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Enhancing myelinogenesis through LIN28A 
rescues impaired cognition in PWMI mice
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Abstract 

Background  In premature newborn infants, preterm white matter injury (PWMI) causes motor and cognitive disabili-
ties. Accumulating evidence suggests that PWMI may result from defected differentiation of oligodendrocyte precur-
sor cells (OPCs) and impaired maturation of oligodendrocytes. However, the underlying mechanisms remain unclear.

Methods  Using RNAscope, we analyzed the expression level of RNA-binding protein LIN28A in indi-
vidual OPCs. Knockout of one or both alleles of Lin28a in OPCs was achieved by administrating tamoxifen 
to NG2CreER::Ai14::Lin28aflox/+ or NG2CreER::Ai14::Lin28aflox/flox mice. Lentivirus expressing FLEX-Lin28a was used 
in NG2CreER mice to overexpress LIN28A in OPCs. A series of behavioral tests were performed to assess the cognitive 
functions of mice. Two-tailed unpaired t-tests was carried out for statistical analysis between groups.

Results  We found that the expression of Lin28a was decreased in OPCs in a PWMI mouse model. Knockout of one 
or both alleles of Lin28a in OPCs postnatally resulted in reduced OPC differentiation, decreased myelinogenesis 
and impaired cognitive functions. Supplementing LIN28A in OPCs postnatally was able to promote OPC differentia-
tion and enhance myelinogenesis, thus rescuing the cognitive functions in PWMI mice.

Conclusion  Our study reveals that LIN28A is critical in regulating postnatal myelinogenesis. Overexpression 
of LIN28A in OPCs rescues cognitive deficits in PWMI mice by promoting myelinogenesis, thus providing a potential 
strategy for the treatment of PWMI.
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Background
Preterm white matter injury (PWMI) is a prevalent form 
of brain injury in premature newborns, particularly those 
with low birth weight [1], and has been a leading cause 
of motor and cognitive impairments in preterm children 
for decades [2–4]. Although the mechanisms of PWMI 
remain incompletely understood, a growing body of evi-
dence suggests that PWMI may arise from aberrant dif-
ferentiation of oligodendrocyte precursor cells (OPCs) 
and abnormal maturation of oligodendrocytes (OLs) 
[5]. Thus, transplanting optimized OPCs or optimizing 
endogenous OPCs to promote myelination in the brain 
has been considered as potential therapeutic strategies 
for treating PWMI [6].

LIN28 is an RNA-binding protein that controls self-
renewal and differentiation of stem cells, as well as vari-
ous biological processes [7]. Both LIN28 homologs A and 
B (LIN28A and LIN28B) block the biogenesis of miRNA 
let-7 isoforms, and jointly determine cell lineage differen-
tiation by counteracting each other [8]. In the mammalian 
nervous system, LIN28 plays important roles in regulat-
ing neural stem cell proliferation and differentiation dur-
ing early brain development [9]. Our previous study has 
demonstrated that increased expression of LIN28A pro-
motes neural stem cell differentiation towards neuronal 
fate and facilitates neuronal development [10]. On the 
other hand, it has been reported that let-7 is able to regu-
late neurogliogenesis [11, 12]. In the peripheral nervous 
system, sustained expression of LIN28B in Schwann cells 
blocks let-7 biogenesis and results in failure of myelina-
tion. Whereas, let-7 accumulation promotes expression 
of the myelination-driving master transcription factor 
Krox20 by suppressing Notch signaling, thus support-
ing myelin formation [13]. However, it remains unclear 
whether LIN28 regulates the differentiation of OPCs, 
as well as the maturation and myelination of OLs in the 
context of the central nervous system.

Here we demonstrate that LIN28A plays a critical role 
in the regulation of OPC differentiation and OL myelina-
tion in the brain. The expression of LIN28A is reduced 
in OPCs in a mouse model of PWMI. Supplementing 
LIN28A in OPCs promotes myelination and at least par-
tially rescues cognitive deficits in PWMI mice. Therefore, 
our study provides a potential strategy for the treatment 
of PWMI.

Methods
Animals
All procedures were approved by the Animal Care and 
Use Committee at Zhejiang University School of Medi-
cine and were conducted in accordance with the policies 
of institutional guidelines on the care and use of labora-
tory animals. Mice were maintained at a 12 h light/dark 

cycle and group-housed in the animal facility of Zhejiang 
University School of Medicine, with free access to normal 
food and water. Both male and female mice were equally 
used.

Lin28aflox/flox mice (stock no. 023913), Ai14 reporter 
line (stock no. 007914) and NG2CreERT2 (stock no. 008538) 
were from Jackson Labs. These transgenic mouse lines 
were all maintained in C57BL/6 genetic background.

Aim, design and setting of the study
The aim of the study was to search for a strategy to opti-
mize OPCs in vivo to rescue cognitive deficits in a PWMI 
mouse model.

