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Potential mechanism of TMEM2/CD44 in endoplasmic
reticulum stress-induced neuronal apoptosis
in a rat model of traumatic brain injury
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Abstract. Traumatic brain injury (TBI) can lead to the disrup-
tion of endoplasmic reticulum (ER) homeostasis in neurons
and induce ER stress. Transmembrane protein 2 (TMEM?2)
may regulate ER stress through the p38/ERK signaling
pathway, independent of the classic unfolded protein response
(UPR) pathway. The present study examined the expression
of TMEM2 following TBI in a rat model, in an aim to deter-
mine whether the mitogen-activated protein kinase (MAPK)
signaling pathway is controlled by TMEM2/CD44 to mitigate
secondary brain injury. For this purpose, 89 Sprague-Dawley
rats were used to establish the model of TBI, and TMEM?2
siRNA was used to silence TMEM?2. Western blot analysis,
immunofluorescence, TUNEL assay and Fluoro-Jade C
staining, the wet-dry method and behavioral scoring were used
for analyses. The results revealed that TMEM?2 was activated
following TBI in rats. The silencing of TMEM2 resulted in a
significant increase in the levels of p38 and ERK (components
of MAPK signaling), while brain edema, neuronal apoptosis
and degeneration were significantly aggravated. TBI increased
TMEM?2/CD44-aggravated brain edema and neurological
impairment, possibly by regulating ERK and p38 signaling.
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TMEM?2/CD44 may thus be a target for the prevention and
control of TBI.

Introduction

Traumatic brain injury (TBI) is caused by blunt, penetrating
and accelerating or decelerating forces. Symptoms of TBI
include decreased levels of consciousness, memory loss or
amnesia, and other neurological or neuropsychological abnor-
malities. TBI, which occurs mostly in young individuals, is
one of the major causes of disability, and in some cases, can
lead to death (1). Indeed, TBI is the third most common cause
of mortality worldwide. The annual global incidence of TBI
is >294 per 100,000 individuals (2,3). TBI severely affects the
quality of life of affected individuals and is associated with
a wide range of disabilities, including sensory, motor and
cognitive impairments, as well as affective disorders (4). In
addition to primary mechanical injury occurring immediately
following trauma, secondary brain injuries, such as delayed
intracranial hemorrhage, oxidative stress, local inflammatory
response and blood-brain barrier injury, play a major role in
neuronal death (1,5). Following brain cell injury, the Ca?*
homeostasis of the endoplasmic reticulum (ER) of neurons
is destroyed, which can cause ER stress; thus, ER stress is
involved in the pathophysiology of TBI (6,7).

The ER is an important cellular organelle responsible for
protein modification and processing, as well as the folding,
assembly and transportation of new peptide chains (8). The
unfolded protein response (UPR) is the classic pathway that
regulates the ER stress response. Following the abnormal
over-accumulation of proteins in the ER, protein kinase
R-like ER kinase (PERK), activating transcription factor 6
(ATF6) and inositol-requiring protein 1 (IRE1) exhibit signs
of stress (9). As a result, they signal the nucleus and trigger a
cellular response that leads to a decrease in protein synthesis
and an increase in ER capacity, initiating the ER stress mecha-
nism (10,11). If the ER stress cannot be resolved through the
aforementioned three pathways, the UPR can also maintain
the stability of the intracellular environment by affecting cell
signals mediated by multiple mitogen-activated protein kinase
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(MAPK) signaling pathways, such as extracellular regulated
protein kinases (ERKs), p38 MAPK and C-Jun N-terminal
kinase (JNK) (12). The UPR is involved in the biosynthetic
stress of the ER, and the pathways involved serve to maintain
cellular homeostasis. By contrast, stress-activated MAPK
pathways are regulated by a diverse array of intracellular and
extracellular stresses and regulate cell death and aging by
integrating signals from the UPR, other cell stress responses
and other cellular signaling pathways (13,14).

