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Original Article
Lin28 is associated with astrocytic proliferation
during intracerebral hemorrhage
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Abstract: As an evolutionarily conserved RNA-binding protein, LIN28 is known to be involved in the regulation of the
translation and stability of a large number of mMRNAs and the biogenesis of certain miRNAs. Increasing evidence
indicates that LIN28 regulates many cellular processes, such as embryonic stem cell proliferation, cell fate succes-
sion, developmental timing, and oncogenesis. However, the expression and function of LIN28 after intracerebral
hemorrhage (ICH) are still unclear. In this study, we performed an intracranial hemorrhage model in adult rats
and western blot, immunohistochemistry, as well as immunofluorescence showed that LIN28 was obviously up-
regulation in neurons adjacent to the hematoma after ICH. Besides, the transitory increase of LIN28 expression was
paralleled with the up-regulation of proliferating cell nuclear antigen (PCNA) as well as GFAP. Hence, LIN28 might
play an important role in astrocyte proliferation after ICH.
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Introduction intracranial pressure which leads to brain
herniation and blood flow falling (ischaemia).
In addition, subsequent rehaemorrhagia and
hematoma expansion aggravate the early
neurological deterioration. Moreover, the sec-
ondary damage takes place through a series
of parallel pathological pathways including
blood cytotoxicity, excitotoxicity, hypermeta-
bolism, oxidative stress, and inflammation.
Ultimately, these mechanisms lead to irrevers-
ible disruption of normal tissue structure and
neurological function through neuronal apop-
tosis and necrosis, astrocyte proliferation,

Intracerebral hemorrhage (ICH) is the result
of the rupture of cerebral vessels leading to
bleeding into the brain parenchyma and/or
subarachnoid space [1]. Although ICH contrib-
utes to 10-15% of all strokes, it accounts for
serious morbidity and mortality worldwide. The
30 day mortality rate is about 35-52%. The
6 month functional independence is only
achieved in 20% of the survival individuals
[2-4]. The most notable risk factors for ICH
are age, hypertension, cerebral amyloid angi-

opathy, anticoagulants, aneurysms, brain tu-
mours, and so on [5, 6]. Even worse, the inci-
dence of ICH is growing and effective medical
and surgical strategies for ICH treatment are
still lacking [7, 8]. Therefore, it is essential to
develop a better understanding of the potential
molecular mechanisms of ICH-induced brain
injury. The injury mechanisms during ICH
include primary and secondary brain injury. The
primary brain injury is due to the formation
of hemorrhage and cerebral edema increasing

and oligodendrocyte death [9-13]. It is to be
observed that inflammatory around the clot
after ICH is regarded as one of the most im-
portant events [12]. However, there still needs
researches on the exactly molecular and cellu-
lar mechanisms after ICH.

As a heterochronic gene, LIN28 was first
identified in the nematode. Caenorhabditi-
selegans and the expression of LIN28 is
stage- and tissue-specific [14]. In mammals,


http://www.ijcep.com

Ding et al: Lin 28 is associated with astrocyte proliferation

Lin28 is abundantly expresses in early-stage
embryos and upon induction of differentiation
the expression is decreasing and restricted in
several tissues such as cardiac and skeletal
muscles [15]. LIN28 is known to mediate a
variety of cellular processes including embryo-
genesis, skeletal myogenesis, germ cell devel-
opment, neurogliogenesis, differentiation, lym-
phopoiesis, and glucose metabolism [16]. As
a RNA-binding protein, LIN28 can regulate the
translation and stability of a large number of
MRNAs and the biogenesis of certain miRNAs.
For example, Lin28 can associate with many
complexes such as messenger ribonucleopro-
tein particles (NRNPs), polysomes and stress
granules. Besides, LIN28 is involved in regu-
lating cell growth and differentiation in embry-
onic cells through interacting with let-7 family
microRNAs and blocking their processing into
mature miRNAs [16-19].

In this study, we found LIN28 was over-expres-
sion and colocalization with proliferating cell
nuclear antigen (PCNA) during an ICH mode.
This study indicates the insight role of LIN28
on the cellular and molecular mechanisms
during ICH-induced astrocytes activation.