We first assessed the cognitive impairments in a 
PWMI mouse model. Then we identified the changes in 
the expression level of Lin28a and Lin28b in OPCs after 
PWMI. To investigate the regulatory roles for LIN28A in 
myelinogenesis, we specifically deleted Lin28a gene from 
OPCs, then assessed the oligodendrogenesis and cogni-
tive functions in these animals. Lastly, we tested whether 
overexpressing Lin28a in OPCs in vivo could rescue mye-
linogenesis and cognitive functions in PWMI mice.

A PWMI mouse model
As described previously [14], mouse pups at postnatal 
day 3 (P3) were anesthetized with isoflurane and then 
fixed ventral side up with micropore surgical tape while 
keeping the nasal mask in position. A 0.2–0.3 cm incision 
was made in the neck close to the midline. The left com-
mon carotid artery was isolated and ligated with 7/0 sur-
gical silk sutures. The wound was sutured and then pups 
were allowed to recover from anesthesia on a heating 
pad. Pups were then placed in a hypoxic chamber with 
an oxygen concentration of 8% for 1.5 h. Finally, the pups 
were returned to their homecages and maintained under 
normal condition. Sham animals received the same pro-
cedure but without ligation of the left common carotid 
artery  and hypoxia. Analgesia was achieved by local 
application of Xylocain during the procedure, and con-
tinued for 3 days after surgery.

Tamoxifen administration
Tamoxifen (Tam, Sigma-Aldrich) was dissolved in veg-
etable oil containing 0.1% ethanol to a concentration of 
50 mg/mL. For Lin28a knockout, Tam was administered 
by i.p. injection (50  mg/kg) every other day from P5 to 
P13. For Lin28a overexpression, Tam was administered 
daily from P15 to P17, after viral injection.

Virus production and injection
As previously described [10], Lin28a cDNA sequence 
was synthesized and subcloned in a reversed direc-
tion into a pHage-FLEX lentiviral plasmid vector to 
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make a Cre-dependent lentiviral plasmid vector pHage-
FLEX-GFP-p2A-Lin28a. pHage-FLEX-GFP was used 
as control vector. Lentiviral backbone plasmid was co-
transfected with helper plasmids to 293  T cells using 
Lipofectamine 2000 (Invitrogen). Culture medium was 
collected, then virus was purified and concentrated by 
ultracentrifugation.

Stereotactic viral injections were performed in accord-
ance with the Guidelines by Zhejiang University Animal 
Care and Use Committee. In brief, mice were anesthe-
tized with isoflurane and mounted on a stereotaxic frame. 
An incision was made to expose the skull, and a hole was 
drilled in the skull of the ipsilateral side which underwent 
PWMI. Lentivirus (200  nL) was then delivered into the 
corpus callosum (stereotaxic coordinates: 1.0  mm ante-
rior, 0.6  mm lateral from bregma, and 1.65  mm ventral 
from skull surface). After viral injection, bone wax was 
applied to cover the hole, and the incision was sutured. 
Mice were then returned to their homecages after waking 
up, and then housed under standard conditions. Analge-
sia was achieved by local application of Xylocain during 
the procedure, and continued for 3  days after surgery. 
Viral injection site was verified post hoc after behavioral 
tests, and data from animals with wrong injection sites 
were excluded for analysis.

Behavioral tests
Open field test
Mice were placed in the center of a brightly illuminated 
open field (45 cm × 45 cm × 35 cm), and were allowed to 
freely explore for 10 min. The movement of the mice was 
recorded by an overhead camera. The distance traveled 
and time spent in the inner and outer zones were ana-
lyzed by ANYmaze 7.4 software.

Elevated plus‑maze (EPM) test
Mice were placed in the center of an EPM with opposite 
open and closed arms, and were allowed to freely explore 
the maze for 10 min with their movements recorded by 
an overhead camera. The number of entrance and time 
spent in the open and closed arms were analyzed by 
ANYmaze 7.4 software.

Novel object recognition (NOR) test
As previously described [15], mice were placed in a 
normally illuminated box (45  cm × 45  cm × 35  cm) and 
allowed to habituate for 30 min before the training ses-
sion. During the training session, two identical objects 
were place close to two corners in the box, and mice 
were allowed to freely explore for 10 min. An hour later, 
during the test session, mice were put back in the box, 
with one of the two identical objects replace with a dif-
ferent object (novel object). The exploration time of the 

mice on the novel and familiar objects was recorded by 
an overhead camera and analyzed offline by ANYmaze 
7.4 software. The discrimination index was calculated as 
timenovel/(timenovel + timefamiliar).

Novel location recognition (NLR) test
Mice were placed in a normally illuminated box 
(45  cm × 45  cm × 35  cm), and allowed to habituate for 
30  min before the training session. During the training 
session, two identical objects were place close to two cor-
ners in the box, and mice were allowed to freely explore 
for 10  min. An hour later, during the test session, mice 
were put back in the box, with one of the two identical 
objects moved to a different location (novel location). 
The exploration time of the mice on the objects at novel 
and familiar locations was recorded by an overhead 
camera and analyzed offline by ANYmaze 7.4 software. 
The discrimination index was calculated as timenovel/
(timenovel + timefamiliar).

