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Abstract

Background
Defective brain hormonal signaling and autophagy have been associated with neurodegeneration after
brain insults, characterized by neuronal loss and cognitive dysfunction. However, less studies have link
them in the context of brain injury. Insulin like growth factor-1 (IGF-1) is an important hormone that
contributes to growth, cell proliferation and autophagy, also expressed in the brain.

Methods
We applied proteomics to investigate the role of astrocytic IGF-1 in TBI and related neuroprotective
mechanisms.

Results
We found reduced plasma IGF-1 is correlated with cognition in TBI patients. Overexpression of astrocytic
IGF-1 improves cognitive dysfunction in TBI mice and cocultured astrocytes prevent neuronal
excitotoxicity with IGF-1 pathway dependent. At the molecular level, proteomics data show IGF-1 related
NF-kB pathway transcriptionally regulates decapping mRNA2 (Dcp2) and miR-let-7, together with IGF-1R
to orchestrate mitophagy in TBI. Finally, we demonstrate that TBI induces impaired mitophagy at the
chronic stage and IGF-1 treatment could facilitate the mitophagy marker.

Conclusion
By showing that IGF-1 is an important mediator of the bene�cial effect of neural-endocrine network in TBI
models, our �ndings place IGF-1/IGF-1R as a potential target capable of non-coding RNAs and opposing
mitophagy failure and cognition impairment in TBI.

Background
Traumatic brain injury (TBI) is a common and disabling disease causing severe disability worldwide in
150 to 200 million people annually[1]. Many more suffer long-term cognitive and psychological problems
with variable natural history[2]. One of the major pathological hallmarks of TBI is phosphorylated tau [3,
4], which results in poor clinical outcomes after TBI. We currently showed that both pharmaceutically
targeting tau phosphorylation or genetic manipulation of tau could prevent cognition dysfunction after
experimental TBI [5]. However, there are currently no drug treatments available to improve cognition or
promote its recovery in clinical session and it is unclear which factor contributes to the cognitive recovery
after TBI as well.
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One potential factor might be post-traumatic hypopituitarism, which can be triggered by TBI and in�uence
brain repair [6, 7]. Insu�ciency of growth factor (GH) is considered the major risk factor for TBI outcome
and insulin like growth factor-1 (IGF-1) is a direct downstream of GH [8]. GH replacement in TBI increases
serum IGF-I and improves attention, memory, and psychological well-being [9]. Variations in serum IGF-I
concentrations have been related to brain structure and cognitive function [10]. We previously
demonstrate that astrocytic IGF-1 can prevent excitotoxicity in neurons and regulate the expression of
GSK-3β, one kinase for tau phosphorylation and thereby reducing the hyperphosphorylated tau.

IGF-1 has shown to increase the mitophagy via activating AMPK signal [11]. We have shown mitophagy
is impaired in the chronic stage of TBI [12, 13], and accordingly we predict that this might be due to the
lower IGF-1 status after TBI, as tau phosphorylation can disrupt the mitophagy [14]. We also �nd
astrocytes have a supporting role for neurons and protect against excitotoxic injury with IGF-1 dependent
[15, 16]. We and others have demonstrated astrocytic upregulation of IGF-1 after brain injury can also
improve neurological outcomes in animal models via decreasing phosphor-tau levels[17]. Although a
series of studies have applied IGF-1 in brain insults like stroke and TBI, the clinical application is limited
due to its adverse effects found in animal studies. Therefore, it is important to explore the potential
mechanisms in IGF-1 treated animals to identify new targets. And the relationship between mitophagy
and tau in TBI session remains elucidated.

Here, we applied proteomics to study the therapeutic mechanisms in astrocytic IGF-1 after brain insults
and further link the downstream pathway with mitophagy and neurological outcome. Therefore, we
hypothesized that IGF-1 status would impact recovery after TBI such that improvement in mitophagy and
cognitive measures.

Methods

Patients and serum IGF-1 status
Human blood samples were obtained for analysis from TBI patients recruited in Department of
Neurosurgery at Shanghai Pudong New area People’s Hospital with institutional approval from Ethics
Review Board (Ethics No. 2170063) from Jan 2019 to Jul 2019. 2–3 ml of venous blood from TBI was
collected at 8am on 3days after injury and stored at -80 °C until analysis. Absolute IGF-I was tested by
radio autoimmuno assay as previously reported [8]. Patients were then assigned to groups with different
brain severity (Glasgow Coma Scale, GCS), neurological outcome (Glasgow Outcome Scale, GOS) and
cognition scores (Montreal Cognition Assessment, MoCA), respectively, to identify the relationship
between IGF-1 and these parameters. To account for the �nding that IGF-I level declines naturally with
age, the groups were age-matched. There are no statistical differences regarding the basic characteristics
of patients and healthy controls (age, gender, education background, data not shown). Blood collection
and clinical data from all patients were obtained from their relatives with the consent form.