Materials and methods
Animals and intracerebral infusion

Male Sprague-Dawley rats (240-270 g) provid-
ed by the Department of Animal Center, Medical
College of Nantong University were used in
our study and performed in accordance with
National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals published
by The National Research Council in 1996.
Animals were maintained in a 12 h light/dark
cycle and at a temperature controlled room
(24°C) and animals were divided into a sham
group and an experimental group. For ICH
model, the animals were deeply anesthetized
with 10% chloral hydrate by intraperitoneal
injection. 50 pL of autologous whole blood was
collected from the tail tip of the animal and
injected into the right caudata nucleus ste-
reotactically by use of a microinfusion pump
through a 26-gauge needle (coordinates: 0.2
mm anterior, 5.5 mm ventral, and 3.5 mm
lateral to the bregma). After infusion for 10 min-
utes, the needle was kept in situ for over 5 min-
utes before being withdrawn. The sham group
was merely subjected to a needle insertion.
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The animals were allowed to recover at 37°C
room temperature and were provided sufficient
food and water after surgery. The animals’
brains used for our experiment were removed
at an indicated time point after the surgery.

Forelimb placing test

The rats were held by the dorsal torsos in order
to make the forelimb hang freely. Independent
testing of each forelimb was induced by brush-
ing the vibrissae on the corner edge of a
countertop. Intact animals rapidly placed the
homolateral forelimb onto the countertop. In
the light of the extent of damage, the ICH rats
placing of the forelimb contralateral to the
injection side indicated it was injured. Each
forelimb of every rat was tested 10-15 times
and the percentage of placing the left fore-
limb was recorded.

Corner turn test

The rats were permitted to proceed into a
corner with an angle measuring 30°C. In order
to exit the corner, the rat must turn either to
the right or to the left. Only the turns involving
full rearing along either wall was included.
According to the extent of damage, the rats
may show an inclination to turn to the homo-
lateral side of the injury. The test was con-
ducted 10 times, with an interval between
each test at least 30 s. The percentage of right
turns was recorded.

Western blot analysis

To get the brain tissue needed for western
blotting analysis, the rats were sacrificed at
different time points by intraperitoneal inject-
ing chloral hydrate. The brain tissue surround-
ing the hematoma (extending 2 mm to the
hematoma) and the same part of the normal,
sham-controlled, and contralateral tissue were
dissected and fleetly frozen at -80°C. To ob-
tain brain tissue proteins, the tissues were
cut and added to lyses buffer (1% Nonidet
P-40, 50 mM Tris, pH 7.5,5 mM EDTA, 1% SDS,
1% sodium deoxycholate, 1% Triton X-100, 1
mM PMSF, 10 Ig/mL aprotinin, and 1 Ig/mL leu-
peptin) according to 0.1 g tissue/1 mL lyses
buffer. After lysed by the sonifier cell disrupter,
the solution was stewed for 40 min, centri-
fuged at 14,000 rpm for 15 min in a micro-
centrifuge at 4°C, and collected the superna-
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tant. After we measured the concentration
with the Bradford assay, the supernatant was
subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE) and transferred to a poly-
vinylidine difluoride membrane (PVDF) by a
transfer apparatus at 300 mA. The membrane
was blocked with 5% non-fat milk for 2 h
and incubated with primary antibody against
LIN28 (anti-rabbit, 1:800; Abcam), PCNA (anti-
mouse, 1:800; Santa Cruz), GFAP (anti-mouse,
1:1000; Cell Signaling Technology), and GAPDH
(anti-rabbit, 1:1000; Sigma) overnight at 4°C.
After washing with PBST for 15 minutes, the
membranes were incubated with secondary
antibodies for 2 h at room temperature and
after washing 45 min, the protein was visual-
ized using an enhanced chemiluminescence
system (Pierce Company, USA).