Morris water maze test
As described previously [16], Morris water maze test 
was conducted in a circular water maze tank (120 cm in 
diameter, 50 cm deep) containing opaque water (~ 25 ℃), 
with distinct cues painted on surrounding walls. A cir-
cular escape platform (10-cm diameter) was submerged 
0.5 cm below the water surface at a fixed location in one 
quadrant. During the training period, mice were trained 
for 4 trials per day. In each trial, mice were placed into 
the pool from one of the four pseudorandom starting 
points. The trial was completed once the mice found the 
platform or 60  s had elapsed. During the test session, 
the mice were allowed to swim in the pool for 60 s, with 
the platform removed. The swimming traces of the mice 
during the training and test sessions were recorded and 
analyzed using an automated tracking system (Ethovision 
XT, Noldus).

Immunofluorescence staining and RNAscope
Immunofluorescence staining was conducted as previ-
ously described [10]. Mice were deeply anesthetized with 
phenobarbital, and perfused transcardially with 40  mL 
ice-cold phosphate buffer solution (PBS) followed by 
25  mL of 4% paraformaldehyde (PFA). The brains were 
collected, fixed overnight in 4% PFA, and then trans-
ferred to a 30% sucrose solution. Coronal brain sections 
were made and then permeabilized with 0.2% Triton 
X-100, and blocked in 5% normal donkey serum. Regu-
lar immunostaining was performed using primary anti-
bodies to oligodendrocyte transcription factor 2 (Olig2, 
Abcam, ab109186, 1:1000), platelet-derived growth factor 
receptor alpha (PDGFRα, R&D Systems, AF1062, 1:1000), 
myelin-associated glycoprotein (MAG, Santa Cruz, 
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sc-376145, 1:500), and Ki67 (Abcam, ab16667, 1:1000) 
overnight at 4 ºC. Sections were then incubated with 
secondary antibodies donkey-anti-rabbit Cy2 (Jackson 
ImmunoResearch, 711-225-152, 1:1000), donkey-anti-
mouse Cy3 (Jackson ImmunoResearch, 715–165-151, 
1:1000), donkey-anti-goat Cy5 (Jackson ImmunoRe-
search, 705-175-147, 1:1000) for 2 h at room temperature 
(25  °C). After staining, sections were mounted on slides 
with Fluoromount-G anti-fade medium containing DAPI 
(SouthernBiotech).

For RNAscope, ethanol was used for gradient dehydra-
tion of the sections. In  situ hybridization was then per-
formed using RNAscope multiplex fluorescent reagent 
kit with RNA probes for Lin28a (Advanced Cell Diag-
nostics, 437,121) or Lin28b (Advanced Cell Diagnostics, 
447,881), according to manufacturer’s instructions. Addi-
tional immunostaining was done following standard pro-
tocols as described above.

Z-stack images were then taken on an Olympus 
FV3000 confocal microscope, and analyzed using ImageJ 
software.

Statistics analysis
Data were analyzed using GraphPad Prism 8.0 software. 
Kolmogorov–Smirnov Test was used to test the normal-
ity of data distribution. Unpaired two-tailed Student’s 

parametric t-tests were then employed for analyzing sta-
tistical differences between groups with normal data dis-
tribution, or non-parametric t-tests were otherwise used 
for data not being normally distributed. Data were pre-
sented as Mean ± SD. Statistical significance was consid-
ered when P < 0.05.

Results
PWMI leads to cognitive impairments
We first established a mouse PWMI model using 
wildtype C57BL/6 mouse pups at P3, by unilateral carotid 
artery ligation followed by low oxygen exposure (8% O2) 
for 1.5  h as previously described [17, 18]. At P14, these 
pups exhibited reduced thickness of the corpus callosum 
and enlarged lateral ventricle in the ipsilateral side of the 
brain, which underwent carotid artery ligation (Fig. 1a). 
The ipsilateral-to-contralateral ratio was decreased in the 
thickness of corpus callosum, and increased in the area 
of lateral ventricles (Fig. 1b, c). These results indicate that 
the ipsilateral side of the brain experienced white matter 
injury.