In the context of ER stress, a number of pathologies are
characterized by changes in the cellular microenvironment,
including changes in the composition of hyaluronic acid (HA)
in the extracellular matrix (ECM). HA, a key component of
the ECM, participates in critical tasks, such as receptor protein
attachment and intercellular communication (15,16). In a recent
study, transmembrane protein 2 (TMEM?2), a cell surface
hyaluronidase, was shown to convert high-molecular-weight
hyaluronan (HMW-HA) into low-molecular-weight hyaluronan
(LMW-HA) to regulate ER stress, and this process was likely
mediated via the CD44-p38/ERK signaling pathway (17).

TMEM?2 is a recently discovered specific cell surface hyal-
uronidase, which has been proven to be an effective regulator
of ER stress. TMEM2 participates in the regulation of ER
stress through the decomposition of HA in the ECM (2). CD44,
a cell adhesion molecule, is a transmembrane glycoprotein
encoded by a single gene, which is commonly expressed on
the surface of various cells and tissues (18,19). CD44 can affect
apoptosis by participating in ER stress (20). Recent studies
have demonstrated that TMEM?2 can decompose HMW-HA
(molecular weight >1,000 kDa) into LMW-HA (molecular
weight of ~20 kDa). These decomposed HMW-HAs can enter
cells through CD44 and affect p38/ERK signal transduction,
improve ER stress resistance and protect cells from damage
induced by ER stress (17). Notably, TMEM?2 has been shown
to prolong the lifespan and improve the immunity of nematode
worms, and this pathway is independent of the classic UPR
pathway after ER stress (17). The present study investigated the
association between TMEM?2 and neuronal apoptosis following
TBI. The authors aimed to clarify the neuroprotective role of
TMEM?2 in TBI and determine whether it regulates ER stress
and inhibits the activation of the p38/ERK signaling pathway
through CD44 to alleviate brain edema and nerve cell death.

Materials and methods

Study design and grouping. A rat model TBI of was employed in
the present study, and two blind experiments were performed,
as illustrated in Fig. 1. The rats exhibited no obvious differ-
ences in body weight, feed intake and motor function.

Experiment 1 was conducted to determine the time course
of TMEM?2 and CD44 post-TBI (Fig. 1B). A total of 36 rats
(36 surviving out of an initial cohort of 38) were randomly
divided into the sham-operated (sham), TBI 12-h, TBI 1-day,
TBI 2-day, TBI 3-day and TBI 7-day groups (6 rats per group).
Following the induction of TBI (as described below), the
brain tissue surrounding the damaged area was collected and
divided (Fig. 1A). Western blot (WB) analysis was performed
on the tissues collected from the front of the damaged area,
while tissues collected from the rear were subjected to double
immunofluorescence analysis.

Experiment 2 was conducted to establish the role of the
TMEM?2/CD44 signaling pathway in TBI (Fig. 1C). A total
of 48 rats (48 surviving out of a group of 51) were randomly
assigned to the sham, TBI 2-day, TBI + siRNA TMEM?2
and TBI + vehicle groups (12 rats per group). At 2 days
post-TBI, which was based on Experiment 1, the animals were
euthanized and injured brain tissues were collected. Tissues
from 6 rats in each group were assessed using WB analysis,
terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining and Fluoro-Jade C (FJC)
staining. An additional 6 rats from each group were evaluated
for brain edema, and 6 rats per group were randomly selected
for neurological score assessment prior to euthanasia (2%
sodium pentobarbital, 150 mg/kg, i.p.) (Fig. 1C).

Animals. A total of 89 male Sprague-Dawley rats (weighing
280-320 g; 8 weeks old) were provided by Zhaoyan New
Drug Research Center (Suzhou, China), of which 84 were
analyzed as two rats from Experiment 1 and 3 rats from
Experiment 2 died (the rats did not recover from breathing
arrest during modeling) during anesthesia or modeling. The
humane endpoints used in the present study were cyanosis,
dyspnea, mental depression and severe hypothermia (<37°C).
The rats were provided food and water ad libitum. The rats
were kept in an environment with a constant temperature
(25°C) and humidity (50%), with a 12-h light/dark cycle.
The experimental protocols were approved by the Animal
Ethics and Welfare Committee (AEWC) of Zhangjiagang
TCM Hospital Affiliated to Nanjing University of Chinese
Medicine (Zhangjiagang, China; protocol code 2022-4-1), and
conformed to the guidelines on the care and use of animals
outlined by the National Institutes of Health.