Immunohistochemistry

Rats used for our experiment were anesthe-
tized and perfused with 500 mL of 0.9% saline
and 4% paraformaldehyde. After perfusion, the
brains were removed and postfixed in the
same fixative for 1 d and the solution was
replaced with 20% sucrose for 2 days and
then 30% sucrose treatment for 2 days. The
brain tissues were embedded in OCT com-
pound to cut 5mm frozen cross-sections. The
sections were stored at -20°C. For immuno-
histochemistry, sections kept at 37°C for 2 h
and subjected to 10 mmol/L citrate buffer (pH
6.0) to retrieve the antigen. After washed by
0.01 MPBS for 5 min, the sections were sub-
jected to 3% H,0, for 10 min to reduce endo-
genous peroxidase activity. After blocked by
confining liquid, the sections were incubated
with anti-LIN28 antibody (anti-rabbit, 1:100;
abcam) for 2 h at 37°C. The sections were
washed for 15 min before secondary antibody
treatment (Vector Laboratories, Burlingame,
CA) for 40 min at 37°C. After stained with
DAB (Vector Laboratories), the sections were
dehydrated, cleared, and coverslipped after
reaction. Slides were examined with a Leica
light microscope (Germany) and strong brown
staining was regarded as positive and no stain-
ing was regarded as negative.

Immunofluorescent staining

For immunofluorescent staining, sections were
treated with 1% Triton X-100 for 30 min and
blocking solution (10% donkey serum, 1% bo-
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vine serum albumin, 0.3% Triton X-100, and
0.15% Tween-20) for 2 h at room tempera-
ture. Then, sections were incubated with pri-
mary antibodies against LIN28 antibody (anti-
rabbit, 1:100; abcam), NeuN (mouse; 1:100;
Chemicon), GFAP (mouse; 1:100; Cell Signaling
Technology), Iba-1 (mouse; 1:100; Santa Cruz)
and PCNA (anti-mouse, 1:100; Santa Cruz) at
4°C overnight. After washed for 15 min, sec-
tions were subjected to a mixture of FITC- and
CY3-conjugated secondary antibodies at room
temperature for 2 h. After washed for 45 min,
sections were covered with coverslips. The
sections were observed by Leica fluores-
cence microscope (Wetzlar, Germany).

Quantitative analysis

Cells double labeled for LIN28 and other phe-
notypic markers were quantified. A minimum of
200 phenotype-specific marker-positive cells
surrounding the hematoma were counted in
each section to identify the proportion of posi-
tive cells. The double labeled cells for LIN28
and phenotype-specific markers were regarded
as positive. Three sections consecutive from
every rat were sampled.

Cell culture

Primary astrocytes were prepared from the
cerebral cortex of newborn Sprague-Dawley
rats which were provided by the Department
of Animal Center, Medical College of Nantong
University. The meaninges were removed care-
fully to obtain the isolated neopallium which
subsequently was cut into 1 mm cubes. After
trypsinized by 0.125% [w/Vv] trypsin for 15 min
at 37°C, the tissue suspension was passed
through nylon meshes of 70 mm pore size
and the cells were seeded at a density of
2x10° cells/flask. The cells were cultured with
D/F (1:1 DMEM/F12) medium (supplemented
with 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), sodium bicarbonate, and
antibiotics) with 10% (v/v) heat-inactivated
fetal bovine serum (HI-FBS) at 37°C with a
humidified atmosphere of 95% air and 5% CO,
for 7-10 days. To separate the microglia from
the astrocytes, the flasks were placed on a
shaker platform and shaken for 8 h at 180
rom at 37°C. The supernatant was discarded.
The medium was changed every 1-2 days. Prior
to the experiments, the medium was switch-
ed to serum-free DMEM/F12 culture medium.
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cells were used for western
blot.