Cognition assessment
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Patients underwent a MoCA testing previously found to be sensitive to impairments after TBI at six
months post injury [18, 19] [20]. All TBI patients were assess at 6 months post injury in our study as well.
The total score of MoCA is 30 points and cognitive dysfunction is indicated by less than 26. The item of
MoCA includes visuospatial and executive functioning, naming, attention and calculation, language,
abstraction, delayed recall and orientation.

Reagents and antibodies
The rabbit polyclonal antibody pS356, which recognized phospho-tau at Ser356 was purchased from
Abacm (ab92682). The mouse monoclonal antibody NeuN, which recognized neurons in the brain, was
also purchased from Abcam (ab104224). The rabbit polyclonal anti-Dcp2 (ab28658) and mouse
monoclonal anti-IGF-1R (ab16890) were purchased from Abcam. Rabbit polyclonal to ATG8 (ab4753),
mouse monoclonal to Atg5 (ab238092), rabbit polyclonal to ATG14L (ab227849), rabbit monoclonal
[EPR19662] to Beclin 1, rat monoclonal [1D4B] to LAMP1 (ab25245) and mouse monoclonal to SQSTM1
/ p62 - Autophagosome Marker (ab56416) were used to assess the mitophagy level in cultured cells.
Mouse monoclonal [HM-2] to MAP2 (ab11267) and rabbit monoclonal [EPR16778] to beta-
Tubulin(ab201831)were used to evaluate the neuronal growth situation in-vitro. Rat
BNIP3(ab10433,abcam) and PINK1(23274-1-AP proteintech) were used for mitophagy assessment in TBI
mice; Mouse monoclonal [mAbcam 8226] to beta Actin was used as loading control
(ab8226).Bicinchoninic acid protein assay kit (BCA kit) was purchase from Pierce Biotechnology.
Enhanced chemiluminescence detection kit was purchased from GE healthcare. AG1024 (121767) was
purchased from Sigma-Aldrich in the InhibitorSelect IGF Signaling Pathway Inhibitor Panel (407249,
Sigma-Aldrich). General chemicals, such as sodium deoxycholate (DOC), sodium dodecyl sulphate (SDS)
and IGEPAL CA-630 (NP-40), were purchased from Sigma-Aldrich. LY294022 (#9901), an inhibitor of
phosphatidyl- inositol 3-kinase (PI3K) and SB203580 and p38 MAPK inhibitor(#5633), were purchased
from Cell Signaling Technology. MG-132, Nfkb1 inhibitor (#474790), was purchased from Sigma
(Knockdown assay was performed by transfections using validated siRNAs targeting
NFKB1/p50(SI02654932) from Qiagen. Negative control siRNA (AM4611) was purchased from
Invitrogen. Stock solutions of lyophilized siRNA were prepared in nuclease-free water in accordance with
the manufacturer’s instructions (Qiagen and Invitrogen). NFKB1-expression plasmid and empty plasmid
(pcDNA3, Life Technologies, Grand Island, NY) were subsequently transfected with FuGENE HD
Transfection Reagent (Roche, Nutley, NJ).

Primary Cortical Neuronal Cultures and co-culture with
astrocytes
Cortices were isolated from embryonic Day 3 Sprague-Dawley rats in an ice-cold medium. Brie�y, the
tissue was rinsed and triturated to obtain the primary neuron suspension. Primary cortical neurons were
plated at a density of 3.5 ml/well (2.0 × 106 cells/ml) and were used to perform experiments at 7 d in
vitro, according to the study protocol. Excitotoxicity was produced via KA treatment of the neurons at
1 nmol/L cultured, and the co-culture was performed with a transwell device and supported with
astrocytes collected from Day 7 rats as described previously [16]. For the pharmaceutical manipulation,
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the cultured cells were treated with 1uM of IGF-1R inhibitor, 10 M of the PI-3 kinase/Akt inhibitor
LY294022 and 10uM of p38 MAPK inhibitor SB203580.