We assessed the behaviors of these animals when they 
were at approximately 2.5  months of age. We found 
that PWMI mice displaced similar number of entries to 
and time spent in the center zone in the open field test 
(Suppl. Fig.  S1a, b), as well as comparable total travel 
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Fig. 1  PWMI leads to cognitive impairments. a Representative image showing thinner corpus callosum (indicated by arrows) and enlarged lateral 
ventricle (indicated by dashed lines) in the ipsilateral side of the brain after PWMI at P14. Ipsi: ipsilateral; Cont: contralateral; lv: lateral ventricle. Scale 
bar: 100 μm. b PWMI decreased the ratio of corpus callosum thickness (ipsi/cont) (Sham n = 6 mice, PWMI n = 6 mice; unpaired t test, ****P < 0.0001). 
c PWMI increased the ratio of lateral ventricle area (ipsi/cont) (Sham n = 6 mice, PWMI n = 6 mice; unpaired t test, ****P < 0.0001). d PWMI mice 
showed impaired discrimination in the NOR tests (Ctrl n = 10 mice, Sham n = 10 mice, PWMI n = 10 mice; unpaired t test, Ctrl vs. PWMI: ****P < 0.0001; 
Sham vs. PWMI: ***P = 0.0004; Ctrl vs. Sham: P = 0.2534). e Representative swimming traces of mice in the Morris water maze during the test 
session. The red circle indicates the location of the platform during training sessions. f PWMI mice showed significantly less time spent in the target 
quadrant during the test session. (Ctrl n = 8 mice, Sham n = 5 mice, PWMI n = 7 mice; unpaired t test, Ctrl vs. PWMI: **P = 0.0020; Sham vs. PWMI: 
**P = 0.0095; Ctrl vs. Sham: P = 0.7359). Data are shown as Mean ± SD
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distance (Suppl. Fig. S1c), when compared with Ctrl and 
Sham animals. When tested in an EPM, PWMI mice also 
exhibited similar number of entries to and time spent in 
the open arms, compared with Ctrl and Sham animals 
(Suppl. Fig. S1d, e). These data suggest that PWMI mice 
exhibit normal locomotion and anxiety level.

During the NLR test, PWMI mice exhibited a pref-
erence for the object at a novel location, with a dis-
crimination index comparable to that of Ctrl and Sham 
animals (Suppl. Fig.  S1f ), indicating their intact abil-
ity to recognize a novel location. However, during the 
NOR test, PWMI mice did not display a preference for 
a novel object, as evidenced by a significantly decreased 
discrimination index compared to Ctrl and Sham mice 
(Fig. 1d), suggesting their impaired ability to recognize a 
novel object. Furthermore, in the Morris water maze test, 
PWMI mice spent significantly less time searching in the 
target quadrant during the test session (Fig. 1e, f ). These 
findings indicate that PWMI impairs specific types of 
cognitive functions.

PWMI increased proliferation but decreased differentiation 
of OPCs
To find out the impact of PWMI on the generation of 
OLs, we conducted immunostaining for PDGFRα, MAG 
and Olig2, which are markers for OPCs, OLs and oli-
godendroglial lineage cells, respectively, in the corpus 
callosum (Fig. 2a) and cortex (Fig. 2b) at different devel-
opmental stages following PWMI. We observed a signifi-
cant increase in the density of Olig2+PDGFRα+ cells in 
the ipsilateral side of the brain in the corpus callosum at 
P7 and P14, compared to that in the contralateral side. 
No significant change was observed in the corpus cal-
losum at P28 or in the cortex from P7 to P28 (Fig.  2c). 
However, there was a notable elevation in the percent-
age of Olig2+PDGFRα+ cells within all Olig2+ cells 
(Olig2+PDGFRα+/Olig2+) both in the corpus callosum 

and cortex at P7, P14 and P28 (Fig.  2d). Due to chal-
lenges with identifying MAG+ cell bodies at P7, we ana-
lyzed the ipsilateral-to-contralateral ratio of MAG signal 
intensity, and found it lower than 100%, both in the cor-
pus callosum and cortex (Fig. 2e). At P14 and P28, there 
was a reduction in both the density of MAG+Olig2+ cells 
(Fig.  2f ) as well as the percentage of MAG+Olig2+ cells 
within all Olig2+ cells (Fig. 2g) in the ipsilateral side com-
pared to the contralateral side. These data indicate that 
PWMI increases the number and proportion of OPCs 
while decreasing those of OLs in the corpus callosum and 
cortex.

We subsequently investigated the impact of PWMI 
on the proliferation of OPCs by co-staining PDGFRα 
with a proliferation marker Ki67. We found a signifi-
cant increase in the proportion of Ki67+PDGFRα+ cells 
among all PDGFRα+ cells in the ipsilateral side at P7 and 
P14, while no difference was observed at P28 (Fig. 2h, i), 
indicating that PWMI promotes OPC proliferation dur-
ing the early post-injury period. In addition, we did not 
observe significant difference in the colocalization of 
cleaved caspase 3 (cCasp3) with MAG+ cells between 
contralateral and ipsilateral corpus callosum at P14 
(Suppl. Fig. S2), suggesting that the apoptosis of OLs was 
not altered at this time point in this PWMI mouse model.

These data suggest that PWMI increases the prolif-
eration OPCs, but hinders the differentiation of OPCs 
towards OLs, thus resulting in impaired myelinogenesis 
in both corpus callosum and cortex.