Statistical analysis

All statistical analyses we-
re conducted with a STATA
7.0 software package (Stata
Corp., College Station, TX,
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Figure 1. Neurological deficits measured by Behavior Tests after ICH. Corner
turn testing (A) and forelimb placing scores (B) at different time points follow-
ing ICH were performed. The ICH group showed functional deficits compared
with the sham-operated group distinctly over the first 3 days (*P<0.05, signif-
icantly different from the sham-operated group), but was with no significant

difference at baseline for 7 days later.
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Figure 2. Expression profiles of LIN28 around the
hematoma following ICH. A. Western blot was per-
formed to detect the protein levels of LIN28 adja-
cent to the hematoma at different time points. The
expression of LIN28 was relatively low in the sham-
operated group, while up-regulated gradually follow-
ing ICH, peaked at day 3 and declined thereafter. B.
The bar graph indicated the density of LIN28 versus
B-actin at each time point. Data are presented as
mean * SEM (*P<0.05).

SiRNA transfection

Primer pairs for the Lin28 siRNA expression
vector targeted the sequence of 5'CGGG-
TAACAGGCCCAGG3'. For transfection, the LIN-
28 specific siRNA and nonspecific siRNA vec-
tor were transfected using lipofectamine
2000 (Invitrogen) and Plus reagent in basic
DMEM (serum free) according to the manufac-
turer’s instructions. After transfection for 36 h,
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Initial 1d

3 54 7d USA). All data were expres-

sed as mean * standard error
of mean (S.E.M.). One-way
ANOVA was used to compa-
re differences between the
treated groups and the con-
trol groups. P-values <0.05
were considered statistically
significant. Each experiment consisted of at
least three replicates per condition.

Results
The changes of neurological deficits due to ICH

There are a great number of behavior tests
such as corner turn test, forelimb placing test,
and rotarod test that was applied to evaluate
the alteration of neurological deficits of rats
which subjected to an intracranial hemorr-
hage model [20]. Forelimb placing test and
corner turn test were applied to evaluate the
functional changes of sensorimotor and plas-
ticity at different time points. The results of
the two tests were shown as Figure 1, the
ICH operation groups exhibited more serious
neurological function deficits and the neuro-
logical injury was especially obvious within
the first 3 d, after which the neurological func-
tion recovered gradually.

LIN28 expression is increased after ICH

Western blot was conducted to identify the
expression of LIN28 after ICH. As shown in
Figure 2, the protein level of LIN28 was obvi-
ously increased from 1 d and reached the peak
at 3 d after ICH (Figure 2).

Immunohistochemistry staining of LIN28
around hematoma

To further confirm the protein expression alter-
ation of LIN28 after ICH, immunohistochemis-
try staining experiment was conducted to com-
pare the expression and distribution of LIN28

Int J Clin Exp Pathol 2020;13(5):1136-1145
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Figure 3. Immunohistochemistry of LIN28 adjacent to the hematoma. Low
level of LIN28 signal was found in the sham-operated group (A, B). At 2 days
after ICH, the ipsilateral group showed increasing LIN28 signals (E, F), while
the contralateral group showed no significant difference in LIN28 compared
to sham-operated group (C, D). (G) No positive signal was found in the nega-
tive control. (H) The number of LIN28 cells was largely increased compar-
ing the ipsilateral group with the sham-operated and contralateral groups.
*P<0.05 indicated the ipsilateral group was different from the sham-oper-
ated and contralateral group with statistical significance. Scale bar: left col-

umn, 100 pm; right column, 50 pm.

in sham operation and operation group at 2 d.
LIN28-positive cells around hematoma after
ICH (Figure 3E, 3F) were elevated significantly
than the sham (Figure 3A, 3B) and contralater-
al group (Figure 3C, 3D). Quantitative analysis
of LIN28-positive cells around hematoma after
ICH was shown as Figure 3H. These dates
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together showed LIN28 was
up-regulation after ICH, sug-
gesting that LIN28 played a
novel biological function after
ICH.

Co-localization of LIN28 with
different cellular markers

To further address the role
of LIN28, immunofluorescent
experiment with different
marks (neuron marker NeuN,
astrocyte marker GFAP, and
microglia marker lbal) was
conducted to determine whi-
ch cell type LIN28 expressed
after ICH. As shown in the
Figure 4, LIN28 was ex-
pressed in both neurons and
astrocytes and the co-local-
ization of LIN28 with neurons
and astrocytes especially with
astrocytes was significantly
enhanced surrounding the
hemotoma at 3 d after ICH
than the sham group.