Gene transfer and virus constructs
Recombinant adeno associated virus serotype 8 (AAV2/8) was packaged (Obio, Shanghai) with the open
reading frame (ORF) of human (h) IGF-1 gene downstream of the astrocyte-speci�c promotor, GFAP
(GFAP-AAV8-hIGF-1). This construct contained the EGFP reporter gene as well under the GFAP promoter to
visually detect those transfected cells. The control construct is composed of an identical shuttle vector
without the hIGF-1 gene (GFAP-AAV8 -control). Animals were anesthetized (medical oxygen 3% and
iso�urane 1.5%) and �xed in a stereotaxic device (RWD Instruments, Shanghai). One small hole was
drilled into the skull for the Bregma reference of lateral ventricle: 2 mm posterior, 1.5 mm lateral, and a
depth of 2.5 mm beneath the dura. In each case, a Hamilton syringe with an injection needle touched the
associated region and virus was gradually injected into the lateral ventricle at the rate of 0.25 ul/min for a
total of 2 microliters at around 8–10 minutes. All animals received one injection with a left side of the
brain with either the GFAP-AAV8-hIGF-1 or the GFAP-AAV8-control construct. Animals were cared well to
recover for 4 weeks to permit the viral expression in associated brain areas, followed by the TBI or sham
surgery[16]. The transfection e�ciency of this virus and IGF-1 expression before and after virus injection
have been validated in previous reports[16].

Mouse TBI Model, qRT-PCR, western blot, and IHC
These detailed experimental procedures were performed as previously described[16]. 6–8 week-old male
C57B6 mice were administered a lateral FPI as previously described[16]. These mice were obtained from
our breeding colony in the Department of Medicine, University of Shanghai Medical Health, individually
housed and maintained on 12-h light/dark cycles with food and water available ad libitum. All animal
experiments were approved by the Animal Ethics Committees. Brie�y, under anaesthesia a 1-mm
craniotomy, positioned 1.5-mm right lateral and 1.5-mm posterior to bregma, was performed to create a
circular window exposing the intact dura mater of the brain. A modi�ed female Luer-Lock cap was
secured over the craniotomy window by dental acrylic. The mouse was then removed from anaesthesia
and attached to the �uid percussion device via the Luer-Lock. Once the mouse responded to a toe pinch, a
severeintensity (320–350 kPa) �uid pulse of silicone oil generated by the �uid percussion device was
delivered to the brain. Mice were resuscitated with pure oxygen post-injury if required. On resumption of
spontaneous breathing, and return to pre-FPI levels of heart rate and oxygenation status, the dental
acrylic caps were removed and the wound sutured closed. The qRT-PCR primers and antibodies are listed
as informed.

iTRAQ labeling
Each iTRAQ reagent (Nr01, Nr02, Nr03 and Nr04 isobaric tags) was reconstituted in ethanol, and peptide
samples were reconstituted in iTRAQ dissolution buffer (AB Sciex). Samples in sets of three biological
replicates were labeled with the iTRAQ reagents as follows: Sham + IGF-1 with Nr01 isobaric tag, Sham + 
Vector with Nr02 isobaric tag, TBI + IGF-1 with Nr03 isobaric tag, and TBI + Vector with Nr04 isobaric tag.
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The labeled samples were incubated for 2 h at room temperature with interval mixing (alternating 1 min
static and 15 min at 1200 rpm), centrifuged at 13 500 rpm for 5 min, and pooled together into three
groups each containing one biological replicate of the studied samples. These groups were handled and
analyzed separately. The pooled samples were dried by vacuum centrifugation. Sample clean-up and
desalting was carried out using Macro Spin Column Filters (Nest GroupInc, Southborough, MA), �ltering
and washing samples several times with ACN and triethylammonium bicarbonate (TEAB; Fluka, Sigma-
Aldrich) buffers. The samples were dried by vacuum centrifugation for about 1 h, and stored at − 20
Celsius degree until analysis.

LC − MS/MS Analysis
The reverse phase high-performance liquid chromatography (RP-HPLC) separation was achieved on the
Easy nano-LC system (Thermo Fisher Scienti�c) using a self-packed column (75 µm × 150 mm; 3 µm
ReproSil-Pur C18 beads, 120 Å, Dr. Maisch GmbH, Ammerbuch, Germany) at a �ow rate of 300 nL/min.
The mobile phase A of RP-HPLC was 0.1% formic acid in water, and B was 0.1% formic acid in
acetonitrile. The peptides were eluted using a gradient (2 − 90% mobile phase B) over 90 min period into a
nano-ESI Orbitrap Elite mass spectrometer (Thermo Fisher Scienti�c). The mass spectrometer was
operated in data-dependent mode with each full MS scan (m/z 300 − 1500) followed by MS/MS for the
12 most intense ions with the parameters: ≥ +2 precursor ion charge, 2 Da precursor ion isolation
window, 80 �rst mass and 38 normalized collision energy of HCD. Dynamic Exclusion was set for 30 s.
The full mass and the subsequent MS/MS analyses were scanned in the Orbitrap analyzer with R = 
60000 and R = 15000, respectively.