Establishment of the rat model of TBI. Experimental TBI was
established in the rats, as described in a previous study (21).
The rats underwent intraperitoneal anesthesia with 1% sodium
pentobarbital at 40 mg/kg and fixation onto a stereotaxic
apparatus (Shanghai Yuyan Instruments Co., Ltd.). A 5-mm
parietal window to the right of the midline and behind the
coronal suture was created with a bone drill, and the dura
remained intact. A copper weight (4 mm in diameter and
5 mm in height) was then placed in the bone window, and a
40-g steel rod was dropped from a height of 25 cm onto the
copper weight to induce trauma. A short pause in the rat heart
rate and breathing indicated successful modeling. Following
disinfection and suturing, the rats were allowed to recover in a
warm room. The rats in the sham group were subjected to the
aforementioned procedure, but without the steel rod step.

TMEM? siRNA injection. At 24 h prior to the induction of
TBI, the TMEM?2 siRNA and control siRNA groups received
an intracerebroventricular injection (500 pmol; Thermo Fisher,
Inc.) after the rats were anesthetized (1% sodium pentobarbital,
40 mg/kg, i.p.), mixed with in vivo RNA transfection reagent
[Engreen Biosystem Ltd. (China)], according to a previously
described method (22). TMEM?2 siRNA/control siRNA was
added into 2 ul nuclease-free water to 500 pmol, and then
mixed with 1 ul transfection reagent, to a total solution of
3 ul. The TMEM?2 siRNA was purchased from Thermo Fisher
Scientific, Inc. A non-targeted siRNA control (Thermo Fisher
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Figure 1. Rat model of TBI and study design. (A) Brain tissues obtained from the TBI group or from the same location in the sham group were assessed.
(B) Expression of TMEM?2 and CD44, their locations in nerve cells post-TBI, and the determination of the optimal time point for the subsequent experiment.
(C) Analysis of the effects of the TMEM?2/CD44-MAPK pathway post-TBI and elucidation of the potential mechanisms behind these effects. TBI, traumatic

brain injury; TMEM2, transmembrane protein 2; sham, sham-operated; d, days.

Scientific, Inc.) was used as the control siRNA in the TBI +
vehicle group.

Tissue collection and sectioning. 1% sodium pentobarbital
(40 mg/kg, i.p.) anesthesia was performed at the indicated time
points post-injury. The rats were perfused transcardially with
200 ml 0.9% normal saline, and cortical specimens around the
injury area (3 mm from the edge of the injury site in the TBI
group or the same location in Sham animals) were obtained
and placed on ice (Fig. 1A). A portion of the specimens
underwent snap freezing and storage at -80°C for use in WB
analysis. The remaining samples were fixed in 4% formalin
overnight, embedded in paraffin and sectioned at a thickness

of 5 ym with a paraffin slicer (SLEE medical GmbH) for
immunofluorescence, TUNEL assay and FJC staining. The
tissue samples were extracted and selected by two pathologists
who were blinded to the grouping.

WB analysis. WB analysis was conducted using a previously
published method (23). Brain tissues were mixed with a tissue
protein extraction reagent (CWBio) containing protease inhibitors
before being homogenized on ice for 20 min. The homogenates
were isolated by centrifugation at 12,000 x g and 4°C. A Pierce™
BCA Protein Assay kit (Thermo Fisher Scientific, Inc.) was used
for protein quantification. Equal amounts of total protein (30 ug)
were resolved by SDS-PAGE and electro-transferred onto a
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Figure 2. Expression of TMEM2 and CD44 in the injured cortex following TBI. (A and C) TMEM2 and (B and D) CD44 expression levels in the TBI and sham
groups at 12 h, and 1, 2, 3 and 7 days, as determined using western blot analysis. The relative densities of each protein were normalized to those of the sham
group. Quantification was performed using ImageJ software, and the mean value of the sham group was normalized to 1. Statistical analysis was performed
using a one-way analysis of variance (ANOVA), followed by the Dunnett's post-hoc test; n=6 rats in each group. "P<0.05 and “P<0.01, compared to the Sham
group; ns, not significant (P>0.05). TBI, traumatic brain injury; TMEM?2, transmembrane protein 2; sham, sham-operated; d, days.

