17 92.1 107.9
Q13445 1.45 0.011975 1.54 121.1 78.9 1.37 84.6 115.4
Q9NYH9 1.41 0.012237 1.34 114.4 85.6 1.49 80.2 119.8
P14373 1.26 0.012237 1.31 113.2 86.8 1.21 90.4 109.6
P47712 1.23 0.01247 1.19 108.7 91.3 1.27 88 112
Q8WW22 1.33 0.013512 1.4 116.5 83.5 1.27 88.2 111.8
Q9P265 1.26 0.013721 1.31 113.6 86.4 1.22 90.3 109.7
Q14764 2.43 0.013767 2.88 148.4 51.6 2.05 65.5 134.5
O00116 1.27 0.014061 1.32 113.8 86.2 1.22 90.2 109.8
O95470 1.3 0.014233 1.36 115.1 84.9 1.24 89.3 110.7
Q14807 1.25 0.014336 1.2 109.2 90.8 1.3 87 113
Q9NY93 1.3 0.014843 1.25 110.9 89.1 1.37 84.5 115.5
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Q16222 1.41 0.014982 1.32 113.9 86.1 1.49 80.2 119.8
Q9H7B2 1.44 0.015051 1.35 114.8 85.2 1.54 78.9 121.1
O75691 1.81 0.01532 1.62 123.7 76.3 2.03 66.1 133.9
Q9BYN0 1.55 0.015446 1.43 117.8 82.2 1.68 74.5 125.5
P23921 1.27 0.015547 1.22 109.9 90.1 1.33 85.8 114.2
P17844 1.34 0.015699 1.27 111.9 88.1 1.41 82.9 117.1
O75128 1.44 0.015826 1.35 114.8 85.2 1.54 78.7 121.3
Q6WKZ4 1.49 0.01609 1.6 123.1 76.9 1.38 84 116
Q96RK0 1.53 0.016282 1.41 117 83 1.65 75.4 124.6
Q92597 1.21 0.0163 1.25 111 89 1.16 92.4 107.6
Q969Y2 1.27 0.016393 1.22 109.8 90.2 1.33 85.8 114.2
Q7KZI7 1.36 0.016761 1.44 117.9 82.1 1.28 87.7 112.3
Q8TDD1 1.26 0.017176 1.32 113.6 86.4 1.21 90.7 109.3
Q14690 1.76 0.017412 1.97 132.7 67.3 1.57 77.7 122.3
Q15012 1.61 0.017513 1.76 127.6 72.4 1.46 81.2 118.8
O15498 1.28 0.017627 1.34 114.7 85.3 1.22 90 110
Q02880 1.53 0.017661 1.67 125 75 1.41 83 117
Q9BXJ9 1.27 0.018491 1.22 109.7 90.3 1.34 85.6 114.4
Q49B96 1.69 0.018835 1.88 130.7 69.3 1.52 79.4 120.6
Q9BTT4 1.3 0.019132 1.23 110.5 89.5 1.37 84.3 115.7
Q8N1G2 1.31 0.019138 1.38 116 84 1.24 89.3 110.7
Q9Y3C7 1.22 0.019419 1.17 107.8 92.2 1.27 88.3 111.7
Q8IZH2 1.23 0.019784 1.29 112.5 87.5 1.18 91.7 108.3
Q6R327 1.4 0.019871 1.51 120.2 79.8 1.31 86.6 113.4
Q16666 1.75 0.01998 1.97 132.6 67.4 1.55 78.4 121.6
Q12929 1.42 0.020082 1.52 120.7 79.3 1.32 86.3 113.7
P48556 1.22 0.020196 1.17 107.8 92.2 1.27 88.2 111.8
Q12913 1.67 0.020329 1.87 130.3 69.7 1.5 80 120
Q7Z2W4 1.42 0.020526 1.32 113.7 86.3 1.53 79.2 120.8
Q86YP4 1.21 0.020602 1.17 107.7 92.3 1.26 88.3 111.7