Luciferase reporter assay
Luciferase reporter assay was performed according to a standard protocol as described previously [21].
Brie�y, primary cultured neurons (3*104 cells/well) were seeded in 24-well plates in triplicate and allowed
to settle for 24 h. The indicated plasmids and 1.5 ng pRL-TK Renilla plasmid were transfected using
Lipofectamine 3000 Reagent (Thermo Fisher Scienti�c, Waltham, MA, USA, Cat. No. L3000008). At 48 h
post-transfection, luciferase and Renilla signals were determined by a Dual Luciferase Reporter Assay Kit
(Promega, Cat. No. E1980) according to the manufacturer’s instructions as previously described.

Chromatin immunoprecipitation-qPCR (ChIP-qPCR)
Chromatin immunoprecipitation (ChIP) was performed according to the manufacture’s protocol. Brie�y,
crosslinking was performed with 1% formalin, and the cells were lysed in SDS buffer and sonication was
used to fragment the DNA. ChIP for DCP2 was performed using a Flag antibody (Sigma, SAB4301135).
Eluted DNA fragments were analyzed by qPCR. The primers are listed in section ‘Chromatin
immunoprecipitation-qPCR’ in Supplementary Material (Table S1).

JC-10 Staining
Mitochondrial membrane potential was assessed by �ow cytometry using a �uorogenic dye, JC-10
(Abcam 112133; Cambridge, MA). Treated cells were loaded with JC-10 dye according to the
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manufacturer’s instructions with modi�cations: spent medium was aspirated and complete medium
added to scrape cells. JC-10 solution was added at equal volume and incubated in the dark at 37 °C for
15 minutes prior to analysis. Monomeric (green) and J-aggregate (red) �uorescence were measured using
the FL1 and FL2 channels, respectively. The results were analyzed following compensation for spectral
overlap in six groups as mentioned above.

Assessments of motor function and cognitive performance
Motor function was evaluated at 1, 3, 5 and 7 days after TBI using the NSS method described by [22].
Brie�y, neuromuscular function, including forelimb �exion, torso twisting, lateral push, hindlimb
placement, and forelimb placement; performance on an inclined board; mobility; vestibulomotor function,
including performance on a balance beam; and complex neuromotor functions, including performance on
a beam walk, were evaluated and given a score of 0–1 or 0–2 for neuromuscular functions, 0–6 for
vestibulomotor functions and 0–5 for complex neuromotor functions.

For the Morris water maze (MWM), the temperature was maintained at 25 ± 2 °C. To ensure recovery from
motor de�cits, hidden platform testing was performed on post-TBI Days 11–15, and visible platform
testing was performed on Days 16. Mice were allowed a maximum of 120 s to look for the submerged
platform. If mice failed to reach the platform by 120 s, the experimenter placed them on the platform for
15 s. There was a minimum of 5 min between each trial. The latencies for the mouse to reach the
platform and time duration in other zones were recorded and analyzed using tracking device
(Chromotrack 3.0, San Diego Instruments).

Statistical analysis
Results are reported as the mean ± SD for immunoblots, �uorescence experiments and PCR results. Gray
levels were detected with ImageJ. Student's t test was used to compare the differences between the two
groups with Prism Software 8.00 (GraphPad Software). For behavioral tests, data were expressed as the
mean ± SEM. Motor and MWM data, which are continuous, were analyzed by two-way ANOVA for overall
statistical signi�cance, followed by Tukey's post hoc test for between-group comparisons. Signi�cant
differences were de�ned as p < 0.05.

Results
Serum IGF-1 is reduced after TBI

Serum IGF-1 is lower in patients with mild TBI than those with severe TBI; The serum IGF-1 content in
moderate and severe TBI at each time point was signi�cantly lower than that of the mild TBI group (p < 
0.05). Serum Tau progressively reduced after TBI in the �rst week, while it began to increase on the
seventh day, but it was still remaining higher than the control group at six months post injury (p < 0.05,
Fig. 1).
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Serum IGF-1 protein was signi�cantly higher in poor outcome group (GOS 1–3) that that in good outcome
group (GOS 4–5, p < 0.05; Fig. 1). Serum IGF-1 content at 1, 3, 5, 7, and 14 days after injury (acute and
subacute stage) had a signi�cant positive correlation with MoCA score even at 6 months after injury (R2 
= 0.2484, p < 0.001).Serum IGF-1 in normal cognition group is higher than it in abnormal cognition group
at acute stage of TBI patients as well (Fig. 1).