PWMI leads to decreased expression of Lin28a in OPCs 
in the postnatal brain
Since LIN28A and LIN28B play a critical role in the 
regulation of cellular proliferation and differentiation 
[19], we performed RNAscope to examine the impact 
of PWMI on the expression of Lin28a and Lin28b in 
OPCs by quantifying the number of dots labeled by 

(See figure on next page.)
Fig. 2  PWMI increased proliferation but decreased differentiation of OPCs. a Representative images of immunofluorescent staining of PDGFRα 
and MAG in the ipsilateral (Ipsi) and contralateral (Cont) corpus callosum after PWMI at P7, P14 and P28. Scale bar: 50 μm. b Representative images 
of immunofluorescent staining of PDGFRα and MAG in the ipsilateral (Ipsi) and contralateral (Cont) cortex after PWMI at P7, P14 and P28. Scale bar: 
50 μm. c PWMI increased the density of Olig2+PDGFRα+ cells in the ipsilateral corpus callosum at P7 and P14. (P7 n = 15 mice, P14 n = 10 mice, P28 
n = 8 mice; unpaired t test, corpus callosum: P7 *P = 0.0348; P14 *P = 0.0319; P28 P = 0.4842; cortex: P7 P = 0.1054; P14 P = 0.0774; P28 P = 0.6779). 
d PWMI increased the proportion of Olig2+PDGFRα+ cells in Olig2+ cells in the ipsilateral brain. (P7 n = 10 mice, P14 n = 10 mice, P28 n = 8 mice; 
unpaired t test, corpus callosum: P7 ***P = 0.0009; P14 *P = 0.0179; P28 ***P = 0.0003; cortex: P7 *P = 0.0368; P14 **P = 0.0096; P28 *P = 0.0249). e 
PWMI decreased the relative fluorescence intensity of MAG in both corpus callosum and cortex at P7 (n = 10 mice). f PWMI decreased the density 
of Olig2+MAG+ cells in the ipsilateral brain. (P14 n = 10 mice, P28 n = 8 mice; unpaired t test, corpus callosum: P14 *P = 0.0312; P28 *P = 0.0198; 
cortex: P14 **P = 0.0073; P28 ***P = 0.0005). g PWMI decreased the proportion of Olig2+MAG+ cells in Olig2+ cells in the ipsilateral brain. (P14 n = 10 
mice, P28 n = 8 mice; corpus callosum: P14 unpaired t test, *P = 0.0247; P28 unpaired t test, *P = 0.0156; cortex: P14 unpaired t test, *P = 0.0226; P28 
unpaired t test, *P = 0.0428). h Representative images of immunofluorescent staining of PDGFRα and Ki67 in the ipsilateral (Ipsi) and contralateral 
(Cont) corpus callosum after PWMI at P7, P14 and P28. Arrows indicate Ki67+PDGFRα+ cells. Scale bar: 50 μm. i The proportion of Ki67+PDGFRα+ cells 
among all PDGFRα+ cells in the ipsilateral (Ipsi) and contralateral (Cont) corpus callosum after PWMI at P7, P14 and P28. (P7 n = 8 mice, P14 n = 8 
mice, P28 n = 8 mice; unpaired t test, P7 *P = 0.0318; P14 **P = 0.0045; P28 P = 0.6885). Data are shown as Mean ± SD
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mRNA probes, as previously described [10]. We found 
that in Ctrl animals, the expression of Lin28a in OPCs 
reduced with postnatal development in normally devel-
oping mice (Fig. 3a, b), whereas PWMI led to a signifi-
cant reduction of Lin28a expression in OPCs within the 
ipsilateral brain at each time point compared to Ctrl 
animals or the contralateral side of the brain (Fig.  3a, 
b). On the other hand, Lin28b expression remained 
consistently low in OPCs during postnatal brain devel-
opment from P7 to P28, and did not show alterations 
following PWMI except for a decrease observed at P28 
after PWMI (Fig.  3c, d). These data suggest that the 
reduced expression of Lin28a in OPCs may be associ-
ated with the impaired myelinogenesis in PWMI mice.

Loss of Lin28a in OPCs leads to decreased myelinogenesis 
and impaired cognitive functions
To find out the essential role of LIN28A in myelinogen-
esis, we administrated Tam every other day from P5 to 
P13 to NG2CreERT2::Ai14::Lin28aflox/flox (flox/flox) and 
NG2CreERT2::Ai14::Lin28aflox/+ (flox/+) mice in order 
to delete both or one of the alleles of Lin28a in OPCs 
while labeling these cells and their progenies (Fig.  4a). 
NG2CreERT2::Ai14 (+/+) littermates were used as con-
trols. Using RNAscope, we found that Lin28a expression 
was significantly decreased in dTomato-labeled OPCs in 
flox/+ and flox/flox mice (Suppl Fig.  S3). At P35, there 
was no significant change in the density of tdTomato+ 
cells in the corpus callosum or cortex of flox/flox mice, 
compared with +/+ or flox/+ mice (Fig.  4a, b). However, 