O14965 1.23 0.020902 1.29 112.5 87.5 1.18 91.8 108.2
O75410 1.2 0.021109 1.16 107.2 92.8 1.25 89 111
Q9Y5B8 1.25 0.021128 1.2 108.9 91.1 1.32 86.4 113.6
Q8WVX9 2.1 0.021612 1.77 127.8 72.2 2.49 57.3 142.7
P25490 1.59 0.022323 1.44 117.9 82.1 1.77 72.3 127.7
Q96T37 1.24 0.022331 1.18 108.4 91.6 1.3 87 113
P16401 2.78 0.022615 2.14 136.4 63.6 3.6 43.5 156.5
Q9Y2P8 1.33 0.022761 1.41 117.1 82.9 1.25 89 111
Q6UXV4 1.2 0.023311 1.15 107.1 92.9 1.25 88.9 111.1
O95478 1.45 0.023501 1.58 122.4 77.6 1.33 85.7 114.3
P07305 1.53 0.023541 1.69 125.7 74.3 1.39 83.6 116.4
Q8N5A5 1.7 0.023724 1.92 131.4 68.6 1.5 80 120
P01130 1.35 0.024284 1.26 111.4 88.6 1.44 82 118
Q96BH1 2.2 0.024687 1.81 128.7 71.3 2.67 54.5 145.5
Q8TAD4 1.21 0.025782 1.27 111.7 88.3 1.16 92.7 107.3
Q9H3R2 1.24 0.025921 1.3 113 87 1.18 91.9 108.1
Q9BXF6 1.29 0.02613 1.37 115.6 84.4 1.21 90.3 109.7
O00567 1.37 0.026136 1.27 112 88 1.48 80.7 119.3
Q8NB16 1.36 0.026583 1.47 118.9 81.1 1.26 88.3 111.7
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Q9BX40 1.39 0.026622 1.51 120.2 79.8 1.29 87.5 112.5
P78344 1.21 0.026858 1.15 107.1 92.9 1.26 88.5 111.5
P26196 1.32 0.027421 1.23 110.5 89.5 1.41 82.9 117.1
O00487 1.21 0.027521 1.27 111.9 88.1 1.16 92.7 107.3
Q8N6L1 1.58 0.027613 1.78 127.9 72.1 1.41 82.9 117.1
Q9BQG0 1.4 0.02815 1.51 120.5 79.5 1.29 87.5 112.5
Q8N5F7 2.32 0.02821 2.91 148.9 51.1 1.85 70.2 129.8
Q9NYF3 1.65 0.028581 1.87 130.3 69.7 1.45 81.6 118.4
O96005 1.27 0.028684 1.35 115 85 1.2 90.9 109.1
Q9NX01 1.51 0.029295 1.36 115.2 84.8 1.67 74.8 125.2
P45985 1.24 0.029336 1.32 113.6 86.4 1.18 91.8 108.2
Q9Y2X3 1.26 0.029857 1.34 114.5 85.5 1.19 91.3 108.7
Q9H2J4 1.21 0.029857 1.27 112 88 1.16 92.8 107.2
Q9GZR2 1.25 0.030374 1.18 108.3 91.7 1.32 86.1 113.9
Q9BRX2 1.24 0.030393 1.17 108 92 1.31 86.6 113.4
P51608 1.45 0.030487 1.32 113.6 86.4 1.59 77.2 122.8
Q9UL63 1.3 0.031608 1.4 116.6 83.4 1.22 90.2 109.8
Q13501 2.1 0.031755 2.58 144.1 55.9 1.7 74 126
Q9NR30 1.32 0.03194 1.23 110.3 89.7 1.42 82.5 117.5
O95297 1.21 0.033186 1.28 112.2 87.8 1.15 92.9 107.1
P11388 1.7 0.033363 1.47 119 81 1.97 67.3 132.7
Q8TD16 1.25 0.034052 1.18 108.2 91.8 1.33 85.8 114.2