Astrocytic IGF-1 has neuroprotective role in TBI models

Previously we have shown astrocytic IGF-1 protects against excitotoxic neurons both in-vivo and in-vitro.
Therefore, we used astrocytic IGF-1 to treat lateral �uid percussion injury (LFPI) mouse model (done at
Shanghai Health College). Mice were tested in the water maze to assess cognitive function 12 weeks
after injury. During the acquisition session of the water maze, mice given a FPI and treated with astrocytic
IGF-1 displayed signi�cantly faster search times than their vehicle-treated counterparts. There were no
signi�cant effects on the measure of crossing time and during in the targeted zone during water maze
acquisition period (P > 0.05). Furthermore, the astrocytic IGF-1 improved both cognition and motor
function in TBI mice by Morris water maze and NSS assessment (Fig. 2). TBI mice had higher NSS; while
astrocytic IGF-1 could reduce it.

iTRAQ and bioinformatic analysis in IGF-1 treated TBI mice

Next, we applied iTRAQ proteomics to investigate the neuroprotective effect of astrocytic IGF-1. According
to the iTRAQ method published previously, we compared the targeting proteins with a two-fold alteration
in TBI vs. Sham group with vectors and TBI + IGF-1 vs. TBI + vector. We identi�ed 189 candidate proteins
after IGF-1 treatment. First, we did a David Analysis with an online tool (https://david.ncifcrf.gov) and
clustered these candidate proteins based on KEGG analysis (Supp Fig. 1). We listed top 20 cluster and
KEGG pathway in Fig. 3. The Top 20 Cluster pathway (David analysis)showed Hydrolase activity
(GO:0016787 ~ hydrolase activity) is the �rst one, including 16 related proteins (Q9CYC6, Q9CR30,
Q50L41, Q9R001, Q6NSR8, Q8CGB6, Q9WUZ9, Q9ET22, Q91ZX6, P35821, P52479, Q8CHE4, Q9CXY9,
P97470, P07146, Q14BV6) and the top KEGG pathway is membrane protein (Table S2).

DCP2 and related pathway changes after TBI

DCP2(Q9CYC6)is found to increase in TBI group with more than 2-fold change, and IGF-1 treatment could
reduce its expression by 1.4 times. Dcp2 codes m7GpppN-mRNA hydrolase in mammalians [23]. M7G is
a 5’capping structure in mRNA and also in miRNA. The METTL1 (another m7G decapping enzyme) has
been found to promote the maturation of several miRNAs via disrupting the immature structure for
miRNA [24]. And METTL1 knockdown could reduce the expression of a serious of miRNAs including let
7e with a most decreased level [24]. Here, we predicted DCP2 is supposed to be decapping the m7G
structure of let 7e as well to promote its maturation and checked the expression of DCP2 and IGF-1R in
cell models.
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To validate this, we did an in-vitro analysis with an excitotoxic model, which can mimic the brain injury in
cells. First we observed KA treated neurons had decreased MAP2 and beta-tubulin expression indicating
reduced maturation of neurons; while co-culture with astrocytes could promote the neuronal growth and
against the excitotoxic effect with increased expression of both MAP2 and beta-tubulin to validate our
previous �ndings and the successful modeling of in-vitro excitotoxic injury (Supp Fig. 2). Next, we found
both DCP2 and let 7e expression increased in KA treated neurons; while coculture with astrocytes could
reduce both. These �ndings were consistent with our TBI in vivo results. And this effect was abolished
partly by IGF-1R antagonist, PI3K inhibitor and p38 inhibitor (Fig. 3).

Mir let-7e has previously been reported to regulate IGF-1R [25]. In our study, we did a Targetscan analysis
for the binding prediction between IGF-1R 3’UTR and let-7e. Further, we con�rmed this with luciferase
assay. Next, the dual luciferase reporter gene assay with the psicheck2-based IGF-1R‐wt plasmid
containing miR‐let-7e binding site was conducted to further verify this prediction. The activity of the
luciferase following cotransfection of IGF1R‐wt and miR‐let-7e mimic was lower than the activity
following cotransfection of IGF-1R‐wt and NC (p < 0.05), indicating that there was a regulatory
relationship between miR‐let-7e and 3′‐UTR of IGF-1R (Fig. 3). These �ndings helped to verify that miR‐let-
7e targeted IGF-1R.

