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ABSTRACT
Hyperhomocysteinemia (HHcy) is independently associated 
with poorer long- term prognosis in patients with 
intracerebral haemorrhage (ICH); however, the effect and 
mechanisms of HHcy on ICH are still unclear. Here, we 
evaluated neurite outgrowth and neurological functional 
recovery using simulated models of ICH with HHcy in vitro 
and in vivo. We found that the neurite outgrowth velocity 
and motor functional recovery in the ICH plus HHcy group 
were significantly slower than that in the control group, 
indicating that homocysteine (Hcy) significantly impedes 
the neurite outgrowth recovery after ICH. Furthermore, 
phosphoproteomic data and signalome analysis of 
perihematomal brain tissues suggested that calmodulin- 
dependent protein kinases 2 (CAMK2A) kinase substrate 
pairs were significantly downregulated in ICH with HHcy 
compared with autologous blood injection only, both 
western blot and immunofluorescence staining confirmed 
this finding. Additionally, upregulation of pCAMK2A 
significantly increased neurite outgrowth recovery in ICH 
with HHcy. Collectively, we clarify the mechanism of HHcy- 
hindered neurite outgrowth recovery, and pCAMK2A may 
serve as a therapeutic strategy for promoting neurological 
recovery after ICH.

INTRODUCTION
Affecting 2 million people worldwide each 
year, intracerebral haemorrhage (ICH) is a 
serious type of stroke, and more than two- 
thirds of survivors cannot maintain their activ-
ities of daily living.1–3 There are many factors 
affecting the risk and prognosis of ICH, and 
high plasma homocysteine (Hcy) concentra-
tion, also known as hyperhomocysteinemia 
(HHcy), is a notable risk factor.4 According to 
a recent outpatients cohort of stroke, 35% of 
them had a high level of plasma Hcy, making 
it a high concern to this population.5 In 
addition, a clinical study showed that HHcy 
was independently associated with a poorer 
3- month clinical outcome in patients with 
ICH.6

Molecular mechanisms that contribute 
to HHcy- induced disease involve reactive 

oxygen species and endothelial dysfunction.7 
Endothelial dysfunction may contribute to 
the increased risk of ICH. However, for most 
patients with ICH with neurological function 
dysfunction accompanied by HHcy, whether 
Hcy directly interferes with neural repair 
after ICH is unclear. Several studies have 
revealed that Hcy can perturb phosphopro-
tein homeostasis,8 9 and phosphorylation 
has important implications on the function 
of neurite outgrowth.10 11 Therefore, we 
speculated that Hcy could impede neurite 
outgrowth and neurological recovery after 
ICH for patients with HHcy through a distur-
bance of switch- like kinase- phosphoprotein 
cascades. To test this hypothesis, we separately 
constructed ICH with HHcy models in vitro 
and in vivo. Morphological and behavioural 
characteristics were measured to evaluate 
neurite outgrowth recovery and neurological 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ Hyperhomocysteinemia (HHcy) is the risk factor for 
intracerebral haemorrhage (ICH) and is associated 
with poor prognosis, but its underlying molecular 
mechanisms affecting neural repair after ICH are still 
poorly understood.

WHAT THIS STUDY ADDS

 ⇒ By morphological and behavioural tests, we suggest 
that Hcy impedes neurite outgrowth and neurological 
recovery after ICH. Then, our findings further indicate 
that Hcy significantly downregulates the phosphory-
lation level of calmodulin- dependent protein kinases 
2 (CAMK2A) after ICH, which is associated with neu-
rite outgrowth.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our findings show that pCAMK2A may serve as a key 
target for promoting neurological recovery after ICH, 
indicating novel therapeutic strategies for improving 
the prognosis of ICH with HHcy in the future.
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function. To elucidate the mechanism of Hcy function 
on neurite outgrowth after ICH at a systemwide level, we 
used a global phosphoproteomic approach combined 
with proteomics. We explored the regulation of neurite 
outgrowth by kinase- substrate signalome and identified 
the core signalling pathway and target which may serve 
as a switch- like molecule for neurite outgrowth regulated 
by Hcy. Finally, we examined and validated its regulatory 
effect on neurite outgrowth recovery after ICH. Overall, 
we demonstrate that Hcy can inhibit neurite outgrowth 
after ICH and identify disturbances in the signalling 
network caused by Hcy. Importantly, these findings may 
indicate novel therapeutic strategies for improving the 
prognosis of ICH with HHcy.

MATERIALS AND METHODS
Animals
Male C57BL/6 mice (aged 5 weeks old, 14–16 g) were used 
in this study and were provided by the Animal Center of 
Tongji Hospital of Tongji Medical College of Huazhong 
University of Science and Technology (Wuhan, China). 
The mice were housed under a specific temperature- 
controlled environment with a 12- hour light/12- hour 
dark cycle. The mice were randomly divided into four 
groups: (1) Ctrl+vehicle group, (2) HHcy+vehicle group, 
(3) Ctrl+ICH group and (4) HHcy+ICH group, in which 
mice in the Ctrl groups were fed an ordinary diet, mice 
in the HHcy groups were fed with 1.7% high methionine 
feed for 6 weeks,12 mice in the ICH groups were stere-
otactic injected with autologous blood and mice in the 
vehicle groups were given a sham ICH operation. A total 
of 220 mice were used for MOST (n: 10×4 = 40), neurobe-
havioral tests (n: 8×4 = 32), proteome and phosphopro-
teome (n: 3×3×4 = 36, three mice were mixed for each 
sample), western blot analysis (n: 8×4 = 32 on days 3, 8×4 
= 32 on days 14), immunofluorescence staining (n: 6×4 = 
24) and plasma Hcy concentration analysis (n: 6×4 =24). 
The mice were allowed free access to food and water 
throughout the experimental period. Six mice died after 
stereotactic injection with autologous blood.

Plasma Hcy concentration
After the mice were fed 1.7% high methionine feed for 4 
and 6 weeks, blood was collected from the inner canthus 
vein. The concentration of plasma Hcy was measured by 
the Department of Laboratory Medicine of Wuhan Tongji 
Hospital.

ICH models
ICH was induced by the stereotactic injection of autol-
ogous blood into the basal ganglia as previously 
described.13 14 Briefly, male C57BL/6 mice were anaes-
thetised with pentobarbital sodium and positioned in a 
stereotaxic frame in a prone position (RWD Life Science, 
China) and a burr hole was drilled into the skull. Then, 
20 µL of autologous blood from the medial canthus vein 
without any anticoagulants was injected into the right 
basal ganglia (coordinates 0.5 mm anterior, 2.0 mm lateral 

and 3.5 mm ventral to the bregma) at a rate of 1 µL/min 
by a microinfusion pump (RWD Life Science, China). 
After injection, the needle was left in position for an 
additional 10 min to prevent reflux and then withdrawn 
slowly at a rate of 1 mm/min. After suturing the wounds, 
all animals were monitored and provided with sufficient 
food and water. Only mice in which ICH was successful, 
excluding asymptomatic or dead mice, were included 
in this study. Using the same dosage as that applied to 
induce ICH, the mice subjected to the sham operation 
were only injected with phosphate buffered saline (PBS) 
into the basal ganglia.

Magnetic resonance imaging
MRI scans were performed to observe the formation and 
size of the haematoma on the first and third days after 
the establishment of ICH models. The mice were anaes-
thetised, fixed with special mouse coils and put into a 3.0 
T magnetic resonance machine. The scanning sequence 
was as follows: coronal position, T2WI, TR 1800 ms, TE 90 
ms, 1 mm- thick slice with 0.1 mm interslice gap.

Neurobehavioural tests
All neurobehavioral tests, including modified neuro-
logical severity scores (mNSS) and rotarod (Ugo Basile, 
Comerio, Italy) tests,15 were blindly administered by a 
laboratory technician on days 1, 3, 7, 14 and 21. Before 
inducing ICH, the mice were trained to rotate the rod for 
three cycles a day with an accelerating rotational speed 
from 4 rpm to 40 rpm within 5 min for 3 days before the 
surgical operation. On the third day of training, the 
average retention time on the rotarod was recorded to 
obtain baseline latency, and mice with poor motor func-
tion were excluded. The retention time of each mouse on 
the rotarod was tested six times at each time point after 
the operation, and the maximum value was recorded.

Western blot
Western blot was performed as described previously16–18 
and the mouse brain tissues were separated from the 
perihematomal region (within 1 mm from the edge of 
the haematoma) for this analysis. Tissues were lysed and 
homogenised in RIPA lysis buffer supplemented with 
PMSF (Beyotime Biotechnology, China). The concen-
tration of total protein in tissues was determined using a 
bicinchoninic acid (BCA) assay (Beyotime Biotechnology, 
China). The proteins were separated by 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) and transferred onto nitrocellulose membranes. 
Then, the membranes were blocked in 5% skim milk 
for 1 hour at room temperature and incubated with 
the following primary antibodies overnight at 4°C: anti- 
MAP- 2 (1:1000, Cell Signaling Technology, USA), anti- 
synaptophysin (1:5000, Proteintech, China), anti- CAMK2 
(1:1000, Cell Signaling Technology, USA), anti- pCAMK2 
(1:1000, Cell Signaling Technology, USA), anti-β-actin 
(1:1000, Cell Signaling Technology, USA), anti-α-tubulin 
(1:1000, Cell Signaling Technology, USA) and anti- BDNF 
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(1:1000, Abcam, UK), followed by incubation with anti- 
rabbit IgG (H+L) (DyLight 800 Conjugate; Cell Signaling 
Technology, USA) or anti- mouse IgG (H+L) (DyLight 800 
Conjugate; Cell Signaling Technology, USA) secondary 
antibody for 1 hour at room temperature. The bands 
were visualised with an Odyssey Infrared Imaging System 
(LI- COR, Lincoln, NE, USA) and analysed with ImageJ 
(National Institutes of Health, Bethesda, Maryland).

