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Background: This study utilized CRISPR/Cas9 gene editing technology to construct a Mex3c gene-deficient mouse model,
and studied C-FOS expression in hypothalamic nuclei.

Material/Methods: Thirty Mex3c™”* mice, 30 mice in the normal group, and 30 Mex3c™* mice were randomly divided into control,
leptin, and ghrelin groups according to different intraperitoneal injections. HE and Niss| staining were performed
to observe the morphology of hypothalamic nerve cells. The C-FOS expression in hypothalamic nuclei of each
group was analyzed by immunohistochemical techniques. HE staining was used to observe neural tube mor-
phology, and LFB staining was used to observe nerve myelin sheath morphology. TEM was used to observe
neuronal ultrastructure and immunohistochemical techniques were utilized to analyze nestin expression.

Results: C-FOS expression was lower in the normal control group than in the leptin and ghrelin groups. The Mex3c con-
trol group and the leptin group had higher C-FOS expression than the ghrelin group. In neural tube studies,
no significant differences were found in the neural tube pathological sections of E14.5-day embryos in each
group. Nestin results demonstrated lower expression in the normal group and there was little difference be-
tween the HD and Mex3c groups.

Conclusions: Mex3c appears to participate in the regulation of energy metabolism by inducing C-FOS expression in the hy-
pothalamus. The neural tubes of the offspring of Mex3c”* mice had defects during development.
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Background

CRISPR (clustered regularly interspaced short palindromic re-
peats) and CRISPR-associated endonuclease Cas is a genetic
editing technology that has emerged in recent years, called
CRISPR/Cas9 [1]. The acquisition time of mutant mice and rats
can be significantly shortened, from 1 year to several weeks,
which satisfies the needs of investigators for rapid and effec-
tive editing of organism genome, modifying cations, and the
construction of specific gene knockout animal models [2,3].
Through this approach, we obtained Mex3c gene-deficient
mice that meet the experimental demands.

The energy balance depends upon the balance between food
intake regulation and energy expenditure. The hypothalamic
nucleus of the paraventricular nucleus (PVN), arcuate nucleus
(Arc), medial nucleus (DMN), ventromedial nucleus (VMN), and
lateral nucleus (LHA) affect appetite, which plays a vital role in
energy balance regulation [4]. Since the initial study of C ele-
gans in 1996, Mex3c has been found to be a conserved RNA-
binding protein in organisms ranging from nematodes to hu-
mans [5]. Related investigations have reported that the Mex3c
gene can cause genetically predisposed hypertension, control
RNA instability in malignant tumors, and reduce body fat ac-
cumulation by promoting energy expenditure [6,7]. Mex3c™~
mice have no significant differences in muscle mass compared
to control mice, but it is unclear whether the fat mass decreas-
es are related to decreased leptin expression. Therefore, we
designed mouse models expressing the leptin gene and the
Mex3c gene heterozygous and homozygous mutations. The re-
sults showed that the leptin content in these 2 models could
not be detected, which further suggested that the Mex3c mu-
tation is associated with a negative energy balance [8]. As a
metabolic marker of neural activity, C-FOS participates in phys-
iological functions such as cell growth, differentiation, and in-
formation transmission. After receiving exogenous stimulation,
the expression level of the original basal level is significant-
ly increased [9,10]. In studies of energy balance, various sig-
nals were found to be involved in energy balance regulation,
such as leptin and ghrelin signal transduction, by inducing
postsynaptic C-FOS expression [11,12]. To investigate the re-
lationship between Mex3c and C-FOS in neuronal signal trans-
duction, we constructed a Mex3c knockout mouse model. We
injected mice with leptin (causing a negative energy balance
effect) and ghrelin (causing a positive energy balance effect),
which induced neurons expressing C-FOS in a signal pathway
involved in energy balance. By examining the C-FOS expression
under these stimuli, we provided an anatomical basis for the
mechanism through which Mex3c regulates energy balance.

Neural tube defects are common and serious congenital mal-
formations, the etiology of which is complex, and can be
caused by biological genetic and environmental factors [13].
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The important role of energy metabolism in neural tube clo-
sure has been validated in some animal models. For instance,
Yamaguchi et al. reported that, during mammalian pregnancy,
neural tube defects can be caused by malnutrition and insuffi-
cient or excessive intake of specific nutrients [14]. The Mex3c
gene has an important role in energy metabolism process in
the body. This study aimed to explore the mechanism by which
Mex3c regulates energy balance and to assess whether it par-
ticipates in neural tube formation.