PVDF membrane (MilliporeSigma). Following membrane
blocking with QuickBlock™ Blocking Buffer (Beyotime Institute
of Biotechnology) at an ambient temperature (25°C) for 1 h,
primary antibodies were added followed by incubation overnight
at 4°C. Subsequently, goat anti-rabbit (1:5,000; cat. no. 65-6120,
Invitrogen; Thermo Fisher Scientific, Inc.) or anti-mouse
IgG-HRP (1:5,000; cat. no. 62-6520, Invitrogen; Thermo
Fisher Scientific, Inc.) were added followed by incubation at an
ambient temperature (25°C) for 1 h. Finally, immunoblots were
detected using the Immobilon™ Western Chemiluminescent
HRP Substrate (Millipore), visualized with an imaging system
(Bio-Rad Laboratories, Inc.), and quantified using ImageJ 1.8.0
software (National Institutes of Health). The primary antibodies
used in this experiment were as follows: Rabbit anti-TMEM?2
(1:1,000; cat. no. ab98348), rabbit anti-CD44 (1:2,000;
cat. no. abl57107), rabbit anti-p38 (1:1,000; cat. no. ab31828),
rabbit anti-phosphorylated (p-)p38 (1:1,000; cat. no. ab4822),
rabbit anti-ERK (1:1,000; cat. no. ab184699), rabbit anti-p-ERK
(1:1,000; cat. no. ab201015), rabbit anti-JNK (1:1,000;
cat. no. ab179461), rabbit anti-p-JNK (1:2,000; cat. no. ab307802)
and rabbit anti-caspase-3 (1:2,000; cat. no. ab184787) (all from
Abcam), with rabbit anti-GAPDH (1:1,0000, MilliporeSigma)
used as the loading control.

Immunofluorescence staining. Double immunofluorescence
staining was conducted as described in a previous study (24).
After dewaxing, the paraffin-embedded sections were treated
with an immunostaining permeable solution (Beyotime
Institute of Biotechnology) to rupture the cell membranes. The
cells were washed with phosphate-buffered physiological saline
(PBS) three times. Subsequently, the sections were blocked
with immunostaining block solution (Beyotime Institute of

Biotechnology) at an ambient temperature (25°C) for 30 min
and incubated at 4°C overnight with the following primary
antibodies: Rabbit anti-TMEM?2 (1:100, cat. no. ab98348,
Abcam), rabbit anti-CD44 (1:100, cat. no. ab157107, Abcam)
and mouse anti-NeuN (1:300, cat. no. MAB377, Millipore,
Merck). Following incubation, the sections were washed three
times with PBS and incubated with the secondary antibodies,
Alexa Fluor 488 donkey anti-rabbit IgG antibody (1:800,
cat. no. A-21206, Invitrogen; Thermo Fisher Scientific, Inc.)
and Alexa Fluor 555 donkey anti-mouse IgG antibody (1:800,
cat. no. A32773, Invitrogen; Thermo Fisher Scientific, Inc.), for
1 hatroom temperature. Finally,4',6-diamidino-2-phenylindole
dihydrochloride (DAPI) was used for counterstaining at room
temperature (25°C) for 10 min, and the sections were imaged
with a fluorescence microscope (Olympus Corporation).

Neurological assessment. Neurological evaluation was
performed 2 days post-TBI, as previously described (25). The
scoring system consisted of the following seven components:
i) Spontaneous activity; ii) axial sensation; iii) vibrissae
proprioception; iv) symmetry of limb movement; v) lateral
turning; vi) forelimb outstretching; and vii) climbing. Each
subtest was scored from O to 3, with a maximum score of 21,
where higher scores indicated less nerve damage.

Rotarod test. The rats were trained for 3 days prior to TBI by
placing them on an accelerated rotation cylinder with multiple
runways. After turning on the machine, the speed was slowly
increased from 4 to 40 r/min for 5 min, during which time
the rats walked on it to prevent falling. The trial ended if the
animal fell off the pedal. The duration the rats spent on the
device was recorded.
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Figure 3. Localization of TMEM?2 and CD44 in the injured cortex following TBI. In the sham group and the TBI 2-day group, the expression of green-labeled
(A and C) TMEM2 and (B and D) CD44, and red-labeled NeuN was measured using double immunofluorescence. The nuclei were stained with DAPI (blue)

TBI, traumatic brain injury; TMEM2, transmembrane protein 2; sham, sham-operated; d, days.