Mitophagy of brain injury in-vitro and in-vivo

It is reported that IGF-1R can regulate the autophagy and IGF-1 can promote mitophagy via activating
AMPK [11]. To con�rm the IGF-1 role in mitophagy following brain injury, we did both in-vitro and in vivo
analysis of mitophagy. This study further evaluated whether the increased neuronal loss in KA-stressed
cells was accompanied by of a loss of mitochondrial potential and if astrocytic IGF-1 could affect this
phenomenon. The cells were analyzed with the JC-10 dye that forms red J-aggregates in controlled
primary cultured cells but stays a green monomer in cells that have lost mitochondrial integrity. The
scatter plots show that majority of the cells treated with KA shifted towards green �uorescence when
compared to controls (Fig. 4). Remarkably, in KA treated neurons cocultured with astrocytes, a population
shift to the red channel was observed indicating preservation of mitochondrial potential. In addition, this
effect was partly abolished by IGF-1R antagonist, PI3K inhibitor and p38 inhibitor. Consequently, KA-
stressed cells maintained mitochondrial potential when cocultured with astrocytic IGF-1 (Fig. 4).

In addition, we extracted the mitochondria proteins from the cultured cell to assess the mitophagy
following KA. We found KA increased the expression of Atg8, Atg 5, Atg 14, Beclin-1and Lamp while
decreased the p62SQSTM1 level. This effect is partly abolished by AG1024, PI3K inhibitor and p38 MAPK
inhibitor (Fig. 5).

For the in-vivo study, we applied the IHC to analyze the mitophagy marker (PINK1 and NIX) in the rodent
TBI brain. As shown in Fig. 6, FPI in mice induced the decreased NIX and PINK1 expression (shown as
average optical density of brown area) in the ipsilateral cortex of TBI mice at three months after injury
and IGF-1 treatment could reverse these.
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Discussion
In the present study, we applied iTRAQ proteomics to demonstrate a subset of proteins changed in TBI
and reversed by genetic manipulation of astrocytic IGF-1. The pathway analysis showed hydrolysis lied at
the top in the cluster. We identi�ed Dcp2, a m7G hydrolysis increased after TBI and decreased by IGF-1
treatment. Further, we found astrocytic IGF-1 could also reverse the interrupted mitophagy after TBI.
Mechanical study demonstrated Dcp2 could promote the mature of let-7 family and further decrease the
IGF-1R and related mitophagy. Based on these �ndings, we proposed an orchestration between IGF-1 and
IGF-1R to facilitate the mitophagy after TBI.

IGF-1/IGF-1R and miR-let-7e have been previously reported to down-regulate each other and modulate
proliferation and migration in colorectal cancer cells. The author also found let-7e could reduce the
expression of IGF-1R with qPCR test, and IGF-1 treatment was able to decrease the expression of let-7e as
well. However, the authors did not further investigate the mechanisms[26]. In our report, we applied the
luciferase assay to link the let-7e and IGF-1R, and proteomic method to identify the mechanism behind
how IGF-1 reduced let-7e with a m7G decapping mechanism.

The presence of m7G in miRNAs strongly indicates a new RNA methylated regulation in non-coding
RNAs. And this might exist in long non-coding RNAs (LncRNAs). Previous study has identi�ed G-
quadruplex structure is known to be inhibitory to miRNA processing [27], and the G-quadruplex motif in
let-7e overlaps the DROSHA cleavage site. Therefore, we proposed that Dcp2-mediated deposition of m7G
within G-rich regions destabilizes G-quadruplexes, thereby promoting their processing from pri- to pre-
miRNA (Supp Fig. 6). Sarah et al reported that many lncRNAs are degraded by DCP2 [28]and a recent
article has identi�ed the catalytic structure of DCP2 [29]. It has also reported that DCP2 decapping
enzyme is redundant and required for miRNA-mediated gene silencing [23], consistent in our studies,
DCP2 might facilitate the maturation of miRNA to carry out the gene silencing function. More importantly,
DCP2 level is supposed to affect the let-7 expression [30].

Removal of the 5′ cap on mRNA by the decapping enzyme Dcp2 is a critical step in 5′-to-3′ mRNA decay.
However, recent report found the m7G methylation might promotes miRNA processing with METTL1, a
major Methyltransferase. In such, Dcp2 could decay mRNAs via facilitating their associated miRNA. And
the accumulation of miRNA targets increased concomitantly with the decrease of miRNA in the
decapping mutants [31]. Therefore, we proposed that the increased Dcp2 after brain injury could facilitate
the expression of miRNA and reduce the targeted mRNAs. Sarah et al reported that many lncRNAs are
degraded by DCP2 [28]and a recent article has identi�ed the catalytic structure of DCP2 [29].