O15270 1.42 0.034089 1.57 122 78 1.29 87.3 112.7
O75683 1.27 0.034107 1.35 114.9 85.1 1.19 91.4 108.6
O95999 1.52 0.0347 1.71 126.3 73.7 1.36 84.9 115.1
Q5M775 1.26 0.035822 1.18 108.3 91.7 1.34 85.4 114.6
P31350 1.24 0.035851 1.32 113.9 86.1 1.17 92.1 107.9
Q9Y324 1.22 0.03592 1.29 112.5 87.5 1.15 92.9 107.1
Q9BXB4 1.24 0.036482 1.17 107.8 92.2 1.32 86.2 113.8
P29373 1.23 0.036549 1.16 107.4 92.6 1.3 86.9 113.1
Q08AD1 1.43 0.03817 1.29 112.7 87.3 1.59 77.2 122.8
Q9Y287 1.99 0.0382 2.46 142.2 57.8 1.62 76.5 123.5
Q6DKI1 1.25 0.038312 1.33 114.2 85.8 1.17 92.1 107.9
Q9Y487 1.34 0.038974 1.46 118.8 81.2 1.23 89.6 110.4
Q99543 1.54 0.038991 1.75 127.3 72.7 1.35 84.9 115.1
Q8N6T3 1.46 0.039163 1.63 123.9 76.1 1.3 86.8 113.2
O43752 1.25 0.039286 1.34 114.5 85.5 1.17 92 108
Q8N5K1 1.35 0.040842 1.47 119.1 80.9 1.23 89.6 110.4
Q9UBB5 1.21 0.040952 1.15 106.8 93.2 1.29 87.5 112.5
Q9H9L3 1.51 0.041464 1.72 126.4 73.6 1.33 85.7 114.3
Q15276 1.22 0.041902 1.15 106.8 93.2 1.29 87.4 112.6
O75312 1.23 0.04243 1.31 113.4 86.6 1.16 92.8 107.2
Q96QC0 1.22 0.043096 1.3 113.1 86.9 1.15 93 107
Q8WWQ0 2.06 0.043768 1.62 123.7 76.3 2.61 55.4 144.6
Q9NZW5 1.7 0.043779 2.01 133.5 66.5 1.43 82.2 117.8
Q8TD30 1.28 0.044476 1.38 115.9 84.1 1.18 91.6 108.4
P40818 1.25 0.044597 1.34 114.4 85.6 1.17 92.4 107.6
Q9UIG0 2.03 0.045774 2.57 144 56 1.6 77 123
P62256 1.27 0.046658 1.38 115.8 84.2 1.18 91.8 108.2
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Q13823 1.64 0.046658 1.93 131.6 68.4 1.39 83.6 116.4
Q9UK22 1.26 0.04729 1.17 107.9 92.1 1.36 84.7 115.3
Q9Y6A4 1.28 0.048217 1.18 108.2 91.8 1.38 84 116
P05067 1.23 0.049478 1.31 113.6 86.4 1.15 93.1 106.9
Q9Y666 -1.2 0.000241 0.83 90.7 109.3 0.84 108.9 91.1
Q8N1F7 -1.2 0.004855 0.82 90 110 0.85 108.2 91.8
Q15365 -1.2 0.010051 0.81 89.6 110.4 0.86 107.8 92.2
P31040 -1.2 0.023311 0.8 88.9 111.1 0.87 107.1 92.9
Q8TE02 -1.2 0.000236 0.83 90.6 109.4 0.84 109 91
Q96IZ7 -1.2 0.043326 0.88 93.6 106.4 0.79 112 88
O75436 -1.2 0.046261 0.88 93.7 106.3 0.78 112.1 87.9
Q12962 -1.21 0.001442 0.84 91.2 108.8 0.82 109.8 90.2
Q9GZY8 -1.21 0.023202 0.8 88.6 111.4 0.86 107.3 92.7
O95239 -1.21 0.037896 0.79 88 112 0.87 106.7 93.3