Association of LIN28 with the
cell proliferation

Recently, a study reported
that LIN28 was associated
with cell proliferation after
spinal cord injury [21], so
we wondered whether LIN28
interrelate to cell proliferation
in rat ICH model. To verify our
hypothesis, western blot was
conducted to examine the
expression level of GFAP and
proliferating cell nuclear anti-
gen (PCNA), a general marker
of dividing cells surrounding
the hematoma in rat brain
tissue. As expect, the ex-
pression of GFAP and PCNA
was enhanced from 1 d and peaked at 5 d aft-
er ICH (Figure 5A, 5B). Besides, double-label-
ing immunofluorescent staining was performed
and the result showed that PCNA colocalized
with GFAP and LIN28 (Figure 5C). This implicat-
ed that LIN28 might be associated with cell
proliferation after ICH.
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Figure 4. Immunofluorescence staining of LIN28 with different phenotype-specific markers. Sections were labeled
with LIN28 (green, A, E, I), neuronal marker NeuN (red, B), astrocyte marker GFAP (red, F) and microglia marker Iba-
1 (red, J). The yellow color visualized in the merged images represented the colocalization of LIN28 with different
phenotype-specific markers (C, G, K) as well as the sham group (D, H, L). Scale bars 50 uym (A-L).

The correlation of LIN28 with the proliferation
of astrocytes induced by LPS

As reported, LIN28 was involved in astrocytes
inflammation through NF-kB signaling pathway
during spinal cord injury [21], so we hypothe-
sized whether LIN28 is involved in astrocytes
activation during ICH. Therefore, we used LPS
stimulate primary astrocytes which was a typi-
cal model of astrocytes activation. Different
concentration of LPS was used to stimulating
primary astrocytes and western blot was per-
formed to detect the expression of LIN28. As
shown in Figure 6A, the expression of LIN28
changed along with the dose of LPS and
maximum at the concentration of 1 pg/ml.
Next, we used 1 ug/ml LPS to stimulate primary
astrocytes for different time points. The result
indicated that the expression of LIN28 was
increased at 12 h and peaked at 18 h. The
expression of PCNA and astrocyte-specific
glial fibrillary acidic protein (GFAP) were also
increased at 12 h and peaked at 18 hand 24 h
(Figure 6C). The parallel expression of LIN28
with PCNA and GFAP implied LIN28 was as-
sociated with astrocytes activation. To further
confirm the role of LIN28, primary astrocytes
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were transfected with LIN28 specific, non-
specific siRNA and vehicle. Western blot was
performed to examine LIN28 expression
after transfected for 48 h, and LIN28 specific-
siRNA obviously down-regulated LIN28 ex-
pression (Figure 6E). After being transfected
for 30 h, primary astrocytes were then sub-
jected to LPS treatment for another 18 h and
western blot was performed to test the ex-
pression of LIN28, PCNA, and GFAP. The result
showed that the expression of LIN28, PCNA,
and GFAP were reduced after LIN28 knocked
down and LPS stimulation (Figure 6G). Based
on the above experiments, we have sufficient
reasons to draw the conclusion that LIN28
was involved on astrocyte proliferation.

Discussion

The injury mechanisms of ICH include physical
trauma and mass effect, cerebral blood flow
reduction, thrombin, erythrocytes, haemoglo-
bin, iron, inflammation, and complement [10,
22]. The inflammatory response surrounding
the haematoma involves enzyme activation,
mediator release, inflammatory cell migration,
glial activation, brain tissue breakdown and

Int J Clin Exp Pathol 2020;13(5):1136-1145
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Figure 5. Correlations of LIN28 with astrocyte proliferation following ICH. (A) Western blot analysis showed the ex-
pression of GFAP and PCNA increased and peaked at day 3. (B) The bar graph indicated the density of GFAP and
PCNA versus GAPDH at each time point. Data are presented as mean + SEM (*#P<0.05). Double immunofluorescent
staining showed the colocalization of PCNA/GFAP and LIN28/PCNA in brain basal ganglia adjacent to the hema-

toma at 3 days after ICH (C). Scale bars 50 um (C).