Previous studies have shown IGF-1 can regulate exosome-mediated miRNAs transfer and maintain the
tumor cell proliferation [32]. IGF-1 from tumor initiating cells can prevent miR-122 production in
neighboring normal hepatocytes and thereby curtail its intercellular transfer within exosome, leading to
low levels of the anti-proliferative miRNAs in hepatic cancer cells. However, the author did not investigate
the mechanism how IGF-1 regulated the miR-122 expression [33]. This �nding is consistent with our study
and we further found that IGF-1 could regulate the miRNA expression through m7G hydrolysis with our
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proteomics data. Another study shows macrophages can release IGF-1 in�uence its phagocyte ability and
in�ammation. The IGF-1 from macrophages can bind to the surface of non-professional phagocytes
(such as epithelial cells). Meanwhile, IGF-1 could enhance the uptake of macrovesicles for epithelial cells
and deletion of IGF-1 receptor led to exacerbated in�ammation [34]. Therefore, it would be interesting in
our future study to investigate how astrocytic IGF-1 in�uence the exosomes release and neuronal
phenotype. In addition, exosomes are full of non-coding RNAs including both miRNAs and lncRNAs,
which could be indirectly regulated by IGF-1 as well.

As previously reported, exogenous IGF-1 sustains cell viability in cancer cell lines by stimulating
mitochondrial biogenesis and BNIP3-induced mitophagy [35], and IGF-1 can also augment mitochondrial
function and neuronal metabolism via AMPK [11]. However, no previous study has linked the IGF-1 and
neuronal mitophagy in brain insults. As tau phosphorylation can further impair the autophagy pathway
and astrocytic IGF-1 could reduce the phosphor-tau both in vivo and in vitro [16] (Supp Fig. 3), we
proposed that IGF-1 could promote the mitophagy and downregulate p-tau in a bene�cial circle. This is
consistent with previous study that both impaired mitophagy and p-tau form a vicious circle to aggravate
neurodegeneration by affecting each other [36]. We found KA treated neurons had increased mitophagy
level, decreased mitochondrial membrane potential (JC-10 staining) and autophagosomes (p62
expression) while cocultured astrocytes could reverse these with IGF-1 pathway dependent. These
�ndings are consistent with previous studies [37, 38]. This is important in our study that IGF-1 is able to
affect both pathways and improve neurological outcome after brain injury. In addition, in our proteomics
study, we also found TBI reduced the expression of ATIF1 (a mitochondrial ATPase inhibitor) and ATPase
delta subunit, while the astrocytic IGF-1 could reverse these (unpublished data). ATIF1 is reported to be a
risk factor in AD patients with decreased expression ATIF1 in a single-cell seq study [39]. This might
explain the mechanism how mitophagy impaired after TBI. In our in-vitro study, we also found the
facilitation of mitophagy induced by IGF-1 is partly abolished by IGF-1R antagonist, PI-3K inhibitor and
p38 blocker. This indicates the impaired mitophagy is due to the dysregulated IGF-1-PI3K-NF-kB pathway.
We found TBI can activate the NF-KB pathway and astrocytic IGF-1 deactivate the NF-kB by KEGG
pathway analysis (Supp Fig. 1). mTOR inhibitor has also been found to increase mitophagy in TBI via
activating the IGF-1-PI3K signaling pathway. Meanwhile, after a prediction from Autophagy Regulatory
Network, we found there might be a relationship between Nfkb1 and Dcp2 (Supp Fig. 4). And this
transcriptional regulation of protein-DNA association was also predicted from JASPAR database (Supp
Fig. 4), and the correlational study between DCP2 and NFKB1 from GEPIA Tool showing the expression in
hippocampus showing they have a positive correlation with a R value at 0.69 (http://gepia.cancer-
pku.cn/detail.php) further con�rm this (Supp Fig. 5). In our �ndings, Dcp2 increased in excitotoxic
neurons and co-cultured astrocytes could reverse this (Fig. 3). This effect was partly abolished by IGF-1R
antagonist, PI3K inhibitor and p38 inhibitor. We further did a chip-qPCR and luciferase assay report to
demonstrate the transcriptional regulation effect between NFKB1 and DCP2 (Supp Fig. 5). Therefore, it is
con�rmed that NF-KB pathway might regulate the transcription of Dcp2, and the role of this regulation in
TBI session needs to be validated in future studies.