a c

b d

Olig2 PDGFRα Lin28a merge

C
on

t
Ip

si
C

trl

Olig2 PDGFRα Lin28b merge
C

on
t

Ip
si

C
trl

Ctrl

Cont

Ipsi

P7 P14 P28
0

2

4

6

8

D
ot

s 
of

 L
in
28

a 
m

R
N

A
 p

er
 c

el
l

****

****

**
***

Ctrl

Cont

Ipsi

ns
ns

P7 P14 P28

0

1

2

D
ot

s 
of

 L
in
28

b 
m

R
N

A
 p

er
 c

el
l ns

**

Fig. 3  PWMI leads to decreased expression of Lin28a in OPCs in the postnatal brain. a Representative RNAscope images showing Lin28a mRNA 
in PDGFRα+ cells in the cortex of Ctrl and PWMI mice at P14. Cell bodies are outlined by dotted lines. Scale bar: 10 μm. b Lin28a mRNA decreased 
in OPCs in the ipsilateral cortex of PWMI mice (P7: Ctrl n = 5 mice, Cont n = 5 mice, Ipsi n = 5 mice, unpaired t test, Ctrl vs. Ipsi ****P < 0.0001, Cont 
vs Ipsi ****P < 0.0001, Ctrl vs. Cont P = 0.9801; P14: Ctrl n = 8 mice, Cont n = 8 mice, Ipsi n = 8 mice, unpaired t test, Ctrl vs. Ipsi ****P < 0.0001, Cont vs 
Ipsi ****P < 0.0001, Ctrl vs. Cont P = 0.6602; P28: Ctrl n = 8 mice, Cont n = 8 mice, Ipsi n = 8 mice, unpaired t test, Ctrl vs. Ipsi ***P = 0.0003, Cont vs. Ipsi 
**P = 0.0027, Ctrl vs. Cont P = 0.4267). c Representative RNAscope images showing Lin28b mRNA in PDGFRα+ cells in the cortex of Ctrl and PWMI 
mice at P14. Cell bodies are outlined by dotted lines. Scale bar: 10 μm. d Lin28b mRNA did not significantly change in OPCs in the ipsilateral 
cortex of PWMI mice (P7: Ctrl n = 4 mice, Cont n = 4 mice, Ipsi n = 4 mice, unpaired t test, Ctrl vs. Ipsi P = 0.8966, Cont vs. Ipsi P = 0.7487, Ctrl vs. Cont 
P = 0.6560; P14: Ctrl n = 6 mice, Cont n = 6 mice, Ipsi n = 6 mice, unpaired t test, Ctrl vs. Ipsi P = 0.2174, Cont vs. Ipsi P = 0.0707, Ctrl vs. Cont P = 0.7007; 
P28: Ctrl n = 6 mice, Cont n = 6 mice, Ipsi n = 6 mice, unpaired t test, Ctrl vs. Ipsi **P = 0.0099, Cont vs. Ipsi P = 0.0544, Ctrl vs. Cont P = 0.3257). Data are 
shown as Mean ± SD



Page 8 of 13Wu et al. Stem Cell Research & Therapy          (2025) 16:141 

knockout of one or both alleles of Lin28a resulted in 
an increased proportion of PDFGRα+tdTomato+ cells 
within all tdTomato+ cells in the corpus callosum and 
cortex (Fig. 4c). These data suggests that loss of LIN28A 
impedes the differentiation of OPCs towards OLs. Subse-
quently, we further analyzed the myelin sheaths formed 

by tdTomato+ OLs in these animals at P35 (Fig. 4d). We 
found that tdTomato+ OLs in flox/flox mice exhibited sig-
nificantly fewer branches and shorter segment length of 
myelin sheaths compared to those in +/+ or flox/+ mice 
(Fig.  4e, f ), indicating that loss of Lin28a in OPCs and 
OLs resulted in impaired myelination in the brain.
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To find out whether loss of Lin28a in OPCs during 
postnatal development could alter cognitive functions, 
we tested the behaviors of these flox/flox mice, in paral-
lel with their flox/ +and+ /+ littermates, when they were 
around 2.5  months old. We found that flox/flox and 
flox/+ mice exhibited similar number of entries to and 
time spent in the center zone in the open field (Suppl. 
Fig.  S4a, b), as well as comparable total travel distance 
(Suppl. Fig.  S3c), compared with +/+ mice. In the EPM 
test, flox/flox and flox/+ mice also exhibited similar num-
ber of entries to and time spent in the open arms, com-
pared with +/+ animals (Suppl. Fig. S4d, e). These data 
suggest that loss of one allele or both alleles of Lin28a in 
OPCs during postnatal development does not alter the 
locomotion or anxiety level in flox/+ or flox/flox mice.