Immunofluorescence staining
The surgical procedures were described previously.16 
Mice were anaesthetised and transcardially perfused 
continuously with saline and 4% paraformaldehyde (PFA) 
solution. The brains were collected and postfixed for 24 
hours in 4% PFA at 4°C and then dehydrated using 15% 
and 30% sucrose. Then, 30 µm slices of brain tissues were 
cut with a microtome (Leica CM1950, Germany). The 
cultured neurons were fixed with 4% PFA for 20 min and 
washed three times with PBS. The cells were incubated 
in 0.5% Triton X- 100 for 30 min and blocked with 5% 
bovine serum albumin for 1 hour at room temperature. 
Then, cells were incubated overnight at 4°C with primary 
antibodies, including anti- MAP- 2 (1:100, Cell Signaling 
Technology, USA), anti- pCAMK2 (Thr286) (1:100, Cell 
Signaling Technology, USA) and anti-βIII -tubulin (1:200, 
Cell Signaling Technology, USA), followed by secondary 
antibody incubation for 1 hour. Counterstaining was 
performed with 40,6- diamidino- 2- phenylindole (DAPI; 
Beyotime, China). Cells were observed under an Olympus 
confocal laser scanning microscope (Olympus, Tokyo, 
Japan). Images were analysed with ImageJ software.

Golgi-Cox staining
Animals were anaesthetised and transcardially perfused 
with saline. Then, their whole brains were immedi-
ately removed on ice and placed in a brown glass bottle 
containing Golgi- Cox solution for fixation and impreg-
nation. The Golgi- Cox solution contained 1% potassium 
dichromate, 1% mercuric chloride and 0.8% potassium 
chromate. The brains were stored at 4℃ for 14 days, 
and the Golgi- Cox solution was replaced every 2 days. 
Afterward, the brains were immersed in a solution of 
30% sucrose until they sank. The brains were then cut 
into 100 µm sections on a vibrating microtome (Leica 
CM1950, Germany), and the sections were attached 
to slides and dried. The sections were then dehydrated 
in 50%, 70%, 95% and 100% alcohol and immersed in 
CXA (chloroform/xylene/anhydrous ethanol) solution 
including chloroform, xylene and anhydrous ethanol at 
a volume ratio of 1:1:1. The sections were cover slipped 
and photographed by an automatic scanning microscope. 
The photos were processed using ImageJ software, and 
the density of dendrite spines was calculated and analysed.

Micro-optical sectioning tomography
Whole mouse brains were placed in a brown glass bottle 
with Golgi- Cox dye and stained for at least 2 months. Then, 
the brains were immersed in 1% lithium hydroxide for 24 

hours, rinsed in distilled water for 24 hours, sequentially 
immersed in 50%, 70%, 85%, 95% and 100% alcohol, and 
100% alcohol- acetone (1:1) for 2 hours and then trans-
ferred to a new brown jar (100% acetone) to dehydrate 
overnight. After dehydration, the brains were immersed 
in 50%, 75% and 100% Spurr resin for 8 hours and main-
tained in 100% Spurr resin for another 8 hours. After 
polymerisation, the brains were sectioned and imaged at 
a voxel size of 0.3×0.3×1 µm3 using the fast micro- optical 
sectioning tomography (fMOST) system19 to complete 
the brainwide data acquisition. Then, the fMOST images 
were obtained using the BioMapping3000/BioMap-
ping5000 system (Oebio Biological, Wuhan, China). 
Image preprocessing was implemented using MATLAB 
and C++. For every brain, three 900×900×900 µm regions 
in the perihematomal tissue were reconstructed, and 
three neuronal cell bodies in each region were traced. 
Amira software (V.2020.1, FEI, Me’rignac Cedex, France) 
and Imaris software (V.9.7.2, Bitplane, Switzerland) were 
used to visualise the data and generate the figures and 
videos. The filament editor module of Amira was applied 
to the brainwide tracing of long- range axons in 3D by a 
combination of automated and manual approaches, and 
data blocks from the soma along the axons and dendrites 
were loaded into Amira. The initial and terminal points 
of fibres in the loaded blocks were assigned, and then 
Amira automatically calculated the path along which the 
fibre connected these two points.

Cell culture and treatment
We cultured primary cortical neurons as previously 
described.16 Briefly, cortical tissues were dissected from 
neonatal C57BL/6 mice and cut into pieces (1 mm3), and 
then the cells were dissociated with 0.125% trypsin (Invit-
rogen, USA) for 15 min at 37°C. After centrifugation, 
the cells were resuspended in Dulbecco’s modified Eagle 
medium/Ham’s F12 (DMEM/F12; Gibco, USA) supple-
mented with 10% fetal bovine serum, 1% penicillin/
streptomycin and 1% L- glutamine (all from Gibco, USA). 
Then, the suspension solution was seeded on 24- well and 
96- well culture plates, which were coated with 100.0 µg/
mL poly- L- lysine (Sigma- Aldrich, USA) and incubated 
at 37°C in a humidified atmosphere of 5% CO2. Later, 
the DMEM/F12 medium was replaced after 4 hours, and 
50% of the medium was refreshed every 3 days with main-
tenance medium, which included neurobasal medium 
supplemented with 2% B27, 1% penicillin/streptomycin 
and 1% L- glutamine (all from Gibco, USA).

To simulate experimental ICH in vitro, we added 
different concentrations of hemin (Sigma- Aldrich, USA) 
to cells cultured in 96- well culture plates for 24 hours 
on day 10 of growth and quantified the cell viability by 
the Cell Counting Kit- 8 (CCK- 8) assay (Dojindo, Japan). 
Then, we selected the hemin concentration (40 µM) at 
which the cell viability was 50%. In addition, the cells were 
exposed to 0.25 mM or 0.5 mM Hcy (Sigma- Aldrich, USA) 
or the vehicle for 48 hours. The cells were grouped into 
the following categories: (a) normal control, (b) hemin 
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(40 µM), (c) hemin (40 µM) plus Hcy (0.25 mM) and (d) 
hemin (40 µM) plus Hcy (0.5 mM).

Cell viability assay
The cell viability of cortical neurons was determined 
using a CCK- 8 assay (Dojindo, Japan). To evaluate the 
ICH model in vitro, the cells were exposed to 0, 10, 20, 
30, 40, 50, 60, 70 or 80 µM hemin (Sigma- Aldrich, USA) 
in 96- well culture plates for 24 hours. Then, 10 µL of 
CCK- 8 solution was added to each well. After incubating 
for 4 hours at 37°C, the absorbance at 450 nm was meas-
ured following the manufacturer’s instructions. In addi-
tion, the cells were exposed to 0, 0.25, 0.5, 0.75, 1, 1.25 
or 1.5 mM Hcy (Sigma- Aldrich, USA) in 96- well culture 
plates for 48 hours and then quantified.

Transfection experiments
Lentivirus expressing an shRNA targeting pCAMK2A and 
lentivirus selectively expressing pCAMK2A and calmodulin- 
dependent protein kinases 2 (CAMK2A) were obtained 
from GeneChem (Shanghai, China), which were respectively 
added to cortical neurons to downregulate or upregulate 
pCAMK2A or CAMK2A. According to the manufacturer’s 
instructions, cells were seeded in the maintenance medium 
for 24 hours and transfected with lentivirus and HitransG 
A solution that can promote lentivirus to transfect cells effi-
ciently for 12 hours. As a negative control, the empty vector 
expressing GFP was used. Then, cells were exposed to hemin 
(Sigma- Aldrich, USA) for 24 hours at day 10 or Hcy (Sigma- 
Aldrich, USA) for 48 hours.

Proteome and phosphoproteome
Sample preparation
After being anaesthetised, the mice were transcardially 
perfused with PBS. For each proteome sample, perihe-
matomal tissue from three mice was collected and mixed, 
and 40 mg tissue was homogenised using grinding beads 
(stainless steel, Shanghai Jingxin Industrial Develop-
ment) on a tissue grinder instrument (Shanghai Jingxin 
Industrial Development). We used RIPA lysis buffer 
(50 mM Tris- HCl, pH 7.4, 150 mM NaCl, 0.25% deoxy-
cholic acid, 1% NP- 40, 1% SDS) with protease and a phos-
phatase inhibitor cocktail (HaltTM, Thermo Scientific) 
for protein extraction. Then, 4 volumes of acetone were 
added to precipitate proteins for 2 hours at −80℃ and 
the samples were centrifuged for 30 min at 14 000 g. The 
pellets were then washed two times with 80% acetone. 
The protein pellets were resuspended in 8 M urea, and 
a BCA assay was used to determine the protein concen-
tration. Equal masses of protein for each sample were 
reduced and alkylated by dithiothreitol (final concen-
tration of 10 mM) and iodoacetamide (final concentra-
tion of 50 mM) for 1 hour and 45 min, respectively. Then, 
trypsin (Mass Spectrometry Grade, Promega) was added 
to the samples at 1:50 (trypsin weight: protein weight) for 
protein digestion at 37℃ overnight. The next day, trypsin 
was added at 1:100 (trypsin weight: protein weight) 
and for a 2 hours incubation at 37℃. The digestion was 

terminated by adding 10% trifluoroacetic acid (TFA) to 
adjust the pH to 4. One hundred micrograms of peptides 
were desalted by an Oasis HLB solid phase extraction 
(SPE) column (30 µM, Waters), and the remaining digest 
of approximately 4 mg of peptides was subsequently used 
for phosphopeptide enrichment.

Phosphopeptide enrichment
The SPE- Ti- IMAC microspheres were purchased from 
J&K Scientific, Ti(SO4)2 was purchased from Sinop-
harm Group, and 50 g Ti(SO4)2 and 1 g SPE- Ti- IMAC 
microspheres were used for the phosphopeptide enrich-
ment of 12 samples. Ti4+ was immobilised in the micro-
spheres by the previously reported method20 to obtain 
the Ti4+- IMAC material. The material was packed into 
1 mL SPE cartridges (30 µM sieve plate) as a Ti4+- IMAC 
SPE column. The SPE procedure included four common 
steps: first, the SPE column was washed with 0.1% TFA 
for three volumes of solid phase, then, the digests were 
mixed with an equal volume of loading buffer (80% 
Acetonitrile (ACN)/6% TFA water solution) and loaded 
onto the column. We then used wash buffer 1 (50% 
ACN/6%TFA/200 mM NaCl) to remove the nonphos-
phopeptides on microspheres while wash buffer 2 
(30%ACN/0.1%TFA) was used to remove the salt. After 
the final washing step, elution buffer (10% ammonium 
solution) was used to elute the phosphopeptides from 
the microspheres. The elution was evaporated to dryness. 
Before mass spectrometry (MS) analysis, 1% formic acid 
(FA) was used to redissolve it.