TUNEL staining. TUNEL assay was conducted to measure
apoptosis, as per the manufacturer's instructions (Beyotime
Institute of Biotechnology). Following dewaxing in xylene,
the paraffin-embedded sections were treated for 20 min with
DNase-free proteinase K (20 ug/ml) at 37°C, followed by a 1-h
incubation with TUNEL working solution at 37°C in the dark.
Subsequently, DAPI Fluoromount-G™ [ Yeasen Biotechnology
(Shanghai) Co., Ltd.] was used for counterstaining at room
temperature (25°C) for 10 min prior to observation under a
fluorescent microscope (Olympus Corporation). The apoptotic
index was calculated as follows: (TUNEL-positive cells)/(total
cells) x100%.

FJC staining. Degeneration was measured using FJC
staining, as per the manufacturer's instructions (Biosensis).
After dewaxing in xylene, the paraffin-embedded sections

were transferred to solution B [potassium permanganate
and distilled water (1:9, v/v)] and incubated for 10 min. The
sections were then incubated with solution C [FJC solution and
distilled water (1:9, v/v)] for 30 min in the dark and washed
with distilled water. After drying at 60°C for 10 min, the
specimens were soaked in xylene for 5 min and sealed with a
Neutral Balsam [Yeasen Biotechnology (Shanghai) Co., Ltd.]
prior to observation under a fluorescent microscope (Olympus
Corporation).

Brain edema. The assessment of brain edema was conducted
using the wet-dry method, as previously described (26).
After separating the rat brains, the brain sections were split
into ipsilateral and contralateral sides, and the wet weight
was immediately determined with an electronic balance
(ME104/02, Mettler Toledo). Next, the brain tissues were dried
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Figure 4. Expression of TMEM?2 and CD44 proteins following intervention with TMEM?2 siRNA post-TBI. The protein expression levels of (A and C) TMEM2
and (B and D) CD44 were detected using western blot analysis. Statistical analyses were performed using a one-way ANOVA, followed by Tukey's post hoc
test; n=6 rats in each group. “P<0.01 and "“P<0.001, compared to the sham group; “P<0.05 and ""P<0.01, compared to the TBI + vehicle group; ns, not signifi-
cant (P>0.05), compared to the TBI 2-day group. TBI, traumatic brain injury; TMEM2, transmembrane protein 2; sham, sham-operated; d, days.

at 100°C for 24 h, and the dry weights were obtained. The
brain water content was quantified as follows: [(wet weight-dry
weight)/wet weight] x100%.

Statistical analyses. Data are expressed as the mean + stan-
dard deviation, and GraphPad Prism 8.0 (GraphPad Prism,
Inc.) was used for analysis. A one-way analysis of vari-
ance (ANOVA) with post-hoc Dunnett's multiple test was
performed to compare the experimental groups with the
Sham group in Fig. 2. A Student's t-test was performed for
the analysis of two groups (Fig. 3). A one-way ANOVA with
Tukey's multiple comparisons post hoc test was performed
to compare multiple groups (Figs. 4-7; apart from Fig. 7E).
A two-way ANOVA with Tukey's multiple comparisons post
hoc test was conducted to analyze brain edema (Fig. 7E).
A value of P<0.05 was considered to indicate a statistically
significant difference.

Results

TMEM?2 and CD44 protein levels in the rat brain following
TBI. The amount of TMEM2 and CD44 proteins was deter-
mined at 12 h, and 1, 2, 3 and 7 days post-TBI using WB
analysis. The TMEM?2 expression levels were elevated at 12 h
post-TBI and peaked at 2 days (Fig. 2A and C). The CD44
expression levels were consistent with those of TMEM?2

and were increased at 12 h post-TBI, and peaked at 2 days
(Fig. 2B and D). Both the TBI 1-day and 2-day groups differed
significantly from the sham group.

TMEM?2 and CD44 expression in neurons following TBI.
Double immunofluorescence staining for NeuN was used
to determine the expression of TMEM2 and CD44. At 2
days post-TBI, the number of TMEM2-positive neurons
(Fig. 3A and C) and CD44-positive neurons (Fig. 3B and D)
increased in the TBI group compared to the sham group.