Page 12/23

Many mechanisms control cell proliferation, and one of the most important drivers is the PI3k-AKT
signaling pathway [40]. Notably, METTL1, one of the major m7G decapping enzyme, can be
phosphorylated by AKT directly and its activity is inhibited aftermost [41]. Given the �ndings presented
here, it is likely that the hypofunction of AKT in TBI would increase the levels of m7G-containing miRNAs,
including the let-7 family. This family in particular inhibits the progression and invasiveness of numerous
tumors, including lung cancer, by regulating the expression of key oncogenes such as RAS, MYC, and
HMGA2 [42]. The control of let-7 family members by the m7G pathway may represent a common
mechanism to modulate their expressions and activities. Beyond cancer, let-7 is also implicated in
neurodegenerative diseases, such as Alzheimer’s disease, in which it is signi�cantly upregulated [43].
Furthermore, low levels of let-7 have been shown to improve tissue repair through reprogramming cellular
metabolism [44, 45]. Therefore, direct targeting of IGF-1/IGF-1R could represent a valid and unexplored
therapeutic strategy in these pathological contexts. This report identi�es the IGF-1 through m7G pathway
as a novel regulator of miRNA function and further affects the IGF-1R to orchestrate the mitophagy after
brain insults. Considering the interest in miRNA and lncRNA targets and tools in therapeutic intervention
[46], our �ndings could be exploited in many non-coding RNAs-related disease settings to open up new
therapeutic avenues.

Conclusion
In our study, we found astrocytic IGF-1 regulates miR-let 7e through DCP2 and further affects IGF-1R to
orchestrate mitophagy in TBI. Astrocytic IGF-1/IGF-1R might affect the maturation of non-coding RNAs to
facilitate mitophagy and improve neurological outcomes after brain insults.
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Figure 1

The correlation between dynamic serum IGF-1 and GCS, GOS and MoCA. Fig A, Serum IGF-1 is lower in
patients with mild TBI than those with severe TBI; Fig B Serum IGF-1 in good outcome group GOS4-5 is
higher than it in poor outcome group GOS1-3 ;Fig C Serum IGF-1 is positively associated with MoCA
score r2=0.775 p<0.05 ;Fig D Serum IGF-1 in normal cognition group is higher than it in abnormal
cognition group.
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Figure 2

Astrocytic IGF-1 reduces cognitive and motor impairments after TBI.Mice given a FPI and treatedwith
vector had longer search times in the water maze, whereas TBI micetreated with astrocytic IGF-1
displayed fewer search time. There is no difference in crossing time and durations among the groups. As
for the motor function, TBI mice with vectors have higher NSS scores and astrocytic IGF-1 could reduce
the NSS. *TBI groups signi�cantly different than sham groups, P<0.05.
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Figure 3

Pathway enrichment shows hydrolase activity and Dcp2 change after brain insults. In-vitro study shows
Dcp2 and miR let-7e increase in KA treated neurons and cocultured astrocytes could reduce these with
IGF-1 pathway dependent. Brain IGF-1R decreases in KA treated neurons and cocultured astrocytes could
reverse this. IGF-1R is also identi�ed as a targetgene of miR let-7e. Putative miR let-7e.binding sites in
IGF-1R 3′‐UTR; Luciferaseactivity of IGF-1R‐wt 3′‐UTR aftertransfection with miR‐326 mimic; *p <
.05compared with cotransfection of IGF-1R‐wtand miR let-7e NC. NC,negative control; wt, wild type; mut,
mutation. * KA neurons vs. neurons, p<0.05; # versus KA neurons, p<0.05.
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Figure 4

Cocultured astrocytes represses mitochondrial membrane disruption with IGF-1 dependent. KA treated
neurons showed decreased mitochondrial membrane potential indicative of decreased Q2 (RPE level);
while cocultured astrocytes could increase this. This effect was partly abolished by IGF-1R and PI3K
inhibitor, but not p38 MAPK inhibitor. * KA neurons vs. neurons, p<0.05; # versus KA neurons, p<0.05.



Page 22/23

Figure 5

Activation of autophagy by KA. Expression of LC3/Atg8, Atg5, Atg14, Beclin-1 and Lamp1 increase in
primary neurons treated with KA (1 μM). Expression of p62 decreased after KA. Both changes are
reversed by cocultured astrocytes and this effect is differently abolished by AG1024, LY294022 and
SB203580. β-actin was used as loading control. * KA neurons vs. neurons, p<0.05; # versus KA neurons,
p<0.05.
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Figure 6

Dysregulated mitophagy in chronic stage of TBI. Proteinexpression of PINK1 and NIX are reduced at three
months post injury, IGF-1 treatment could increase both. *. P<0.05, compared to other groups.
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