Liquid chromatography-MS analysis
Peptides of all the proteome samples were separated 
and analysed on an Easy- nLC 1200 UHPLC (Thermo 
Fischer Scientific) coupled with a Q Exactive HF- X mass 
spectrometer (Thermo Fischer Scientific). The trap 
column was 3 cm×150 µm while the analytical column 
was 25 cm×150 µm, and both were packed in- house with 
Repro Sil- Pur C18- AQ (1.9 µm, Dr. Maisch GmbH). A 
Thermo stainless steel nanobore emitter was used.

The gradient mobile phase was generated by solvent A 
(0.1% FA) and solvent B (0.1% FA in 80% ACN) at 55°C 
and applied at a 600 nL/min flow rate for 120 min. The 
initial mobile phase contained 4% solvent B, and then 
the fraction of the B phase increased to 7% in 1 min. In 
the following 94 min, it increased to 25%; after another 
16 min, it increased from 25% to 40% and then to 100% 
after an additional 5 min, where it remained for 4 min.

MS data acquisition was performed in positive ion and 
data- dependent acquisition modes. All full MS spectra 
were acquired in a scan range of 350–2000 m/z at a reso-
lution of 60 k. Then, the 20 most intense multiple- charged 
ions (excluding eight and above) were selected for high 
energy collision dissociation (HCD) fragmentation and 
acquired at a resolution of 15 k. The normalised collision 
energy was 28.
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MS data analysis
Raw data files generated from MS analysis were imported 
into Proteome Discovery software (V.2.4) for protein iden-
tification and label- free quantification. The reviewed fasta 
database of Mus musculus and the common contaminants 
database were downloaded from  UniProt. org (July 2019). 
Most of the search parameters were set as default, except 
for the following: carbamidomethylation (+57.021 Da) of 
cysteine residues was set as a fixed modification; acetyl-
ation (+42.011 Da) of the protein N- terminal, oxida-
tion (+15.995 Da) of methionine and phosphorylation 
(+79.966 Da) of serine, threonine and tyrosine were set as 
the dynamic modifications.

The mass tolerance for precursor ions was set to 10 
ppm and for fragment ions to 0.6 Da. The number of 
maximum missed cleavage sites was set to 5. All searches 
were performed in Trypsin/P- specific digestion mode. 
The false discovery rate was strictly controlled to 0.01 at 
both the peptide and protein levels. Label- free quantifica-
tion was used for comparisons between groups.

Data processing and downstream analysis
The protein and peptide (phosphorylation) quantifica-
tion information was imported into R software (V.4.0.1) 
for downstream analysis. The limma package was used for 
differential expression analysis. The gene ontology (GO) 
analyses were performed using the R package ClusterPro-
filer. Cytoscape was used to perform ClueGO.21 To construct 
the signalome network, kinase–substrate relationship 
analyses were performed with the R package PhosR.

Statistical analysis
All the results are presented as the mean±SE of the mean 
(SEM) and were statistically analysed using GraphPad 
Prism V.8.0 (GraphPad Software, San Diego, Cali-
fornia). Student’s t tests (two‐tailed) were used for the 
single comparisons, and one‐way analysis of variances 
(ANOVAs) were used for the multiple comparisons of 
data with normal distribution (Shapiro- Wilk tests) and 
equal variance (F test). The data without normal distribu-
tion were analysed by Kruskal- Wallis tests for the multiple 
comparisons. The repeated- measures ANOVA was used 
to investigate differences in means across groups with 
repeated observations over time. When the ANOVA 
revealed significant differences, post hoc Bonferroni 
or Dunn’s (following Kruskal- Wallis) tests were used to 
examine pairwise comparisons of means. p<0.05 was 
considered statistically significant.

RESULTS
Hcy inhibits neurite outgrowth after ICH
According to our study design (online supplemental 
figure S1), we first explored the effect of Hcy on primary 
cortical neurons treated with 40 µM hemin, which mimics 
the phenotype of ICH.22 The concentrations of hemin 
and Hcy were determined by CCK8 assay. Approximately 
50% of cortical neurons treated with 40 µM hemin and 
0.5 mM Hcy survived and the injured neurites gradually 

recovered (online supplemental figure S2A- B, figure 1A). 
To assess the neurite outgrowth recovery, the total length, 
number and mean length of branches were measured. 
Compared with normal cortical neurons, neurite branches 
were significantly destroyed 2 days after hemin treated, 
the total length (187.98±2.94 µm vs 321.94±5.94 µm), 
the mean length (41.74±0.68 µm vs 54.02±1.16 µm) and 
the number (3.94±0.07 vs 6.86±0.17) of neurites were 
significantly decreased (figure 1B–D). In addition, the 
cortical neurons treated with 40 µM hemin and 0.5 mM 
Hcy had a worsen morphological indication compared 
with those treated with 40 µM hemin only at 2 days (total 
length, 102.92±2.80 µm vs 187.98±2.94 µm; mean length, 
35.39±0.83 µm vs 41.74±0.68 µm; the number of branches, 
2.80±0.06 vs 3.94±0.07). The neurite outgrowth recovered 
gradually with time, and the length, number and mean 
length of cortical neurons treated by hemin only at 4 days 
were significantly better than those treated by hemin plus 
Hcy (total length, 271.46±4.01 µm vs 146.46±3.17 µm; 
mean length, 49.53±0.93 µm vs 44.85±0.80 µm; number of 
branches, 5.79±0.13 vs 3.46±0.09), meanwhile they were 
also superior to cortical neurons treated with hemin only 
at 2 days (total length, 271.46±4.01 µm vs 187.98±2.94 µm; 
mean length, 49.53±0.93 µm vs 41.74±0.68 µm; number of 
branches, 5.79±0.13 vs 3.94±0.07). Even though there was 
an increasing trend of neurite outgrowth between cortical 
neurons treated with hemin plus Hcy at 4 days and 2 days, 
there was no significant difference, which means Hcy 
may impede neurite outgrowth recovery after the attack 
of ICH. Moreover, Sholl analysis showed that cortical 
neurons treated with hemin plus Hcy had fewer intersec-
tions between the neurites and Sholl circles compared 
with hemin treated only (figure 1E).

We further investigated the effect of Hcy on neurite 
outgrowth recovery using a mouse model of ICH with HHcy. 
The HHcy model was established by feeding mice with a 
high methionine diet containing 1.7%.23 After 4 weeks of 
feeding, the Hcy level of mice fed with high- methionine diet 
increased fourfold compared with those in an ordinary diet 
(21.0±4.1 µM vs 5.1±1.1 µM). The ICH model was induced 
after 6 weeks of high- methionine diet, and the concentration 
of Hcy exceeded 70 µM (online supplemental figure S2C). 
We evaluated the volume of haematoma using T2- weighted 
imaging (online supplemental figure S2D), and there 
was no significant difference between ICH mice plus high- 
methionine diet (HHcy+ICH) and ICH mice plus ordinary 
diet (Ctrl+ICH). To evaluate the neurite outgrowth recovery 
at a global level, modified whole- brain Golgi staining and a 
micro- optical sectioning tomography (MOST) system were 
used to acquire the fine structure of neurons.24 Neurons 
of the caudoputamen, hippocampal formation and baso-
lateral amygdalar nucleus were reconstructed (figure 1F). 
We collected the neurite branch density in different brain 
regions, which was calculated by dividing the total length of 
neurites and the volume of different reconstructed regions 
(figure 1G–I). Still, the same trends persisted in animal 
models compared 14 days with 3 days, while the neurite 
branch density in HHcy+ICH was significantly less than 
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Figure 1 Hcy impedes neurite outgrowth after ICH in vitro and in vivo. (A) Primary cortical neurons were treated with hemin 
only or combined with Hcy. Cells were observed at different time points under a light microscope. The total length of neurites 
(B), the mean length of neurites (C) and the number of branches of neurites (D) were measured. n=50~120/group. (E) Sholl 
analysis for neurite complexity at day 6. n=50~120/group. *p<0.05, **p<0.01, 40 µM hemin versus 40 µM Hemin+0.5 mM Hcy 
treatment in B) through E). (F) Representative 3D reconstruction pictures of mouse brains by MOST in the HHcy+ICH and 
Ctrl+ICH groups on days 3 and 14, respectively. Row 3, 4 and 5: Detail ‘blocks’ in the Basolateral amygdalar nucleus (BLA), 
Caudoputamen (CPu) and Hippocampal formation (Hippo). Row 1: bar=2000 µm; row 2: bar=1500 µm; row 3–5: bar=40 µm. 
(G–I), Neurite branch length density: total length of neurite branches in the block/the volume of the block. n=10/group. **p<0.01, 
HHcy+ICH group vs Ctrl+ICH group. Neurological function was assessed using a modified Neurological Severity Score (J) or 
Rotarod test (K). n=8/group. *p<0.05, HHcy+ICH group versus Ctrl+ICH group. Statistical significance was calculated with the 
two- tailed unpaired Student’s t tests in (B) through (E), one- way ANOVA/Tukey’s tests or Kruskal- Wallis tests in (G) through 
(I) and Mann- Whitney U tests in (J) and K). Data are presented as the mean±SEM. ANOVA, analysis of variance; Ctrl, 
control; Hcy, homocysteine; HHcy, hyperhomocysteinemia; ICH, intracerebral haemorrhage; MOST, micro- optical sectioning 
tomography.
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Ctrl+ICH group at 3 days and 14 days after ICH. Additionally, 
the velocity of the neurites branches density increased was 
calculated by dividing the changes of neurite branch density 
between different times and time intervals, the HHcy+ICH 
group had a reduced velocity. Moreover, neurological func-
tional outcomes at different time points were evaluated 
using the mNSS and rotarod test (figure 1J–K). An increase 
in mNSS and a decrease in rotarod latency occurred in the 
ICH model, and the neurological function after ICH grad-
ually recovered with the progress of time, which was char-
acterised by a reduction of the mNSS score and an increase 
in rotarod latency. Also, the defect of neurological function 
in HHcy+ICH was significantly more serious than Ctrl+ICH 
group at 14 days and 21 days after ICH. To verify the differ-
ences in neurite outgrowth recovery between HHcy+ICH and 
Ctrl+ICH group, the quantification of microtubule- associated 
protein- 2 (MAP- 2) and synaptophysin protein expression 
levels was detected by western blot (online supplemental 
figure S2E- G), which are the markers of neurites.25 26 The 
expression of MAP- 2, a marker of neurons, was significantly 
reduced in HHcy+ICH mice 14 days after ICH compared 
with that of Ctrl+ICH mice. Meanwhile, the expression level 
of synaptophysin showed the same trend. Both cellular and 
animal models show that Hcy inhibits neurite outgrowth 
after ICH.