Effects of TMEM?2 siRNA on TMEM?2 and CD44 expression
following TBI. Compared to the sham group, the expression of
TMEM2 (Fig. 4A and C) and CD44 (Fig. 4B and D) increased
significantly in the TBI group, and the expression in the TBI
and TBI + vehicle groups was comparable. Additionally, the
TMEM?2 and CD44 expression levels were markedly reduced
in the TBI + siRNA group compared to the levels in the
TBI + vehicle group.

Effects of TMEM?2 siRNA on the MAPK signaling pathway
following TBI. Compared to the sham group, the expression
of p-p38 (Fig. 5A and B) and p-ERK (Fig. 5C and D) was
significantly increased in the TBI group, with comparable
amounts in the TBI and TBI + vehicle groups. Additionally,
the expression of p-p38 and p-ERK in the TBI + siRNA group
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Figure 5. Expression of MAPK signaling following intervention with TMEM?2 siRNA post-TBI. Protein expression levels of (A and B) p38/p-p38,
(C and D) ERK/p-ERK, and (E and F) JNK/p-JNK at 2 days post-TBI. Statistical analyses were performed using a one-way ANOVA, followed by Tukey's
post hoc test; n=6 rats in each group. "P<0.05 and *"P<0.001, compared to the sham group; “P<0.05, compared to the TBI + vehicle group; ns, not significant
(P>0.05), compared to the TBI 2 d group. TBI, traumatic brain injury; sham, sham-operated; d, days.

was markedly increased compared to that in the TBI + vehicle = Neuronal apoptosis and degeneration in rats with TBI
group. However, the expression of p-JNK did not differ signifi-  following intervention with TMEM?2 siRNA. The expression of
cantly among the four groups (Fig. 5SE and F). caspase-3 (Fig. 6A and B) was evaluated, and TUNEL staining
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brain injury; sham, sham-operated; d, days.

(Fig. 6C and D) was performed to determine the extent of
neuronal apoptosis, while FJC staining (Fig. 7A and B) was
performed to reflect degeneration. The results revealed that
neuronal apoptosis and degeneration were elevated in the
TBI and TBI + vehicle groups compared to the sham group.
Moreover, the TBI and TBI + vehicle groups had similar rates
of neuronal degeneration and apoptosis. Following TMEM2
siRNA intervention, neuronal degeneration and apoptosis
increased in the TBI + siRNA group compared to those in the
TBI + vehicle group.

Brain edema and behavioral scores following intervention
with TMEM?2 siRNA. Compared to the sham group, the brain
water content in the injured hemispheres was significantly
elevated in the TBI group. The TBI and TBI + vehicle groups

had comparable brain water content. Additionally, post-TBI,
cerebral edema was significantly enhanced following inter-
vention with TMEM2 siRNA (Fig. 7C). Additionally, the
neurological score (Fig. 7D) and rotarod test duration (Fig. 7E)
were reduced in the TBI groups compared to those in the sham
group. Moreover, the scores in the TBI + siRNA group were
substantially lower than those in the TBI + vehicle group.

Discussion

TMEM?2 is a type II transmembrane protein expressed in
numerous organs and systems, including the heart, brain,
spinal cord, eyes, heart, lungs, liver, kidneys, spleen, skeletal
muscle, articular cartilage, lymph node, bone marrow, thymus,
bladder and synovium (27,28). However, the expression



Eé SPANDIDOS INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 52: 119, 2023 9
A Sham TBI2d TBI+Vehicle TBI+siRNA

B 80 -
#it#
8 60+
2
§ dkk
c 40 T
>
c
Q
w20
=
0 T T
o° [ <
g 3 2
o o
N =
D 22 1
b
20 4 .
o
S
$ 18 - ns
§ kokok °
‘S, 16 = o|e
e14- 0 0 X0
a 3
=2
12
10 I I I I
o° o <
g 2 2
o o
f =