Q03135 -1.21 0.00805 0.81 89.4 110.6 0.85 108.2 91.8
O14964 -1.21 0.031082 0.79 88.2 111.8 0.87 107 93
Q06124 -1.21 0.010051 0.81 89.2 110.8 0.85 108.1 91.9
Q99567 -1.21 0.027194 0.79 88.3 111.7 0.87 107.2 92.8
P49959 -1.21 0.000498 0.82 90.2 109.8 0.83 109.2 90.8
P30837 -1.21 0.001654 0.84 91 109 0.82 110.1 89.9
O43663 -1.21 0.044546 0.88 93.4 106.6 0.78 112.5 87.5
O75208 -1.21 0.000217 0.82 90.2 109.8 0.83 109.4 90.6
P28065 -1.21 0.006501 0.81 89.3 110.7 0.84 108.5 91.5
Q6PL18 -1.21 0.02102 0.79 88.4 111.6 0.86 107.6 92.4
Q9NRS6 -1.21 0.025268 0.86 92.6 107.4 0.79 111.8 88.2
Q5VW32 -1.21 0.00162 0.82 89.8 110.2 0.83 109.1 90.9
Q96NB3 -1.21 0.038288 0.78 87.6 112.4 0.87 106.9 93.1
P51692 -1.21 0.007566 0.84 91.5 108.5 0.8 110.9 89.1
Q00796 -1.21 0.024768 0.79 88.1 111.9 0.86 107.5 92.5
O95630 -1.22 1.31E-05 0.82 90.2 109.8 0.82 109.7 90.3
P34896 -1.22 0.017529 0.85 92.1 107.9 0.79 111.6 88.4
Q9H267 -1.22 0.03592 0.78 87.5 112.5 0.87 107.1 92.9
P36776 -1.22 0.029568 0.86 92.6 107.4 0.78 112.3 87.7
O00148 -1.22 0.005063 0.84 91.1 108.9 0.8 110.9 89.1
Q9UK41 -1.22 0.014425 0.79 88.4 111.6 0.85 108.2 91.8
Q96RN5 -1.22 0.015117 0.85 91.8 108.2 0.79 111.7 88.3
Q15006 -1.22 0.000799 0.81 89.6 110.4 0.82 109.6 90.4
Q7Z434 -1.22 0.003185 0.81 89.2 110.8 0.83 109.2 90.8
P42166 -1.22 0.032177 0.78 87.4 112.6 0.86 107.4 92.6
P54725 -1.22 0.002393 0.81 89.2 110.8 0.83 109.4 90.6
Q8IVM0 -1.22 0.008182 0.84 91.2 108.8 0.8 111.4 88.6
O15533 -1.23 0.004352 0.83 90.8 109.2 0.8 111.1 88.9
Q7Z2Z2 -1.23 0.027918 0.78 87.4 112.6 0.86 107.7 92.3
P21912 -1.23 0.000297 0.82 90 110 0.81 110.5 89.5
O43708 -1.23 0.001437 0.82 90.3 109.7 0.81 110.8 89.2
Q8IX01 -1.23 0.032683 0.86 92.4 107.6 0.77 113 87
P0DMN0 -1.23 0.009671 0.79 88.2 111.8 0.84 108.9 91.1
Q9BSJ2 -1.23 0.01247 0.84 91.3 108.7 0.79 112 88
P28340 -1.23 0.019056 0.78 87.6 112.4 0.85 108.3 91.7
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Q9UBB9 -1.23 0.00166 0.8 89 111 0.82 109.8 90.2
P29353 -1.23 0.007722 0.79 88.3 111.7 0.83 109.1 90.9
O00264 -1.23 0.000103 0.81 89.7 110.3 0.81 110.6 89.4
P56378 -1.23 0.001132 0.8 89 111 0.82 110 90
O43824 -1.23 0.001629 0.8 88.9 111.1 0.82 109.9 90.1