Hcy strongly alters the phosphorylation status of proteins 
associated with neurite outgrowth after ICH
To investigate the precise mechanisms of Hcy on 
neurite outgrowth, label- free proteome and IMAC- 
based phosphoproteome were acquired and analysed 
(figure 2A). We identified a total of 3348 proteins 
and 3188 phosphoproteins, meanwhile, overlapping 
data from phosphoproteome and proteome profiling 
revealed 1924 proteins (figure 2B). Figure 2C,D repre-
sented the protein and phosphoprotein levels across 
different groups. A total of 256 proteins and 69 phos-
phoproteins were found to be significantly altered in 
HHcy+ICH group compared with Ctrl+ICH group, 
while only seven proteins changed both their levels and 
phosphorylation levels (figure 2E, online supplemental 
table 1,2). GO enrichment analysis was carried out on 
upregulated and downregulated (phospho)proteins. 
The levels of proteins associated with actin filament 
organisation (GO:0007015), animal organ regenera-
tion (GO:0031100) and positive regulation of response 
to wounding (GO:1903036) were downregulated signif-
icantly in HHcy+ICH group compared with Ctrl+ICH 
group, meanwhile, downregulated phosphoproteins by 
Hcy mainly were associated with regulation of actin fila-
ment depolymerisation (GO:0030834) and regulation 
of supramolecular fibre organisation (GO:1902903). 
The changes in actin filament are important to neurite 
outgrowth.27 In contrast, there were no significantly 
enriched biological pathways for the upregulated 
proteins or phosphoproteins by Hcy after ICH.

Kinase substrate analysis reveals that CAMK2A plays an 
important role in Hcy-induced phosphorylation disturbance
Uncovering potential kinase- substrate pairs hidden in 
the phosphoproteome is important for interpreting 
the underlying biological significance of phosphopro-
teome data. Here, by using a multistep kinase- substrate 
scoring method reported by Yang et al,28 29 a signalome 
was constructed to identify discrete protein modules 
with similar kinase regulation and phosphorylation 
profiles. According to the signalome data (figure 3A–C), 
five distinct modules (1, 2, 3, 4 and 5) existed across 
four groups. Moreover, the signalome map highlighted 
that module 5 was entirely regulated by Ca2+/CAMK2A 
and that the others were coregulated by several kinases. 
Most phosphosites of module 5 were downregulated 
in HHcy+ICH group (online supplemental figure S3), 
and gene set enrichment analysis (GSEA) revealed that 
module 5 was significantly associated with signalling for 
regulation of cell shape and neuron projection mainte-
nance (figure 3D). These findings suggest that phospho-
rylation of CAMK2A may be a key molecular switch for 
neurite outgrowth, which was turned off by Hcy after ICH.

Hcy significantly downregulates the phosphorylation level of 
CAMK2A after ICH
The results of previous proteomics and phosphop-
roteomics studies revealed that Hcy might regulate 
the CAMK2A kinase- substrate group (figure 3, online 
supplemental figure S3). Thus, we examined the levels 
of CAMK2A and phospho‐CAMK2A on the third- day 
post- ICH through the western blot (figure 4A–E). The 
western blot data showed that the level of pCAMK2A and 
pCAMK2B was increased in the Ctrl+ICH group compared 
with that in the Ctrl+vehicle group at 3 days and that the 
level decreased under HHcy treatment. However, no 
significant difference was found in the expression level 
of CAMK2A among HHcy+ICH group and Ctrl+Vehicle 
group (figure 4A–E). Additionally, after cortical neurons 
were treated with hemin for 24 hours and cultured with 
different concentrations of Hcy for 48 hours, decreased 
phosphorylation level of CAMK2A was observed through 
immunofluorescence staining (figure 4F–G).

Considering that brain- derived neurotrophic factor 
(BDNF) is a key downstream target of CAMK2 to promote 
neurite outgrowth,30 we detected the expression level of 
BDNF by western blot (figure 4H–I). Results showed that 
Hcy significantly downregulated BDNF levels after ICH.

Upregulation of CAMK2A reverses the inhibition of neurite 
outgrowth after ICH by Hcy
To further explore the value of pCAMK2A as a potential 
therapeutic target for promoting neurite outgrowth after 
ICH with HHcy, lentivirus expressing a shRNA targeting 
pCAMK2A and lentivirus selectively expressing pCAMK2A 
and CAMK2A were obtained, which were used to down-
regulate or upregulate pCAMK2A or CAMK2A. According 
to immunofluorescence staining data (figure 5A–D), the 
length and number of neurite branches were significantly 
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Figure 2 Hcy downregulates proteins and phosphoproteins associated with neurite outgrowth. (A) Flowchart of the 
experimental design to collect proteome and phosphoproteome. (B) The overlap relationships between proteins and 
phosphoproteins detected by LC- MS/MS. (C) Heatmaps reveal differently expressed proteins and phosphoproteins analysis 
among groups. The colour bar represents the expression levels. (D) Volcano plot of proteome and phosphoproteome data. Data 
are represented as log (2) fold change for the HHcy+ICH group compared with that of the Ctrl+ICH group. The origins represent 
levels of proteins from the proteome, and small triangles represent the phosphoprotein levels. The colour of the dots represents 
the significance levels of proteins and phosphoproteins. Purple dots, sig Pro+sig Phospho, the proteins are both significantly 
changed in the proteome and phosphoproteome; green dots, no Pro+sig Phospho, the proteins are significantly changed in 
phosphorylation levels, but there were no significant changes in protein levels; sky blue dots, the proteins are significantly 
changed in protein levels, but there were no significant changes in phosphoprotein levels; grey dots, there were no significant 
changes in the proteome and phosphoproteome. GO enrichments for proteins (E) and phosphoproteins (F) downregulated in 
HHcy+ICH versus Ctrl+ICH groups. Ctrl, control; GO, gene ontology; Hcy, homocysteine; HHcy, hyperhomocysteinemia; ICH, 
intracerebral haemorrhage; LC- MS/MS, liquid chromatograph mass spectrometer.
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reduced when exposed to hemin and Hcy compared with 
those of hemin treatment alone. Interestingly, the elevated 
protein or phosphorylation levels of CAMK2A increased 
the length and number of neurite branches. This finding 
suggests that CAMK2A plays an important role in neurite 
outgrowth after ICH. Meanwhile, on reducing the level of 
phosphorylated CAMK2A, the complexity of neurites was 
comparable to that of the cotreatment group with hemin 
and Hcy. These results suggest that pCAMK2A may be a 
potential target to promote neurite outgrowth in conva-
lescent patients with ICH with HHcy.

DISCUSSION
In the present study, we found that Hcy could impede 
neurite outgrowth and neurological function recovery 
after ICH. Using the quantitative phosphoproteome 
together with a global proteome analysis, we revealed 
for the first time that Hcy affected the protein phospho-
rylation alterations associated with neurite outgrowth. 
Through in vitro and in vivo experiments, we confirmed 
that Hcy significantly inhibited neurite outgrowth after 
ICH through decreasing phosphorylation of CAMK2A. 
This is the first study to report the inhibitory effect of 

Figure 3 Construction of the signalome across different groups using the phosphoproteome. (A,B) The signalome map 
identified 23 kinases that make up the branches, and five phosphosite modules consisted of the stem nodes with a distinct 
regulatory profile. The bubble chart displays the proportion of phosphosite modules regulated by different kinases. Module 
5 was fully regulated by CAMK2A. (C) A network of interactions among kinases. (D) The changes between HHcy+ICH and 
Ctrl+ICH were enriched by gene sets enrichment analysis. Ctrl, control; HHcy, hyperhomocysteinemia; ICH, intracerebral 
haemorrhage; NES, normalised enrichment score.
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Figure 4 Hcy significantly downregulates the phosphorylation level of CAMK2A after ICH. (A,B) Total CAMK2, phosphorylated 
(p) CAMK2A and pCAMK2B were detected by Western blot in the Ctrl+Vehicle, HHcy+Vehicle, Ctrl+ICH and HHcy+ICH 
groups on day 3. (C) through (E) Quantification of CAMKII, p- CAMK2A and p- CAMK2B protein expression levels relative to 
the Ctrl+Vehicle group by Western blot. n=6~7/group. (F) After exposure to hemin for 24 hours and two concentrations of 
Hcy for 48 hours, cortical neurons were assessed by immunofluorescence with pCAMK2 (red), β-tubulin III (green), and DAPI 
(blue) staining. Scale bar=50 µm. (G) Quantification of the MFI of pCAMK2 from (F). n=6~7/group. (H) BDNF was detected by 
Western blot in the Ctrl+Vehicle, HHcy+Vehicle, Ctrl+ICH and HHcy+ICH groups on day 3. (I) Quantification of BDNF protein 
expression levels relative to the Ctrl+Vehicle group from (H) is shown. n=6/group. Statistical significance was calculated with 
one- way ANOVA/Tukey’s tests or Kruskal- Wallis tests in (C) through (E), (G) and (I). Data are presented as the mean±SEM 
**p<0.01, Ctrl+ICH group versus Ctrl+Vehicle group; ##p<0.01, HHcy+ICH group versus Ctrl+ICH group in (C) through (E) and 
(I). **p<0.01, 40 µM Hemin group versus Ctrl group; ##, $$p<0.01, 40 µM Hemin+0.25 mM or 0.5 mM Hcy group versus 40 µM 
Hemin group in (G). ANOVA, analysis of variance; Ctrl, control; Hcy, homocysteine; HHcy, hyperhomocysteinemia; ICH, 
intracerebral haemorrhage; MFI, mean fluorescence intensity.
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Hcy on neurite outgrowth recovery after ICH and the 
underlying mechanisms of this process. Accordingly, by 
promoting neurite outgrowth, pCAMK2A is a potential 
therapeutic target for patients with ICH with HHcy.