"- B
g R
-

©
N
1

#Hit#

@
N
1

Brain water content (%)
0]
o
L

I
H
I
[k

T 1 1 1
1S T o < IS T o <
g 8 2 2 5 8 2 Z
— - —_ <
» o 9o 3 » o o 3
F > 2 =
X 5 X 5
o o E
[ [
Contra Ipsilateral
400
- 300 essee® .. ns #
7 ° ® °
= 2004 03_&. ’%-
8 ® e o
2 )
°
& 100-
0 L] I 1 1
° o <
= 5§ 2
-_— <
%) [} 9] B
[= > ?
+ -
o m
g =

Figure 7. Degeneration, brain edema and behavioral scores following intervention with transmembrane protein 2 siRNA post-TBI. (A and B) FJC (green)
staining was performed to detect degeneration. (C) Brain edema was measured using the wet-dry method. (D) Neurological scores and (E) the rotarod test were
used to reflect behavioral scores. Statistical analyses were performed using a one-way ANOVA, followed by the Tukey's post-hoc test (except brain edema), and
brain edema analysis was performed using a two-way ANOVA followed by the Tukey's post-hoc test; n=6 rats in each group. ““P<0.001, compared to the sham
group; “P<0.05, #P<0.01 and **P<0.001, compared to the TBI + vehicle group. ns, not significant (P>0.05), compared to the TBI 2-day group. TBI, traumatic

brain injury; sham, sham-operated; d, days.

and function of TMEM?2 are limited under various patho-
physiological conditions. The present study investigated the
neuroprotective effects of TMEM?2/CD44 in rats with TBI and
the possible underlying mechanisms. Post-TBI, the expression
of TMEM?2 was increase in the rats and peaked after 2 days
(Fig.2A and C). Double-immunofluorescence staining revealed
that TMEM?2 was expressed on the surface of neuron cells,

as shown in Fig. 3A. Previous studies have demonstrated that
TMEM2 is located on the plasma membrane, and represents
a newly discovered cell surface HA-degrading enzyme (29).
Additionally, TMEM?2 has been shown to be involved in main-
taining ER homeostasis (17) and to promote angiogenesis (30).

When ER stress is induced by cell injury, the sensors of
UPR (PERK, IREI and ATF6) are activated to restore ER
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Figure 8. Model illustrating the possible mechanisms underlying the effects of TMEM2 on secondary brain injury after TBI. TMEM2 and CD44 were
activated to alleviate the degree of secondary brain injury by inhibiting p38 and ERK signaling of the MAPK pathway following TBI. Silencing TMEM2
may aggravate the degree of secondary brain injury. TBI, traumatic brain injury; TMEM2, transmembrane protein 2; ATF6, activating transcription factor 6;

PERK, protein kinase R-like ER kinase; IREI, inositol-requiring protein 1.

homeostasis by blocking the synthesis of some proteins, as well
as by enhancing ER-specific molecular chaperones, protein
degradation pathways and autophagy (31). When irreparable
damage occurs, the UPR participates in the terminal response,
leading to apoptotic clearance (32), which has been reported in
the TBI model (33). In addition, the MAPK signaling pathway
(including p38, ERK and JNK pathways) is also known to
regulate apoptosis following ER stress. If ER stress is not
alleviated following injury, it will trigger cell death or aging
by influencing the MAPK signaling; this mechanism enables
cells to have certain flexibility during ER stress and can regu-
late cell fate according to internal and external signals (13,34).
Attenuating the phosphorylation of p38 and ERK can improve
the neurological score following TBI (35). Alleviating ER
stress and inhibiting the phosphorylation of MAPK signaling
can improve apoptosis (36). TMEM2 responds to ER stress
through the MAPK pathway, independent of UPR signals
and maintains ER homeostasis. This sequence of events was
discovered by Schinzel er al (17), who found that TMEM?2
overexpression protected wild-type human fibroblasts
from ER stress by regulating CD44. It has been proven that
TMEM?2/p38/ERK improves ER folding capacity or limits the
damage in response to ER stress (37). However, to the best
of our knowledge, no previous study to date has investigated
whether TMEM2 regulates TBI-induced ER stress through
the MAPK pathway. In the present study, the expression
of TMEM2 was found to increase in the surrounding brain
tissue following TBI (Fig. 2A). When TMEM?2 was silenced
using siRNA, the CD44 expression levels were decreased
(Fig. 4B), the expression of p-p38 and p-ERK was increased
(Fig. 5A and C) and secondary brain injury following TBI

was aggravated (Figs. 6 and 7). These results indicate that
TMEM?2 exerts a protective effect on rats with TBI through
the p38/ERK pathway.