In the NLR test, flox/flox and flox/+ mice showed pref-
erence for the object at a novel location with a discrimi-
nation index comparable to that of +/+ animals (Suppl. 
Fig. S4f ), indicating their normal ability to recognize a 
novel location. However, in the NOR test, flox/flox mice 
showed a significantly decreased discrimination index 
compared to +/+ and flox/+ mice (Fig.  4g), suggesting 
an impaired ability to recognize a novel object. Further-
more, in the Morris water maze test, flox/flox mice spent 
significantly less time searching in the target quadrant 
during the test session, compared to +/+ and flox/+ mice 
(Fig. 4h, i). These data suggest that loss of Lin28a in both 
alleles leads to cognitive impairments similar to those 
observed in PWMI mice.

Supplementing Lin28a in OPCs rescued myelinogenesis 
and cognitive functions in PWMI mice
We then wondered whether the defects in myelinogen-
esis and cognitive functions in PWMI mice could be 
recovered by over-expression of Lin28a in OPCs. Fol-
lowing PWMI in NG2CreERT2 mice at P3, we infused 
lentivirus expressing FLEX-Lin28a (Lenti-CAG-FLEX-
Lin28a-p2A-GFP) into the ipsilateral corpus callosum 
at P14. A lentivirus expressing GFP (Lenti-CAG-FLEX-
GFP) was used as control. Tam was administrated daily 
from P15 to P17 to induce the expression of LIN28A or 
GFP only (Fig.  5a). Immunostaining showed that lenti-
virus (GFP+) successfully labeled PDGFRα+ cells in the 
corpus callosum, and LIN28A expression was induced 
in virally-labeled cells in Lin28a group (Fig. 5b). No sig-
nificant difference in the number of GFP+Olig2+ cells 
was found between the two groups (Fig. 5c, d), suggest-
ing that similar number of oligodendroglial lineage cells 
were labeled in both groups using this strategy (Fig. 5a). 
However, among the GFP+Olig2+ cells, LIN28A over-
expression significantly decreased the percentage of 
PDGFRα+GFP+Olig2+ cells within GFP+Olig2+ cells 
(Fig.  5c, e), but increased that of PDGFRα−GFP+Olig2+ 

cells (Fig. 5c, f ). These data suggest that overexpression of 
LIN28A rescued the hindered OPC differentiation in the 
PWMI brain. Furthermore, GFP-labeled OLs in Lin28a 
group exhibited significantly increased branch number 
and segment length of myelin sheaths (Fig. 5g-i), suggest-
ing that overexpression of LIN28A in OPCs recovered 
the defects in myelinogenesis observed in the PWMI 
brain.

Moreover, we found that the two group of mice showed 
comparable number of entries to and time spent in the 
center zone, as well as total travel distance during the 
open field test (Suppl. Fig. S5a-c). In the EPM test, both 
groups exhibited similar number of entries to and time 
spent in the open arms (Suppl. Fig. S5d, e). In the NLR 
test, the Lin28a group showed similar discrimination 
index compared to Ctrl animals (Suppl. Fig. S5f ). Intrigu-
ingly, in the NOR test, mice in Lin28a group exhibited a 
stronger preference for a novel object, as evidenced by a 
significantly increased discrimination index compared 
to Ctrl mice (Fig. 5j), suggesting that their ability to rec-
ognize a novel object was recovered. In addition, in the 
Morris water maze test, the Lin28a group spent signifi-
cantly longer time searching in the target quadrant dur-
ing the test session, compared to Ctrl mice (Fig.  5k, l). 
These data suggest that overexpression of LIN28A in 
OPCs rescues the cognitive impairments observed in 
PWMI mice.

Discussion
PWMI is the most common form of injury among pre-
term infants [20]. Hypoxic-ischemic injury and inflam-
mation are two primary risk factors contributing to 
PWMI [3, 21]. The peak incidence of PWMI occurs 
between 23 and 32 weeks of gestation, coinciding with 
a crucial period in the generation and development of 
OLs [22]. At this age, OPCs and premyelinating OLs 
(pre-OLs) are particularly susceptible to hypoxic and 
inflammatory insults [23]. Several animal models have 
been developed for the study of PWMI [24]. Unilateral 
common carotid artery ligation followed by hypoxia 
has been used to provide stable rodent PWMI models 
[14, 25]. In our study, using this PWMI mouse model, 
we found that the proliferation of OPCs was transiently 
elevated during the early stages post PWMI at P7 and 
P14, and returned to normal level by P28, which is 
consistent with previous studies on optic nerves [26]. 
Compared to the transiently elevated OPC prolifera-
tion, the defects in OPC differentiation and OL matu-
ration lasted even longer after PWMI. We did not find 
significant difference in cCas3 expression in MAG+ 
OLs after PWMI at P14, suggesting that the apopto-
sis of OLs is not altered at this time point. Although 
cCasp3 expression is not an indicator for apoptosis 
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under certain conditions, such as hypoxia/ischemia 
[27], we examined cCasp3 more than 10  days post 
PWMI procedure, excluding the possibility of cCasp3 
expression in non-apoptotic cells right after hypoxia/
ischemia. Given that PWMI does not lead to exces-
sive death of OLs, the decreased mature myelinating 
OLs and increased undifferentiated OPCs after PWMI 