Elevated plasma concentration of Hcy, a sulfur- 
containing amino acid, has been shown in observational 
(cohort and case- control) studies and systematic reviews 
to be a potential risk factor for vascular diseases and 
stroke in particular. Reduction in Hcy levels is signifi-
cantly associated with a reduced risk of first stroke,31 
and high Hcy levels can predict higher recurrence and 
mortality in ischaemic stroke, especially in patients with 
the large- vessel atherosclerosis subtype.32 33 Experimental 
studies have also confirmed that HHcy has an impact on 
cerebral vascular biology, and its molecular mechanisms 

include oxidative stress, proinflammatory pathways and 
endothelial dysfunction.34 Additionally, Wang et al found 
that Hcy enhanced neural stem cell autophagy in in vivo 
and in vitro models of ischaemic stroke, which may be 
one of the molecular mechanisms of Hcy neurotoxicity.35 
In addition, elevated plasma Hcy concentration is associ-
ated not only with ischaemic stroke but also with haem-
orrhagic stroke. Several studies have shown that HHcy 
is independently associated with a higher risk of ICH, 
a larger haematoma volume, a poorer prognosis and a 
lower survival rate in patients with ICH.4 6 36–38 Neuroin-
flammation and the increased activity of the matrix metal-
loproteinase 2 (MMP2) and MMP9 systems induced by 
HHcy may underlie the pathogenesis of ICH.39 Moreover, 
in our study, by using morphological and behavioural 

Figure 5 Upregulation of pCAMK2A reverses the inhibition of neurite outgrowth after ICH by Hcy. (A) After exposure to 
hemin for 24 hours and Hcy (0.5 mM) for 48 hours, cortical neurons treated with Lenti- pCAMK2A(i), Lenti- pCAMK2A and Lenti- 
CAMK2A for 12 hours were assessed by immunofluorescence with MAP2 (red) and DAPI (blue) staining. Lenti- pCAMK2A(i) 
treatment downregulated the level of pCAMK2A by mutating protein phosphorylation site (S286) to positively charged alanine, 
Lenti- pCAMK2A treatment upregulated the level of pCAMK2A by mutating protein phosphorylation site (S286) to negatively 
charged aspartic acid. Scale bar=50 µm. The number of branches of neurites (B), the total length of neurites (C) and the mean 
length of neurites (D) were measured. n=7~19/group. Statistical significance was calculated with the one- way ANOVA/Tukey’s 
tests or Kruskal- Wallis tests in (B) through (D). Data are presented as the mean±SEM **p<0.01, ***p<0.001, ****p<0.0001. 
ANOVA, analysis of variance; Ctrl, control; Hcy, homocysteine; ICH, intracerebral haemorrhage.  on A
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experiments, we found more serious neurological defi-
cits and decreased neurites branches density in ICH mice 
treated with HHcy (figure 1). Therefore, Hcy can inhibit 
neurite outgrowth recovery in ICH models, which may be 
one of the reasons for poor prognosis.

There is growing evidence that the protein phosphor-
ylation induced by protein kinases is one of the primary 
mechanisms involved in the regulation of signal trans-
duction pathways that control neurite outgrowth in 
the mammalian brain and, thus, affects motor control, 
sensory processing and synaptogenesis.40–42 Protein 
tyrosine kinases and many common serine/threonine 
kinases, such as cyclic adenosine monophosphate 
(cAMP)- dependent protein kinase, CAMK2 and Ca2+/
phospholipid- dependent protein kinase, are highly 
expressed in the central nervous system.40 42 Protein 
kinases can influence dendritic growth to form synaptic 
contacts and regulate neurite plasticity through the 
phosphorylation of specific substrates, and, thus, the 
dysregulation of kinases may perturb dendritic growth 
and synaptic function and lead to disease states.43 There-
fore, it is necessary to use the quantitative phosphopro-
teome together with a global proteome analysis to further 
explore the mechanism by which HHcy impedes neurite 
outgrowth recovery during ICH. We showed that several 
kinase families, such as CAMKs and mitogen- activated 
protein kinases, drive the changes in phosphosites caused 
by HHcy during ICH (figures 2 and 3). Moreover, among 
the related kinase families, we found that CAMK2A 
activity may be largely responsible for the inhibition of 
neurite outgrowth recovery mediated by Hcy (figures 4 
and 5).

CAMK2, a Ser/Thr protein kinase, is critical in Ca2+ 
signal transduction and is highly enriched at the synapses 
in the brain tissue.44 There are four isoforms of CAMK2 
(α, β, γ and δ) encoded by four distinct but highly related 
genes (CAMK2A, CAMK2B, CAMK2G and CAMK2D).45 
Among them, the α and β isoforms of CAMK2 are the 
most abundant isoforms expressed in neurons46 and 
CAMK2A has been identified as a central regulator of 
neuronal plasticity.45 After Ca2+ enters the cell through 
N- methyl- D- aspartate receptors and binds to calmodulin 
(CaM), Ca2+ alters its conformation, and Ca2+/CaM binds 
to CAMK2 to activate it by autonomous phosphorylation 
at T286 (on CAMK2B) or Thr287 (on CAMK2B), and 
this process contributes to many neuronal regulatory 
pathways.46 47 The substrates phosphorylated by CAMK2 
include proteins that modulate presynaptic transmission 
as well as essential plasticity- regulating receptors and 
signalling molecules in the postsynaptic cells.44 CAMK2 
regulates presynaptic plasticity by limiting synaptic vesicle 
release.46 One study reported that peripheral axon injury 
increased the phosphorylation level of CAMK2 and that 
activation of CAMK2- promoted neuronal axon growth 
in vitro, which demonstrates that CAMK2 is a critical 
modulator of mammalian axon regeneration.48 In addi-
tion, CAMK2 is important for dendrite development and 
dendritic spine formation.43 We showed that the levels of 

most phosphorylation sites of the CAMK2A substrate in 
ICH mice treated with HHcy were significantly lower than 
those of the control group, indicating that Hcy might 
regulate the CAMK2A kinase- substrate group and inhibit 
neurite outgrowth recovery. Furthermore, we found that 
pCAMK2A levels were upregulated in ICH mice and in 
vitro with hemin treatment. Through an experiment 
utilising primary neurons treated with hemin, Hcy and 
lentiviruses, we showed that the upregulation of CAMK2A 
and pCAMK2A expression reduced the inhibitory effect 
of Hcy on neurite outgrowth recovery and that the 
downregulation of pCAMK2A levels suppressed neurite 
outgrowth recovery in vitro with hemin treatment. Thus, 
based on our results, it is possible that the expression of 
pCAMK2A is upregulated in ICH but reduced by Hcy, and 
this may be the mechanism by which Hcy inhibits neurite 
outgrowth recovery and neurological recovery. Addition-
ally, the nerve growth factor and neurotrophic drugs can 
stimulate nerve regrowth,49 and BDNF signalling via its 
transmembrane receptor tropomyosin- related kinase B is 
essential for neuronal survival, differentiation and axonal 
growth.50 51 Studies have shown that CAMK2 can induce 
phosphorylation of cAMP response element- binding 
protein (CREB), which binds to a cAMP response element 
within genes and alters the expression of key proteins 
involved in neurite outgrowth, such as BDNF.52–54 Consis-
tently, our results indicated that Hcy could inhibit the 
expression of BDNF in the perihematomal region after 
ICH (figure 4H,I). Therefore, we speculate that Hcy may 
inhibit neurite outgrowth through the CAMK2/BDNF 
pathway, which will be further explored in our subse-
quent study. However, our study had the limitation that in 
vivo experiments were not conducted to verify the effects 
of upregulation or downregulation of CAMK2A and 
pCAMK2A expression on neurite outgrowth recovery and 
neurological function in ICH mice. In addition, given the 
importance of elevated neurogenesis in the subventric-
ular zone (SVZ) after stroke for neurological recovery,55 
we examined whether Hcy affects neurogenesis in the 
SVZ after ICH. We used immunofluorescence to assess 
the expression level of doublecortin (DCX) in the SVZ 
after ICH, which is normally expressed on NPCs and is 
considered a marker of neurogenesis in adulthood.56 We 
found that the percentage of DCX+cells in the SVZ after 
ICH was significantly lower in the Hcy+ICH group than 
in the Ctrl+ICH group, indicating that Hcy might inhibit 
neural rehabilitation by suppressing neurogenesis after 
ICH, which needs further in- depth study (online supple-
mental figure S4).