With the activation of the UPR, a number of pathological
manifestations in neurodegenerative diseases and some
malignant tumors exhibit significant changes in the cellular
microenvironment. Changes in the ER stress response and
glycosaminoglycan and HA composition in the ECM have
been observed (38,39). TMEM2 degrades HA in the ECM
in a Ca’*-dependent manner, resulting in HA internaliza-
tion and complete degradation in the lysosome (29,40). HA
is a large macromolecule and one of the main components
of the ECM (41). Genetic and chemical inhibition of typical
UPR components suggests that HA decomposition increases
ER stress resistance. Low-molecular-weight fragments of
HA appear to be involved in regulating the MAPK pathway
components, p38 and ERK, by activating CD44 receptors and
maintaining cell viability under conditions of stress (42). The
hyaluronidase activity of TMEM2 and its products provide
protection against ER stress and mediate ER stress resistance
through the CD44/MAPK pathway. Therefore, the present
study investigated the effects of TMEM?2 on secondary brain
injury in rats with TBI through MAPK signaling. The results
revealed that when TMEM?2 was silenced using TMEM?2
siRNA following TBI, the expression of TMEM2 and CD44
decreased (Fig. 4), and the expression of p-p38 and p-ERK
increased (Fig. 5SA and C), which aggravated apoptosis
(Figs. 5E and 6B) and degeneration (Fig. 5A). However, the
silencing of TMEM2 had no effect on the expression of p-JNK
(Fig. 5E). Previous research has also found that TMEM2
mediates ER stress through the CD44 and MAPK signaling
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pathways (ERK and p38 signaling) and protects cells from
ER stress (17). Although the INK pathway can also mediate
apoptosis (43), as also demonstrated in the present study,
TMEM?2/CD44 did not affect apoptosis through the JNK
pathway, and the specific mechanisms remain to be explored.

As a hyaluronidase, TMEM?2 can decompose HA by disso-
lution mechanisms, as well as decompose HA from HMW-HA
(>1,000 kDa) to LMW-HA (~20 kDa) (29,30). Specifically,
TMEM?2 is responsible for degrading the extracellular
HMW-HA into moderate-molecular-weight HA (MMW-HA,
200-1,000 kDa). The intracellular lysosomal hyaluronidase
and glucosidase further process the MMW-HA into smaller
fragments (27). HA is involved in numerous processes,
including receptor protein attachment and intercellular
communications (44). HMW-HA exerts anti-inflammatory and
anti-angiogenic effects, while LMW-HA promotes inflamma-
tory and angiogenic responses (45,46). However, it does exert a
neuroprotective effect on the nervous system (47.48).

The present study had certain limitations, which should be
mentioned. The present study did not investigate the changes
and effects of HA following TBI. Moreover, it was not verified
whether TMEM?2 decomposes HMW-HA into LMW-HA,
or whether LMW-HA enters cells to play a neuroprotective
role. Therefore, in future studies, the authors aim to verify
the effects of HA on secondary brain injury following TBI
in vivo and in vitro. Previous studies have also shown that HA
regulates cell adhesion, migration and proliferation through
various interactions with specific receptors on cell surfaces,
such as CD44 (44,45). However, the possibility of the inter-
action between HA and CD44 was did not explore herein;
therefore, the authors aim to evaluate the association between
HA and CD44 on the cell surface by co-immunoprecipitation
in future studies.

In conclusion, the present study investigated the role
of TMEM?2 in a rat model of TBI. The results revealed that
TMEM?2 was activated and activated CD44 on the surface
of neurons, which induced brain edema and apoptosis by
inhibiting the p38 and ERK pathways of MAPK, and allevi-
ated the degree of secondary brain injury (Fig. 8). Moreover,
when TMEM?2 was silenced, cerebral edema and nerve injury
were aggravated by the upregulation of ERK and p38 signals.
Therefore, TMEM2/CD44 represents a potential therapeutic
target for TBI prevention and control.
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