Q9HB07 -1.24 0.034605 0.76 86.6 113.4 0.86 107.7 92.3
P26885 -1.24 0.007437 0.79 88.1 111.9 0.83 109.3 90.7
P20020 -1.24 0.008609 0.79 88 112 0.83 109.2 90.8
P36404 -1.24 0.038647 0.86 92.4 107.6 0.76 113.7 86.3
Q9NWZ3 -1.24 0.019419 0.84 91.4 108.6 0.77 112.9 87.1
Q16698 -1.24 0.025001 0.77 86.8 113.2 0.85 108.3 91.7
O43819 -1.24 0.045283 0.75 85.9 114.1 0.86 107.4 92.6
Q9C0B1 -1.24 0.025761 0.85 91.7 108.3 0.76 113.3 86.7
P07203 -1.25 0.030903 0.76 86.2 113.8 0.85 108.2 91.8
Q15631 -1.25 1.02E-05 0.8 88.9 111.1 0.8 111 89
Q9Y2Q3 -1.25 0.047927 0.86 92.5 107.5 0.75 114.6 85.4
P18846 -1.25 0.001013 0.81 89.4 110.6 0.79 111.6 88.4
Q9NVE7 -1.25 0.046288 0.75 85.4 114.6 0.86 107.6 92.4
Q96ES7 -1.25 0.031149 0.75 86 114 0.85 108.3 91.7
Q9Y296 -1.25 0.003962 0.78 87.8 112.2 0.82 110.2 89.8
Q9UPQ0 -1.25 0.00885 0.77 87.3 112.7 0.82 109.7 90.3
Q9C0B5 -1.25 0.000247 0.79 88.5 111.5 0.8 111 89
O15357 -1.26 0.000242 0.8 88.9 111.1 0.79 111.6 88.4
O14980 -1.26 0.015923 0.83 90.7 109.3 0.76 113.4 86.6
Q5R3I4 -1.26 0.040904 0.74 85.3 114.7 0.85 108 92
Q0ZGT2 -1.26 0.045595 0.74 85.1 114.9 0.85 107.8 92.2
Q8N3D4 -1.26 0.032925 0.75 85.6 114.4 0.85 108.4 91.6
Q93096 -1.26 0.04404 0.74 85.1 114.9 0.85 107.9 92.1
O94763 -1.26 0.027651 0.75 85.8 114.2 0.84 108.7 91.3
P16949 -1.26 0.004544 0.81 89.6 110.4 0.78 112.6 87.4
Q969Z0 -1.26 0.048058 0.86 92.2 107.8 0.74 115.2 84.8
Q9NSE4 -1.26 0.000234 0.8 88.7 111.3 0.79 111.8 88.2
Q9NUM3 -1.26 0.008885 0.77 86.9 113.1 0.82 110 90
P41240 -1.26 0.006221 0.81 89.7 110.3 0.77 112.9 87.1
P21333 -1.26 0.002066 0.8 89.1 110.9 0.78 112.4 87.6
P41214 -1.26 0.018144 0.76 86.1 113.9 0.83 109.4 90.6
Q96ER9 -1.27 0.048139 0.85 92 108 0.73 115.6 84.4
Q8IZ73 -1.27 0.003198 0.77 87.2 112.8 0.8 110.9 89.1
Q6P3X3 -1.27 0.027725 0.74 85.3 114.7 0.84 109 91
Q96CU9 -1.28 0.024003 0.83 90.6 109.4 0.74 114.8 85.2
P04150 -1.28 0.001428 0.79 88.5 111.5 0.77 112.8 87.2
P33527 -1.28 0.000408 0.79 88.1 111.9 0.78 112.6 87.4
Q8WUB8 -1.28 0.013715 0.81 89.8 110.2 0.75 114.3 85.7
P68402 -1.28 0.013715 0.82 89.8 110.2 0.75 114.3 85.7
Q8IY17 -1.28 0.007784 0.76 86.1 113.9 0.81 110.8 89.2
Q96H79 -1.28 0.013498 0.75 85.6 114.4 0.81 110.3 89.7