In conclusion, our results demonstrate that Hcy can 
downregulate the levels of pCAMK2A and CAMK2 kinase- 
substrate group during ICH, which explains why Hcy 
inhibits neurite outgrowth in vivo and in vitro. This study 
may provide direct evidence for the potential of novel 
therapeutic targets to manage the neurotoxic effect of 
Hcy in patients with ICH with high Hcy levels.
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Q9D7G0 19139 ENSMUSG000Prps1 -1.276001 0.00357 0.0214 down
Q99MN9 66904 ENSMUSG000Pccb -3.187011 0.00271 0.0163 down
Q9JKF1 29875 ENSMUSG000Iqgap1 -4.293693 0.0299 0.18 down
Q8BIZ1 77531 NA Anks1b -1.587535 0.0096 0.0576 down
Q61176 11846 ENSMUSG000Arg1 -2.982718 0.0117 0.0704 down
Q9ET01 110095 ENSMUSG000Pygl -2.623126 0.0218 0.131 down
P27005 20201 ENSMUSG000S100a8 -3.516263 0.0485 0.291 down
Q8CGK7 14680 ENSMUSG000Gnal -1.300264 0.00196 0.0118 down
P63158 15289; 100ENSMUSG000Hmgb1; Gm2  L-5.986824 0.00109 0.00653 down
P54227 16765 ENSMUSG000Stmn1 -1.726061 0.000167 0.001 down
Q62059 13003 NA Vcan -1.234004 0.00407 0.0244 down
Q91VN4 66098 ENSMUSG000Chchd6 -2.775973 0.0104 0.0624 down
Q9CZT8 69908 ENSMUSG000Rab3b -1.348222 0.0458 0.275 down
Q9WVA4 21346 ENSMUSG000Tagln2 -1.549734 0.0192 0.115 down
Q6URW6 71960 ENSMUSG000Myh14 1.4881134 0.0344 0.206 up
P21614 14473 ENSMUSG000Gc -2.797736 0.033 0.198 down
Q61599 11857 ENSMUSG000Arhgdib -3.737581 0.0307 0.184 down
P23953 13884 ENSMUSG000Ces1c -3.597455 0.0383 0.23 down
Q99JI6 215449 ENSMUSG000Rap1b 1.4500241 0.0226 0.136 up
Q61702 16424 ENSMUSG000Itih1 -1.608903 0.0183 0.11 down
Q9CQX2 66427 ENSMUSG000Cyb5b -1.220541 0.00943 0.0566 down
Q68FL6 216443 ENSMUSG000Mars -1.199221 0.0124 0.0745 down
P42859 15194 NA Htt -1.133909 0.0339 0.203 down
P19221 14061 ENSMUSG000F2 -1.864458 0.0478 0.287 down
Q62393 21985 ENSMUSG000Tpd52 -1.230711 0.00146 0.00878 down
Q7TMY8 59026 ENSMUSG000Huwe1 -2.664121 0.00643 0.0386 down
Q3U5Q7 22169 ENSMUSG000Cmpk2 -1.158989 0.0136 0.0817 down