repair, which aggravate haemorrhagic brain
injury in turn [23, 24]. As the predominant
glial cell type in the central nervous system
(CNS), astrocytes play critical functions in main-
taining ionic hemostasis, metabolizing toxins,
regulating scar tissue, preventing neovascular-
ization, supporting synaptogenesis and neuro-
genesis as well as innate immune response
[25-27]. In addition, astrocytes play significant
roles on neurons. For example, astrocytes can
modulate neuronal survival after ICH by regu-
lating neuronal resistant to oxidative stress
[28], as well as affect neuronal injury by modu-
lating brain inflammation [29]. Thus, astrocyte-
mediated inflammatory response plays an im-
portant role in the pathogenesis of brain inju-
ries after ICH. Many studies showed that astro-
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cytes undergo proliferation, phenotypic chang-
es, and cellular hypertrophy after brain injuries
induced by traumatic or ischemic brain insults
[30, 31]. Therefore, developing a better under-
standing of the molecular and cellular mecha-
nisms of astrocytes activation caused by ICH-
induced inflammation is necessary.

Our present study revealed that LIN28 was
transiently up-expression surrounding the he-
matoma and peaked at 3 d after ICH. Im-
munofluorescent staining revealed that LIN28
was mainly colocalization with neurons and
astrocytes. In addition, the enhanced expres-
sion of LIN28 was paralleled with the incre-
ase of GFAP and PCNA which implied the up-
regulation of LIN28 might be involved in astro-
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Figure 6. HERPUD1 modulated cell proliferation in vitro. Primary cultured
astrocytes stimulated with different concentration of LPS, and LIN28 expres-
sion maxed at the concentration of 1 ug/ml (A, B). We used 1 pg/ml LPS
to stimulate primary astrocytes at different time points. The expression of
LIN28 was increased at 12 h and peaked at 18 h. The expression of PCNA
and GFAP were also increased at 12 h and peaked at 18 h (C, D). Western
blot analysis showed siRNA silenced LIN28 in primary cultured astrocytes
(E, F). The knockdown of LIN28 induced down-regulated levels of PCNA and
GFAP expression (G). The bar graph indicated the relative density of LIN28,
PCNA and GFAP versus GAPDH (H). Data are mean £ SD, n=3, P<0.05.

The animal ICH model used
in our experiment deserves
to be mentioned. The most
commonly used ICH model
was intracerebral injection of
collagenase to cause vessel
rupture or direct injection of
blood into the brain [10, 32].
The two models have advan-
tages and self deficits. The
collagenase-induced haemor-
rhage is due to disrupt vascu-
lature, but widespread dis-
solution of the endothelial
basement membrane might
cause disruption of several
blood vessels, which is differ-
ent from the spontaneous
ICH. In addition, the collage-
nase has toxic impacts on
brain parenchymal cells. How-
ever, the intraparenchymal
blood injection mimics the
effects of an intracerebral
haematoma but it lacks the
ruptured blood vessels which
is the primary cause of ICH
[9, 10, 32]. Therefore, rele-
vant models of spontaneous
ICH in animals are greatly
needed.

In summary, our current study
might provide an innovative
way to illustrate the underly-
ing molecular and cellular
mechanisms following ICH-
induced astrocytes activation
and LIN28 might represent
a potentially molecular target

cytes activation after ICH-induced inflamma-
tion. To further verify our hypothesis, we used
the LPS stimulation to induce astrocytes activa-
tion model in vitro and the results showed that
the expression of LIN28 was parallel with the
expression of the two proteins. We applied the
siRNA of LIN28 to knock down the expression
of LIN28 in primary astrocytes which subjected
to LPS stimulation for 18 h. The results showed
that eliminated LIN28 expression could weak-
en LPS-induced GFAP and PCNA expression.
Thus we have sufficient proof to hypothesis
that LIN28 might play an important role in
astrocytes activation after ICH.
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for the treatment of ICH. However, much deep-
er researches are still needed on the exact
role of LIN28 on astrocytes activation.
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