O75369 -1.28 0.005451 0.8 88.9 111.1 0.76 113.7 86.3
Q8IZ69 -1.28 0.015941 0.74 85.3 114.7 0.82 110.2 89.8
Q16822 -1.29 0.003185 0.76 86.5 113.5 0.79 111.5 88.5
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Q7Z7H5 -1.29 0.023176 0.74 84.7 115.3 0.82 109.8 90.2
Q01082 -1.29 0.000195 0.78 87.6 112.4 0.77 112.9 87.1
Q15043 -1.29 0.000632 0.77 86.9 113.1 0.78 112.2 87.8
Q9H9B1 -1.29 0.019719 0.82 89.9 110.1 0.74 115.2 84.8
Q96CP2 -1.29 0.001516 0.79 88 112 0.76 113.4 86.6
Q9Y490 -1.29 0.002502 0.76 86.4 113.6 0.79 111.8 88.2
O60831 -1.29 0.036645 0.72 83.7 116.3 0.83 109.2 90.8
Q9P086 -1.29 0.028097 0.73 84.1 115.9 0.82 109.7 90.3
O00291 -1.3 0.048396 0.71 83 117 0.84 108.7 91.3
Q13085 -1.3 0.00027 0.77 86.8 113.2 0.78 112.6 87.4
O75376 -1.3 0.023638 0.72 84 116 0.81 110.2 89.8
P23743 -1.3 0.000874 0.76 86.3 113.7 0.78 112.6 87.4
P49757 -1.3 0.005577 0.75 85.4 114.6 0.79 111.8 88.2
O43493 -1.31 0.000178 0.77 87 113 0.76 113.5 86.5
O95613 -1.31 0.007159 0.79 88.3 111.7 0.74 114.9 85.1
A9UHW6 -1.31 0.024508 0.81 89.7 110.3 0.72 116.3 83.7
Q9Y657 -1.31 0.044376 0.7 82.6 117.4 0.83 109.2 90.8
Q07960 -1.31 0.001751 0.77 87.3 112.7 0.75 114.3 85.7
Q8IXM2 -1.31 0.041202 0.7 82.5 117.5 0.83 109.5 90.5
Q00653 -1.31 0.00017 0.76 86.2 113.8 0.77 113.3 86.7
Q9HA77 -1.31 0.013508 0.73 84.2 115.8 0.8 111.3 88.7
Q9P2T1 -1.31 0.002692 0.78 87.4 112.6 0.75 114.6 85.4
Q9H845 -1.32 0.029857 0.81 89.8 110.2 0.71 117 83
O00458 -1.32 0.017006 0.72 83.8 116.2 0.8 111.1 88.9
O15235 -1.32 0.00893 0.73 84.4 115.6 0.79 111.9 88.1
Q9NRM1 -1.32 5.86E-05 0.76 86.3 113.7 0.75 114 86
P49588 -1.32 0.018348 0.72 83.4 116.6 0.8 111.2 88.8
Q02388 -1.32 0.032567 0.81 89.7 110.3 0.7 117.6 82.4
Q9BYT8 -1.33 0.006467 0.73 84.4 115.6 0.78 112.4 87.6
Q69YN2 -1.33 0.013228 0.72 83.7 116.3 0.79 111.7 88.3
Q9Y4U1 -1.33 0.030059 0.81 89.4 110.6 0.7 117.7 82.3
Q9H3H3 -1.33 0.033991 0.81 89.6 110.4 0.7 118 82
O43294 -1.33 0.000301 0.76 86.1 113.9 0.75 114.6 85.4
Q9Y315 -1.33 0.006992 0.72 84 116 0.78 112.6 87.4
O60671 -1.33 0.009639 0.72 83.7 116.3 0.78 112.3 87.7
Q99541 -1.33 0.030258 0.81 89.3 110.7 0.7 117.9 82.1
Q96DC8 -1.34 0.005382 0.77 87.1 112.9 0.73 115.9 84.1