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Stroke Vasc Neurol

 doi: 10.1136/svn-2022-002165–14.:10 2023;Stroke Vasc Neurol, et al. Guo G



Q9Z1Q5 114584 ENSMUSG000Clic1 -2.251477 0.0338 0.203 down
Q9CXS4 73139 ENSMUSG000Cenpv -1.494529 0.0245 0.147 down
Q99LG2 212999 ENSMUSG000Tnpo2 1.7233551 0.00365 0.0219 up
Q3TMH2 74616 ENSMUSG000Scrn3 1.9324724 0.000544 0.00326 up
P30681 97165 ENSMUSG000Hmgb2 -4.44639 0.0227 0.136 down
P01872 16019 NA Ighm -1.998248 0.014 0.0838 down
Q6P4T2 320632 ENSMUSG000Snrnp200 1.147363 0.0143 0.0861 up
Q9Z0H4 14007 ENSMUSG000Celf2 -1.253417 0.0197 0.118 down
P47791 14782 ENSMUSG000Gsr -1.152682 0.0187 0.112 down
Q3UP87 50701 ENSMUSG000Elane -3.93949 0.0416 0.25 down
Q80VP0 70381 ENSMUSG000Tecpr1 2.4089542 0.00121 0.00726 up
P49442 16329 ENSMUSG000Inpp1 1.0579182 0.00744 0.0446 up
Q8C166 266692 ENSMUSG000Cpne1 -1.171652 0.000619 0.00371 down
P07309 22139 ENSMUSG000Ttr -4.353105 0.0238 0.143 down
Q6P5E4 320011 ENSMUSG000Uggt1 -1.119286 0.0107 0.064 down
Q64213 22668 NA Sf1 1.2372371 0.0169 0.101 up
P51437 12796 ENSMUSG000Camp -3.869739 0.0251 0.15 down
A2AQ25 208618 ENSMUSG000Etl4 -1.007436 0.0321 0.193 down
Q61096 19152 NA Prtn3 -2.763485 0.0303 0.182 down
P47962 100503670 ENSMUSG000Rpl5 -1.591587 0.0267 0.16 down
Q6NS52 217480 NA Dgkb -1.323346 0.0237 0.142 down
Q3V132 73333 ENSMUSG000Slc25a31 1.5348712 0.00112 0.0067 up
Q9WV18 54393 ENSMUSG000Gabbr1 -2.894844 0.025 0.15 down
Q99K48 53610 ENSMUSG000Nono -1.209455 0.0165 0.0992 down
Q8BR92 242481 ENSMUSG000Palm2 -1.039677 0.0123 0.074 down
Q9JKB1 50933 ENSMUSG000Uchl3 1.2996872 0.0111 0.0664 up
Q01405 20334 ENSMUSG000Sec23a -1.663459 0.0334 0.2 down
P01864 380793 NA Ighg2a -4.00334 0.0185 0.111 down
Q05144 19354 ENSMUSG000Rac2 -4.8095 0.0315 0.189 down
Q9CZB0 66052 ENSMUSG000Sdhc -1.762965 0.0207 0.124 down
Q3THW5 77605 ENSMUSG000H2afv -1.558794 0.0105 0.0631 down
Q9JIF7 70349 ENSMUSG000Copb1 -1.753563 0.000876 0.00525 down
Q91V09 73447 ENSMUSG000Wdr13 -1.932981 0.00558 0.0335 down
P16045 16852 ENSMUSG000Lgals1 -2.0238 0.0104 0.0627 down
Q01339 11818 ENSMUSG000Apoh -4.054454 0.0261 0.156 down
Q3U9G9 98386 ENSMUSG000Lbr -2.311841 0.0363 0.218 down
Q9DC16 67458 ENSMUSG000Ergic1 -1.834019 0.0214 0.128 down
P06800 NA NA NA -3.21514 0.0391 0.235 down
P39447 21872 ENSMUSG000Tjp1 -1.242128 0.00648 0.0389 down
P58404 97387 ENSMUSG000Strn4 -2.013346 0.0102 0.0609 down
P59325 217869; 10ENSMUSG000Eif5; LOC1  L-1.041222 0.00903 0.0542 down
Q8C0L0 52837 ENSMUSG000Tmx4 -1.283934 0.00671 0.0403 down
Q3B7Z2 76303 ENSMUSG000Osbp -1.382279 0.0242 0.145 down
P61222 24015 ENSMUSG000Abce1 -1.627304 0.0122 0.0731 down
Q8BJ42 244310 ENSMUSG000Dlgap2 1.4546025 0.00058 0.00348 up
Q8VDP4 219158 ENSMUSG0002610301G19  C-1.057374 0.0138 0.0826 down
Q6NVF9 432508 ENSMUSG000Cpsf6 -2.77742 0.0123 0.0737 down
Q80TM9 64652 ENSMUSG000Nisch -1.579249 0.00971 0.0583 down
Q9QXT0 56530 ENSMUSG000Cnpy2 -2.673597 0.000529 0.00317 down
Q4VAE3 74868 ENSMUSG000Tmem65 -1.45075 0.00453 0.0272 down
Q61205 18476 ENSMUSG000Pafah1b3 1.1617359 0.0141 0.0844 up
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O35350 12333 ENSMUSG000Capn1 -2.409046 0.012 0.0722 down
Q91YI0 109900 ENSMUSG000Asl -1.115503 0.0145 0.0867 down
P63082 11984; 100ENSMUSG000Atp6v0c; A -p1.3810479 0.00598 0.0359 up
Q9Z1J3 18041 ENSMUSG000Nfs1 -1.798314 0.000451 0.00271 down
Q9ERI6 105014 ENSMUSG000Rdh14 -1.460606 0.0456 0.273 down
Q7TQ95 69605 ENSMUSG000Lnp; Lnpk -2.551429 0.014 0.0841 down
O35857 21856 ENSMUSG000Timm44 1.7054544 0.0136 0.0818 up
Q9DBG5 66905 ENSMUSG000Plin3 -2.569172 0.0231 0.138 down
Q8BSS9 327814 NA Ppfia2 1.0921188 0.0144 0.0863 up
Q9EQZ6 56508 ENSMUSG000Rapgef4 -1.558502 0.00186 0.0112 down
Q80X50 74383 ENSMUSG000Ubap2l -1.336082 0.0361 0.216 down
P60229 16341 ENSMUSG000Eif3e -1.310566 0.000378 0.00227 down
O88587 12846 ENSMUSG000  EComt 1.8072493 0.0137 0.0821 up
Q8VBW6 234664 ENSMUSG000Nae1 -1.150327 0.0106 0.0637 down
Q9D1Q6 76299 ENSMUSG000Erp44 -1.484043 0.0129 0.0772 down
Q9Z0U1 21873 ENSMUSG000Tjp2 -1.189715 0.0123 0.074 down
Q9DAK9 75454 ENSMUSG000Phpt1 -1.311356 0.005 0.03 down
P07310 12715 ENSMUSG000Ckm 1.1545705 0.0266 0.16 up
Q8VDL4 72141 NA Adpgk -2.707279 0.0372 0.223 down
Q9DBZ5 73830 ENSMUSG000Eif3k -1.297094 0.0336 0.201 down
Q9DB60 66469 ENSMUSG0002810405K02  F-1.026145 0.0114 0.0682 down
Q91VT4 234309 ENSMUSG000Cbr4 -1.569321 0.0473 0.284 down
Q9Z0E6 14469 ENSMUSG000Gbp2 -1.92553 0.0294 0.176 down
Q62523 22793 ENSMUSG000Zyx -1.666114 0.029 0.174 down
Q99KB8 14651 NA Hagh -1.206572 0.0201 0.12 down
Q69ZS6 75209 ENSMUSG000Sv2c -2.101287 0.0385 0.231 down
Q62426 13014 ENSMUSG000Cstb -1.616725 0.0171 0.103 down
Q99MR6 83701 ENSMUSG000Srrt 1.4008814 0.0248 0.149 up
Q61730 16180 ENSMUSG000Il1rap -1.385644 0.0249 0.15 down
Q6KAR6 211446 ENSMUSG000Exoc3 -1.23821 0.0485 0.291 down
Q9QXB9 13495 ENSMUSG000Drg2 -4.272071 0.002 0.012 down
Q9QYI3 56354 ENSMUSG000Dnajc7 -1.095199 0.0245 0.147 down
Q80UP3 104418 ENSMUSG000Dgkz -2.742226 0.000556 0.00333 down
Q9ERT9 58200 ENSMUSG000Ppp1r1a 1.3946803 0.00806 0.0483 up
Q8K010 75475 ENSMUSG000Oplah -1.485715 0.0315 0.189 down
P32261 11905 ENSMUSG000Serpinc1 -3.244801 0.0412 0.247 down
Q99NB1 68738 ENSMUSG000Acss1 -1.2823 0.0209 0.126 down
P09813 11807 ENSMUSG000Apoa2 -3.230534 0.0433 0.26 down
Q80VC9 69697 ENSMUSG000Camsap3 -1.557448 0.021 0.126 down
Q99JG2 171469 ENSMUSG000Gpr37l1 -1.847964 0.0102 0.061 down
P18894 13142 NA Dao 1.5763776 0.00339 0.0203 up
Q9CQE1 66536 ENSMUSG000Nipsnap3b -1.715242 0.0128 0.0769 down
Q9D6Y7 110265 ENSMUSG000Msra -1.254891 0.049 0.294 down
P15327 12183 ENSMUSG000Bpgm -1.595146 0.00259 0.0155 down
Q9WUD1 56424 ENSMUSG000Stub1 1.0412252 0.0208 0.125 up
Q9CY50 107513 ENSMUSG000Ssr1 -1.21073 0.000843 0.00506 down
Q9JJY3 58994 ENSMUSG000Smpd3 1.3876069 0.000636 0.00382 up
Q8BNU0 76813 ENSMUSG000Armc6 2.4256749 0.00178 0.0107 up
P70460 22323 ENSMUSG000Vasp -3.61219 0.0168 0.101 down
O08992 53378 ENSMUSG000Sdcbp 2.2582553 0.0338 0.203 up
Q921W4 66609 ENSMUSG000Cryzl1 -1.407587 0.0434 0.26 down
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Q9WTX2 23992 ENSMUSG000Prkra 2.738459 0.00755 0.0453 up
Q8C8T8 69499 NA Tsr2 2.3786824 0.00536 0.0322 up
Q99J36 233802 ENSMUSG000Thumpd1 -1.366075 0.0498 0.299 down
Q8K1L5 76497 NA Ppp1r11 -1.507122 0.00608 0.0365 down
Q01730 20163 NA Rsu1 1.7046185 0.00239 0.0143 up
Q5M8N4 NA NA NA 1.9123408 0.00809 0.0485 up
Q9EPR5 81840 ENSMUSG000Sorcs2 -2.44633 0.00515 0.0309 down
Q8VE62 218693 ENSMUSG000Paip1 -1.038089 0.0182 0.109 down
Q61239 14272 ENSMUSG000Fnta -2.246488 0.00721 0.0432 down
O55135 16418 ENSMUSG000Eif6 -3.224043 0.0144 0.0862 down
Q9CQ10 66700 ENSMUSG000Chmp3 -2.025184 0.0409 0.245 down
Q9DCT1 56043 ENSMUSG000Akr1e1 -1.513334 0.0203 0.122 down
P17665 12867; 654  1ENSMUSG000Cox7c; Gm1  L  L-1.027919 0.0429 0.257 down
P50136 12039 NA Bckdha 1.9517135 0.0443 0.266 up
Q99NF2 56876 ENSMUSG000Nelf; Nsmf-3.210885 0.000547 0.00328 down
Q8BHK1 233280 ENSMUSG000Nipa1 -1.976342 0.00446 0.0267 down
Q8VE22 64656 ENSMUSG000  EMrps23 1.6358579 0.0222 0.133 up
P63089 19242 ENSMUSG000Ptn -1.065406 0.0254 0.152 down
P06880 14599 ENSMUSG000Gh -3.142823 0.0378 0.227 down
P62305 20643 ENSMUSG000Snrpe 1.1291273 0.025 0.15 up
P56565 20193 NA S100a1 2.1412334 0.000683 0.0041 up
Q9D2N9 77573 ENSMUSG000Vps33a -1.389529 0.00291 0.0175 down
Q3TCN2 71772 ENSMUSG000Plbd2 -1.856771 0.00198 0.0119 down
B1AR13 217149 ENSMUSG000Cisd3 1.5963994 0.00011 0.000662 up
Q9D967 67881 ENSMUSG000Mdp1 1.189296 0.00777 0.0466 up
O35459 51798 ENSMUSG000Ech1 -1.423175 0.0185 0.111 down
Q64511 21974 ENSMUSG000Top2b 2.1186399 0.0231 0.139 up
O54781 20817 NA Srpk2 1.5890648 0.0104 0.0625 up
Q9D0A3 70420 ENSMUSG0002610034B18  A-1.16392 0.000481 0.00288 down
Q8BWS5 243385 ENSMUSG000Gprin3 -2.793058 0.00717 0.043 down
P62309 68011 ENSMUSG000  ESnrpg -2.001518 0.0015 0.00899 down
Q80WQ2 234729 ENSMUSG000Vac14 1.2604916 0.000197 0.00118 up
Q8K426 245195 ENSMUSG000Retnlg -1.676062 0.0249 0.149 down
P97952 20266 ENSMUSG000Scn1b -3.461152 0.00612 0.0367 down
Q9WUB4 22428 ENSMUSG000Dctn6 1.0299834 0.0147 0.0882 up
Q9JHL1 65962 NA Slc9a3r2 -1.802869 0.00238 0.0143 down
P59708 66055 ENSMUSG0000610009D07  S  S2.326145 0.00307 0.0184 up
Q9D4H1 66482 ENSMUSG000Exoc2 -2.159314 0.000606 0.00363 down
O88735 17761 NA Map7; Mtap-1.897358 0.031 0.186 down