Material and Methods

Construction of the Mex3c gene-deficient mouse model

The Mex3c gene-deficient mouse model was constructed by
Cyagen Biosciences (Guangzhou), Inc. Three male and 3 fe-
male mice were obtained and raised at the Ningxia Medical
University SPF Laboratory Animal Center (12-h light/dark cy-
cle, temperature 22+2°C, humidity 50+5%, with clean feed and
water) to breed a sufficient number of experimental mouses.
The Animal Experimental Ethics Committee of Ningxia Medical
University approved this study, and the animal treatment pro-
cess was in line with animal ethics standards. 30 wild-type (WT)
and 30 Mex3c™* mice (8 weeks old; female) were used. Mice
in each group were randomly divided into a control group, a
leptin group, and a starvation hormone group. Sodium pen-
tobarbital (1%) was intraperitoneally injected for anesthesia.
We opened the chest to expose the heart, cut the left atrium,
and rinsed it with 20 mL of normal saline from the right ven-
tricle. After the left ventricle outflow was clear, we performed
continuous infusion with 4% paraformaldehyde 10 mL with
slow injection over a period of 10 min. The mouse brain was
removed after anesthesia and we obtained paraffin-embed-
ded preservation tissue. The WT and Mex3c™* mice were fed
with normal feed and high-sugar and high-fat diets (experi-
mental Animal Premix 2.0%, calcium hydrogen phosphate 2.0%,
soy protein isolate 10.0%, lard 12%, sucrose 20%, cholesterol
1.0%, standard mouse maintenance feed 53%; Jiangsu Province
Collaborative Medicine Bioengineering Co.). Each group had 10
mice, and the experiment was started at 8 weeks of age. After
12 weeks of continuous feeding, the WT male mice were caged
with the female mice at 8: 00 pm every day. At 8: 00 am the
next morning, the female mice were found have the vaginal
embolism recorded at 0.5 days of pregnancy. With the feed-
ing conditions unchanged, we anesthetized the females after
14.5 days of pregnancy. The embryos were removed and em-
bedded in paraffin.

Mouse acquisition and genetic identification

When FO generation mice were 8 weeks of age, males and fe-
males were bred to obtain an F1 generation. When the new
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Table 1. PCR mixture.

Component x1
"""" agHo  9sp
"""" Product primer 1 1opl
"""" Reverse primerR1  1topl
"""" PremixTaq  125p
"""" oA 1owl
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Table 2. DNA cycling condition.

Step Temp Time Cycles
Initial denaturation 94°C 3 min
Denaturation osc 305
Annealing  52C 355 35
CExtenson  72C 355
 Additional extension  72°C Smin

female mice were 3 weeks old, after routine disinfection, we
cut 3-mm-long tail pieces into 1.5-mL EP tubes and marked
them for later use. We added 80 pL of Direct PCR Tail (Viagen
Biotech, USA) to each EP tube and kept the tubes in a 55°C
water bath overnight. On the next day, 1 pL of proteinase K
was added at 80°C for 1 h to extract tissue DNA. We designed
specific primers to identify Mex3c gene-deficient mice by PCR.
The primer sequences were as follows:

Forward primer F1

5’-GCCACTAGCCATGAACATTATTATC-3;

Forward primer F2

5’-AGGCTGCTATGGT AACACTAACC-3%;

Reverse primer R1

5’-CGAGATGAGAGTCAATGTAGCAG-3’;

Internal control PCR primer F
5’-CATGCCAATGGTTCACTCTAAGGT-3%;

Internal control PCR primer R
5’-TCTCTATGTCCCAAAGTGCAGACAC-3".

The circulation system is listed in Table 1. We configured a 1.5%
agarose gel for electrophoresis and the electrophoresis system
is shown in Table 2. According to the electrophoresis results,
WT mice and Mex3c gene-deficient mice were identified, and
they were housed in cages for use in subsequent experiments.

Paraffin embedding of mouse brain and embryo

At 2 h after intraperitoneal injection in the saline group, leptin
group, and hunger hormone group, we intraperitoneally inject-
ed anesthesia with 1% sodium pentobarbital (0.05 mg/g). After
routine disinfection, the heart was opened and the left atrium
was cut out and removed. We fully flushed the right atrium
with normal saline. After the effluent was clear, we injected 4%
paraformaldehyde for about 10 min. We carefully removed the
brain tissue and placed it in freshly prepared 4% paraformal-
dehyde for 1 day. On the next day, we washed the brain tissue
with phosphate-buffered saline (PBS), replaced PBS solution
every hour 6 times, and then dehydrated with gradient alcohol
(alcohol concentration was 70%, 80%, 90%, 95%, 100%, and
100%). We fully infiltrated the tissue with xylene. Paraffin wax-
es | and Il were melted at 65°C and the tissue was immersed
in the wax for 2 h for paraffin embedding. At day 14.5 of preg-
nancy, we routinely performed sterilization and anesthesia and

found the “Y” type distribution uterus. Afterwards, we careful-
ly separated the gestational sac, and treated the embryo tis-
sue as previously described [1]. We then dehydrated it with
gradient alcohol (alcohol concentration 30%, 50%, 70%, 80%,
90%, 95%, 100%, and 100%). Tissue was thoroughly perme-
ated with toluene and immersed in paraffin | and Il for 1 h at
65°C as paraffin embedding.