Q9HAV4 -1.34 0.02102 0.7 82.6 117.4 0.8 111.4 88.6
O95208 -1.34 0.002594 0.73 84.4 115.6 0.76 113.5 86.5
Q02252 -1.34 0.00367 0.77 86.7 113.3 0.73 115.8 84.2
O95571 -1.34 0.037859 0.81 89.5 110.5 0.68 118.8 81.2
Q8N201 -1.35 0.004733 0.76 86.6 113.4 0.72 116.3 83.7
Q96RQ3 -1.35 9.01E-05 0.74 85.3 114.7 0.74 115.1 84.9
P25325 -1.35 0.000447 0.75 85.4 114.6 0.73 115.5 84.5
Q15021 -1.36 0.031773 0.8 88.8 111.2 0.68 119 81
Q9UPN3 -1.36 0.026041 0.79 88.3 111.7 0.68 118.8 81.2
O60437 -1.36 0.007623 0.71 82.8 117.2 0.76 113.4 86.6
P19838 -1.36 0.034658 0.8 88.8 111.2 0.67 119.5 80.5
Q9NVA1 -1.36 0.006762 0.71 82.8 117.2 0.76 113.6 86.4
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P41252 -1.37 0.00465 0.76 86 114 0.71 117 83
Q9H3S7 -1.37 0.002272 0.75 85.5 114.5 0.72 116.6 83.4
Q15149 -1.37 0.009798 0.76 86.6 113.4 0.7 117.8 82.2
O75381 -1.37 0.004211 0.71 82.8 117.2 0.75 114.3 85.7
Q09666 -1.38 0.000244 0.72 83.8 116.2 0.73 115.5 84.5
Q8TD19 -1.38 0.029323 0.67 80.1 119.9 0.79 112 88
O00170 -1.39 0.002081 0.74 84.8 115.2 0.71 117.3 82.7
Q5BKU9 -1.4 0.044656 0.64 78.2 121.8 0.79 111.5 88.5
Q8TEM1 -1.4 0.001449 0.73 84.2 115.8 0.7 117.6 82.4
Q96HY7 -1.41 0.009134 0.74 85.4 114.6 0.68 119.2 80.8
Q12768 -1.41 0.015393 0.67 80.1 119.9 0.76 113.9 86.1
Q8TB61 -1.41 0.013142 0.67 80.1 119.9 0.75 114.3 85.7
Q9BW92 -1.42 6.68E-05 0.71 82.9 117.1 0.7 117.5 82.5
Q86UV5 -1.42 0.009824 0.74 85.1 114.9 0.67 119.8 80.2
Q9UK61 -1.42 0.025892 0.65 78.5 121.5 0.76 113.4 86.6
Q9UBY9 -1.43 0.006116 0.73 84.4 115.6 0.67 119.5 80.5
P42229 -1.43 0.000891 0.71 83 117 0.69 118.5 81.5
Q9H467 -1.43 0.003791 0.68 80.7 119.3 0.72 116.2 83.8
Q5PRF9 -1.44 6.24E-05 0.69 81.9 118.1 0.7 117.7 82.3
Q8IV48 -1.44 0.00025 0.7 82.5 117.5 0.69 118.3 81.7
O75909 -1.44 0.033765 0.63 77.2 122.8 0.77 113.2 86.8
Q6PI98 -1.45 0.038476 0.62 76.6 123.4 0.77 113 87
Q68CP9 -1.45 0.005856 0.72 83.6 116.4 0.66 120.4 79.6
P98082 -1.45 0.015705 0.64 78.3 121.7 0.74 115.1 84.9
O43674 -1.47 0.006116 0.71 83.2 116.8 0.65 121 79
Q9BSY4 -1.47 0.042174 0.77 86.7 113.3 0.6 124.7 75.3
O60503 -1.49 0.045174 0.76 86.5 113.5 0.59 125.7 74.3
Q92797 -1.49 0.001042 0.68 81.2 118.8 0.66 120.6 79.4
Q15059 -1.49 0.03729 0.6 74.7 125.3 0.75 114.2 85.8