Q9D6S7 67871 ENSMUSG000Mrrf 2.2308582 0.0279 0.168 up
Q06335 11804 ENSMUSG000Aplp2 -3.806971 0.000967 0.0058 down
P47743 14823 ENSMUSG000Grm8 1.0481418 0.00443 0.0266 up
Q3TC33 67433 ENSMUSG000Ccdc127 1.4717923 0.0215 0.129 up
Q9R0M6 56382 ENSMUSG000Rab9 -1.547322 0.00343 0.0206 down
P53702 15159 ENSMUSG000Hccs -1.265621 0.0142 0.0855 down
Q9Z1K5 23806 ENSMUSG000Arih1 -1.795791 0.0157 0.0939 down
Q9Z2D1 77116 ENSMUSG000Mtmr2 1.4537486 0.00312 0.0187 up
Q99LB7 192166 ENSMUSG000Sardh 1.5715842 0.000348 0.00209 up
Q9ER35 63828 ENSMUSG000Fn3k 1.3219223 0.00217 0.013 up
Q00519 22436 ENSMUSG000Xdh 1.2348119 0.0317 0.19 up
Q9Z2V5 15185 ENSMUSG000Hdac6 1.3695523 0.00137 0.00821 up
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P21300 11997 ENSMUSG000Akr1b7 -1.031232 0.0296 0.177 down
Q9QYF1 17252 ENSMUSG000Rdh11 -1.027108 0.00529 0.0317 down
Q9DC63 57443 ENSMUSG000Fbxo3 -1.92199 0.0211 0.127 down
Q7TNC4 192196 ENSMUSG000Luc7l2 -1.446461 0.0158 0.0951 down
Q3UYG8 72899 ENSMUSG000Macrod2 -2.142741 0.0138 0.083 down
Q61462 13057 ENSMUSG000Cyba -1.488409 0.0227 0.136 down
P59759 239719 NA Mkl2 -5.776771 0.0123 0.074 down
P56212 59046 ENSMUSG000Arpp19 -1.965753 0.000872 0.00523 down
Q91YQ3 105859 ENSMUSG000Csdc2 1.4487528 0.00255 0.0153 up
Q8BYI8 74525 ENSMUSG0008430419L09  F1.1023969 0.00049 0.00294 up
Q8VC42 76482 ENSMUSG0003110002H161.4285492 0.0297 0.178 up
O88845 56697 ENSMUSG000Akap10 1.6506329 0.000212 0.00127 up
Q3UHH2 73102 ENSMUSG000Slc22a23 -1.163342 0.00755 0.0453 down
Q60780 14457 NA Gas7 -1.638606 0.0484 0.29 down
Q8C7D2 58799 ENSMUSG000Crbn 1.2299186 0.00347 0.0208 up
O55057 18582 ENSMUSG000Pde6d 1.3869579 0.000117 0.000704 up
Q9CXV1 66925 ENSMUSG000Sdhd -2.087069 0.0393 0.236 down
Q8R395 66398 NA Commd5 1.0355458 0.00188 0.0113 up
Q9D289 78232 ENSMUSG000Trappc6b 1.9819799 0.00645 0.0387 up
P00158 17711; 333ENSMUSG000CYTB 1.2073603 0.00074 0.00444 up
Q8VCM8 103425 ENSMUSG000Ncln 1.4502889 0.0139 0.0832 up
P61458 13180 ENSMUSG000Pcbd1 -1.455454 0.00556 0.0334 down
Q3V038 69480 ENSMUSG000Ttc9 -1.444967 0.0253 0.152 down
Q8C2E7 223593 ENSMUSG000E430025E21  W1.2383117 0.0292 0.175 up
P69566 56705 NA Ranbp9 2.2355521 0.0349 0.209 up
P70403 13047 NA Cux1 1.444921 0.0319 0.191 up
Q8CDU6 226098 ENSMUSG000Hectd2 1.00429 0.00322 0.0193 up
Q8VHK9 72162 ENSMUSG000Dhx36 1.3552357 0.00294 0.0176 up
Q99N94 78523 ENSMUSG000Mrpl9 1.3636266 0.0115 0.0692 up
Q9CQS8 66212 ENSMUSG000Sec61b -1.307809 0.0235 0.141 down
Q9D387 76161 ENSMUSG000Lamp5 1.6355638 0.0457 0.274 up
Q9ET22 83768 ENSMUSG000Dpp7 1.4270379 0.00074 0.00444 up
Q9ESZ8 14886 ENSMUSG000Gtf2i 1.8194526 0.011 0.0659 up
Q9ERR7 93684 NA Sep15; Sel1.5160585 0.0472 0.283 up
Q6GYP7 56784 ENSMUSG000Ralgapa1 1.7952365 0.0274 0.165 up
Q91X56 94226 ENSMUSG000S1pr5 1.6642691 0.000103 0.000619 up
Q9R112 59010 ENSMUSG000Sqrdl; Sqo-1.691798 0.0133 0.0801 down
Q8CIV8 70430 ENSMUSG000Tbce 1.0351649 0.00448 0.0269 up
P23090 NA NA NA 1.1025474 0.00053 0.00318 up
Q9D826 19193 ENSMUSG000Pipox 1.5929748 0.0164 0.0984 up
B2RUJ5 319924 ENSMUSG000Apba1 3.4976881 0.00838 0.0503 up
Q80XG9 243499 ENSMUSG000Lrrtm4 1.8754396 0.00152 0.00913 up
Q69ZX8 319713 ENSMUSG000Ablim3 1.0808532 0.0218 0.131 up
Q8VEA4 72170 ENSMUSG000Chchd4 1.1200809 0.0104 0.0626 up
Q9CR76 66690 ENSMUSG000Tmem186 1.9404184 0.00267 0.016 up
P56213 11692 ENSMUSG000Gfer -1.518523 0.0169 0.101 down
P03903 17720; 333ENSMUSG000ND4L 1.0602195 0.0267 0.16 up
Q9DB50 108012 ENSMUSG000Ap1s2 3.6972469 0.0212 0.127 up
Q91VU0 27999 ENSMUSG000Fam3c 2.7144359 0.000287 0.00172 up
Q8VEB4 192654 ENSMUSG000Pla2g15 1.2856069 0.0279 0.168 up
Q9D6F4 14397 ENSMUSG000Gabra4 1.0275244 0.0317 0.19 up
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Q8CE90 26400 ENSMUSG000Map2k7 1.1060732 0.01 0.0601 up
Q9CZX7 72519 ENSMUSG000Tmem55a -1.065626 0.0313 0.188 down
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Accession Entrez.GenEnsembl.GeGene.Symbolog2FC p.value p.adjust.vdirection
O08599 20910 ENSMUSG000Stxbp1 -1.089388 0.0135532 0.5605597 down
Q9ERD7 22152 ENSMUSG000Tubb3 -1.698064 0.0029378 0.5605597 down
P61982 22628 ENSMUSG000Ywhag -1.298326 0.023082 0.5605597 down
P08249 17448 ENSMUSG000Mdh2 -1.925963 0.0220373 0.5605597 down
P68510 22629 ENSMUSG000Ywhah -1.124814 0.0355255 0.5605597 down
P14152 17449 ENSMUSG000Mdh1 -1.406065 0.0124585 0.5605597 down
P18760 12631 ENSMUSG000Cfl1 -1.360619 0.0249473 0.5605597 down
Q920I9 104082 ENSMUSG000Wdr7 1.7124286 0.0346641 0.5605597 up
P09528 14319 ENSMUSG000Fth1 -1.108161 0.015425 0.5605597 down
P28663 17957 ENSMUSG000Napb -1.632112 0.0082812 0.5605597 down
P63024 22319 ENSMUSG000Vamp3 2.2393148 0.0245863 0.5605597 up
O35098 26757 Dpysl4 -1.711211 0.0482246 0.5605597 down
Q01853 269523 ENSMUSG000Vcp 1.0941875 0.0454886 0.5605597 up
P14231 11932 ENSMUSG000Atp1b2 -1.901788 0.0391097 0.5605597 down
P05132 18747 ENSMUSG000Prkaca 1.4307088 0.043968 0.5605597 up
Q9R111 14544 ENSMUSG000Gda -1.303626 0.0362251 0.5605597 down
Q80UG5 53860 ENSMUSG000 9-Sep -1.739066 0.0161629 0.5605597 down
P45591 12632 ENSMUSG000Cfl2 -2.016516 0.0149744 0.5605597 down
Q8CBH5 98682 ENSMUSG000Mfsd6 1.50466 0.036483 0.5605597 up
Q8BU14 69276 ENSMUSG000Sec62 1.7206499 0.0398114 0.5605597 up
Q80YA3 114874 Ddhd1 1.893265 0.0046446 0.5605597 up
P47754 12343 ENSMUSG000Capza2 -1.860788 0.0354138 0.5605597 down
O70145 17970 ENSMUSG000Ncf2 -1.684982 0.0042812 0.5605597 down
O88685 19182 ENSMUSG000Psmc3 1.0895305 0.0039137 0.5605597 up
Q9QYE3 14025 ENSMUSG000Bcl11a 1.0402102 0.0230681 0.5605597 up
Q8C5H8 68646 ENSMUSG000  ENadk2; Nad-1.116742 0.0137187 0.5605597 down
Q5XJE5 235497 ENSMUSG000Leo1 1.6268479 0.0111222 0.5605597 up
O55029 50797 ENSMUSG000Copb2 1.4411263 0.0095804 0.5605597 up
Q80TL7 67074 ENSMUSG000Mon2 1.820425 0.0307518 0.5605597 up
Q6P4T2 320632 ENSMUSG000Snrnp200 2.0970093 0.0336813 0.5605597 up
Q811D0 13383 ENSMUSG000Dlg1 1.0893764 0.0006464 0.3937941 up
Q8JZQ2 69597 ENSMUSG000Afg3l2 -2.040302 0.0199168 0.5605597 down
Q80YV2 232679 ENSMUSG000Zc3hc1 4.0708234 0.0286952 0.5605597 up
Q91VN4 66098 ENSMUSG000Chchd6 -2.162281 0.0170803 0.5605597 down
B9EJ80 107368 ENSMUSG000Pdzd8 1.6700126 0.0288419 0.5605597 up
Q3TWL2 219024 ENSMUSG000Tmem55b 1.5635014 0.0202896 0.5605597 up
Q9D2V7 78885 ENSMUSG000Coro7 -2.057354 0.0102673 0.5605597 down
B0V2N1 19280 ENSMUSG000Ptprs -1.276306 0.0469507 0.5605597 down
Q61410 19092 Prkg2 1.2201406 0.0004423 0.3937941 up
Q64105 20751 Spr -2.012834 0.0219064 0.5605597 down
Q64674 20810 ENSMUSG000Srm -1.112233 0.0087262 0.5605597 down
Q6ZWU9 57294; 100ENSMUSG000  ERps27; Gm9  R-1.044048 0.0207484 0.5605597 down
Q6PNC0 240283 ENSMUSG000Dmxl1 1.0973368 0.0430666 0.5605597 up
Q8CHP8 67078 ENSMUSG000Pgp -1.863814 0.0279975 0.5605597 down
Q921J2 19744 ENSMUSG000Rheb -4.848102 0.015086 0.5605597 down
Q62393 21985 ENSMUSG000Tpd52 -1.01293 0.0128543 0.5605597 down
Q69ZR9 218850 D14Abb1e; F-1.90138 0.0056368 0.5605597 down
Q9WV54 11886 ENSMUSG000Asah1 -3.010298 0.034621 0.5605597 down
Q8VE88 67726 ENSMUSG000Fam114a2 1.6252407 0.0110408 0.5605597 up
P27659 27367 ENSMUSG000Rpl3 3.5291038 0.0399089 0.5605597 up
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Q80U63 170731 ENSMUSG000Mfn2 1.9016177 0.0383257 0.5605597 up
P0C913 69784 ENSMUSG0001500009L161.7665998 0.0354231 0.5605597 up
Q3U0S6 69903 ENSMUSG000Rasip1 1.0201743 0.009086 0.5605597 up
B2RQC6 69719 ENSMUSG000Cad 1.3168462 0.0021705 0.5605597 up
O35683 54405 ENSMUSG000Ndufa1 -1.952188 0.0150861 0.5605597 down
P97384 11744 ENSMUSG000Anxa11 -1.898146 0.0072172 0.5605597 down
Q9WUH1 56395 ENSMUSG000Tmem115 -1.640199 0.0066977 0.5605597 down
Q9ESJ1 63955 ENSMUSG000Cables1 1.8578184 0.0206352 0.5605597 up
P61514 19981 ENSMUSG000Rpl37a 3.4384779 0.0470074 0.5605597 up
Q80XP8 72826 ENSMUSG000Fam76b 1.2696532 0.0314663 0.5605597 up
P38060 15356 ENSMUSG000Hmgcl -1.133734 0.0335542 0.5605597 down
Q9D1M0 110379 ENSMUSG000Sec13 -1.028019 0.0236634 0.5605597 down
Q60592 17776 Mast2 1.1399822 0.0087666 0.5605597 up
Q8BWY3 225363 ENSMUSG000Etf1 -1.626116 0.0425579 0.5605597 down
P47867 20255 ENSMUSG000Scg3 1.4082927 0.0203223 0.5605597 up
Q9QY76 56491 Vapb 1.294663 0.0017874 0.5605597 up
Q9EPK7 65246 ENSMUSG000Xpo7 -1.913628 0.0261717 0.5605597 down
Q6NTA4 245670 ENSMUSG000Rragb 1.3051323 0.0128131 0.5605597 up
Q6PEB6 19070 ENSMUSG000Mob4 -1.681915 0.0048933 0.5605597 down
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