indicate arrested differentiation of OPCs and hindered 
maturation of OLs. These defects have been considered 
as the main cause of the impaired grey matter connec-
tivity by hypomyelination in PWMI [28, 29]. Although 
the exact mechanisms remain unclear, potential factors 
may include accumulation of hyaluronic acid triggered 
by excessive secretion from reactive astrocytes, chronic 
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activation of microglia, and alterations in the cell cycle 
of OPCs, etc. [30]. Acting in concert, these factors dis-
rupt the normal differentiation of OPCs and matura-
tion of OLs, thereby leading to impaired myelination.

In the mammalian central nervous system, the RNA-
binding protein LIN28 is expressed during early devel-
opmental stages, but rapidly decreases by E10.5 [9]. 
Differential expression of the two homologs of LIN28, 
LIN28A and LIN28B, has also been reported in the mam-
malian brain [31]. It has been reported that LIN28B/let-7 
in Schwann cells regulates the myelination of peripheral 
nerves. Developmental repression of LIN28B leads to 
accumulation of let-7 and consequently drives the onset 
of myelination by suppressing Notch signaling [13]. 
Using RNAscope to analyze the relative expression levels 
in single cells, we identified LIN28A as the dominating 
LIN28 homolog in OPCs in the postnatal brain, and its 
expression gradually decreases with development. Inter-
estingly, we found that the expression of Lin28a exhib-
ited an accelerated decrease in OPCs following PWMI, 
suggesting that the reduced expression of Lin28a may 
be involved in the defects in differentiation of OPCs and 
maturation of OLs in PWMI. By knockout of Lin28a gene 
in OPCs, we found that OPC differentiation and OL mat-
uration were both impeded, similar to the impaired mye-
linogenesis in PWMI. These data suggest that LIN28A 
may play an important role for regulating these processes 
in myelinogenesis, in a dose-dependent manner. How-
ever, we did not observe changes in the number of tdTo-
mato-labeled OPCs/OLs, indicating that the proliferation 
of OPCs was not altered by the loss of LIN28A.

Accumulating evidence has demonstrated that myeli-
nation is required for motor and cognitive functions 
[32–34]. Defects in myelinogenesis after PWMI result in 
broad impairments in brain functions, including motor 
and cognitive disability [3, 4]. Compared to the NLR, 
which relies heavily on hippocampal activity, the NOR 
relies on multiple brain regions [35]. Given that myelina-
tion is critical for high-speed impulse propagation and 
information processing in the brain [36, 37], the hypomy-
elination in PWMI leads to deficits in NOR, rather than 
NLR, by impairing information communication between 
brain regions. Similarly, this myelination deficit also leads 
to impaired spatial memory and motor functions in the 
Morris water maze test.

In our study, we found that overexpression of LIN28A 
specifically in OPCs recovered myelinogenesis by facili-
tating differentiation of OPCs and maturation of OLs in 
PWMI mice. Functionally, these mice exhibited recov-
ered cognitive functions in both NOR and Morris water 
maze test, suggesting that supplementing LIN28A in 
OPCs could at least partially rescue myelinogenesis in the 
PWMI mouse model.

Since overexpression of LIN28B in Schwann cells inhib-
its myelination [13], while overexpression of LIN28A pro-
motes OPC differentiation and OL maturation, the two 
LIN28 homologs may show different expression pattern 
and play distinct roles in the nervous system under dif-
ferent contexts. Through let-7-dependent and -independ-
ent mechanisms, LIN28 enhances translation of multiple 
genes and regulates cellular metabolism [7]. LIN28A may 
exert its pro-myelinogenesis effect by improving cellular 
bioenergetics and facilitating cellular maturation [7, 38, 
39]. Although the underlying mechanisms require fur-
ther investigation, our results indicate that overexpres-
sion of LIN28A in OPCs might be a potential strategy 
to promote myelinogenesis and cognitive recovery for 
the treatment of PWMI. In addition, given the difference 
in brain size and white matter content between rodents 
and gyrencephalic species including humans [40], fur-
ther studies will be required to confirm whether the same 
mechanism is involved in large animals, and whether 
supplementing LIN28A is able to rescue brain function 
deficits in large animal models for PWMI.

Conclusions
Our study revealed that RNA-binding protein LIN28A is 
important in regulating myelinogenesis processes in the 
brain dose-dependently. Reduced expression of LIN28A 
in OPCs is associated with impeded myelinogenesis and 
impaired cognitive functions in PWMI. Supplement-
ing LIN28A in OPCs could rescue myelinogenesis in the 
PWMI mouse model, providing a promising strategy to 
promote myelinogenesis and cognitive recovery for the 
treatment of PWMI.
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