Q8WX92 -1.5 0.023356 0.73 84.4 115.6 0.61 124.4 75.6
Q9BQP7 -1.5 0.001625 0.68 81 119 0.65 121.3 78.7
Q9BQS8 -1.51 4.90E-05 0.67 80 120 0.66 120.4 79.6
Q03001 -1.53 0.01182 0.7 82.3 117.7 0.61 124.2 75.8
Q7Z6Z7 -1.53 0.012428 0.7 82.3 117.7 0.61 124.4 75.6
Q6P9B6 -1.55 0.000784 0.64 77.7 122.3 0.66 120.6 79.4
O95747 -1.56 0.018561 0.59 74 126 0.7 117.5 82.5
Q6UWP7 -1.56 0.007583 0.68 80.9 119.1 0.61 124.5 75.5
Q96BJ3 -1.56 0.021546 0.71 82.8 117.2 0.58 126.4 73.6
Q99798 -1.56 0.003361 0.62 76.3 123.7 0.67 120.1 79.9
Q9NQH7 -1.58 0.009963 0.68 80.7 119.3 0.59 125.7 74.3
Q96BW5 -1.6 0.007788 0.59 74 126 0.66 120.2 79.8
Q6WCQ1 -1.61 0.001553 0.64 78 122 0.61 124.6 75.4
Q68CZ2 -1.63 0.010301 0.57 72.7 127.3 0.66 120.4 79.6
Q53EL6 -1.63 0.003119 0.59 74.1 125.9 0.64 122.1 77.9
Q15172 -1.64 0.007046 0.57 72.8 127.2 0.65 121.4 78.6
O15438 -1.65 0.009569 0.57 72.2 127.8 0.65 121 79
Q9NVM9 -1.66 0.027152 0.68 81.1 118.9 0.53 130.7 69.3
O95155 -1.66 0.027489 0.68 81.1 118.9 0.53 130.8 69.2
Q9Y530 -1.7 7.40E-06 0.59 74.1 125.9 0.59 126.1 73.9
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Q9BQ24 -1.72 0.000351 0.57 72.9 127.1 0.59 125.7 74.3
O95260 -1.73 0.002504 0.55 71.3 128.7 0.6 124.9 75.1
O95466 -1.74 0.003582 0.6 75.2 124.8 0.55 129.4 70.6
P50748 -1.77 0.04497 0.47 63.7 136.3 0.68 119.1 80.9
P55061 -1.8 6.16E-06 0.56 71.6 128.4 0.56 128.6 71.4
Q01664 -1.86 0.032091 0.45 62.4 137.6 0.64 122.1 77.9
Q92625 -2.05 0.018766 0.42 58.9 141.1 0.57 127.6 72.4
Q96I59 -2.06 0.006293 0.44 61.5 138.5 0.53 130.7 69.3
Q9NVD7 -2.2 0.020758 0.38 55.1 144.9 0.55 129.5 70.5
Q2NKX8 -2.33 0.015017 0.37 53.4 146.6 0.51 132.7 67.3
Q9NXF7 -2.67 0.003772 0.34 50.7 149.3 0.42 141.4 58.6
Q92896 -3.01 0.038106 0.23 37.2 162.8 0.48 135 65
O15020 -3.09 0.049976 0.21 34.5 165.5 0.5 133.1 66.9
Q9Y2F5 -8 0.035959 0.05 9.3 190.7 0.32 151.5 48.5
aFC: Fold change; bF-FC: Forward labeling: (Light, shikinon)/(Heavy, Control); cF-L: Forward labeling: Light, Shikinon; dF-H: For-
ward labeling: Heavy, Control; eR-FC: Reverse labeling: (Heavy, shikinon)/(Light, Control); fR-L: Reverse labeling: Light, Control; 
gR-H: Reverse labeling: Heavy, Shikinon.