Immunohistochemical staining of mouse hypothalamic
nuclear and embryonic neural tubes

Each paraffin-embedded tissue was sectioned with a vibrating
slicer (Leica) to a thickness of 4 um. We used the Mouse Brain
Stereotactic Map (second edition, prepared by Keith B. ). Franklin)
to locate Arc, VMN, DMN, and PV nuclei of the hypothalamus. We
performed conventional dewaxing and hydration and used ci-
trate antigen repair solution for high-pressure repair for 10 min.
We used 3% H,0, for removal of endogenous peroxidase, then
goat serum blocking and addition of mouse-derived C-FOS pri-
mary antibody (1: 300, Proteintech, USA) were performed over-
night at 4°C. The tissue was washed with PBS solution accord-
ing to the rabbit anti-mouse secondary antibody kit instructions
(ZSGB-BIO, China). Positive expression was detected by analyz-
ing the percentage of unit area using Image) software. We used
the nestin (1: 300, Bioss, China) expression to assess the devel-
opment of the mouse embryonic neural tube. The experimen-
tal steps used were similar to those previously described [1].

Electron microscopic observation of ultrastructure

Mouse embryos obtained at 14.5 days of pregnancy were quick-
ly placed in glutaraldehyde for 2 h. We then washed them 3
times in buffer for 2 h. They were processed with osmium te-
troxide fixation, then dehydrated, embedded, and sectioned un-
der a Hitachi H-7650 transmission electron microscope (Tokyo,
Japan). We observed the development of synapses and mito-
chondria in mouse embryonic neural tubes.

Statistical analysis

We used SPSS 17.0 statistical software (SPSS, Inc., Chicago,
IL, USA) to analyze the experimental data. Measurement data
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Figure 1. PCR identification of mouse gene gel
plate results.
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Figure 2. H&E staining results of hypothalamic Arc, VMN, DM, and PV nuclei in each group of mice (x200). Scale bar=100 pm.

are denoted by mean+SEM (X+S). One-way analysis of vari-
ance and SNK-q test were utilized for comparison between
groups. P<0.05 indicated a statistically significant difference.

Results

Mex3c*- mouse genotype identification

The F1 mice obtained by breeding were subjected to Mex3c
knockout identification, in which M stands for marker band
and 3 consecutive wells represent 1 mouse. F1 primer 640 bp
shows a bright band to indicate gene knockout success. F2

primer 499bp-positive means wild-type, combined with F1.
The F2-positive result determines pure mouse zygote, hetero-
zygous, wild-type. The F primer 335 bp is the internal refer-
ence primer, and both the wild-type and the KO-positive have
a strip which ensures that the sample DNA was successfully
extracted during the experiment and the PCR was successful.
Finally, 30 Mex3c gene-deficient mice were obtained according
to the electrophoresis results (Figure 1, PCR results indicated).

Brain histomorphology staining

The hypothalamic partial nuclei of mice were observed by HE
staining and Nissl staining technique. HE staining showed that
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Figure 3. (A) Nissl staining results of hypothalamic Arc nuclei in each group of mice (x400). (A) Arc nuclei (x400). (B) VMN nuclei
(x400). (C) DM nuclei (x400). (D) PV nuclei (x400). Scale bar=50 pm. Black arrow indicates neuron cells.

the nerve cells in each nucleus were densely packed and densely
clustered, with normal morphology and structure of the nucle-
us tissue. The cytoplasmic staining of the nucleus was dense,
with no damage or degeneration, necrotic neurons were ob-
served, and the tissue staining was uniform, anatomical, and
clear. Nissl staining showed that the nucleus of the neurons
was obviously stained blue, and the cytoplasm was light blue.
It can be seen that the Nissl body is evenly distributed in the
perinuclear cytoplasm, dyeing is deep or shallow, found in the
cytoplasm or in the periphery of the cell, and no staining be-
comes shallow and blurred. The neuronal cells of each group
were large and round and were located in Arc, VMN, DM, and
PV nuclei. There was no nuclear dissolution or nuclear pykno-
sis, and no obvious vacuoles (Figures 2, 3).

C-FOS expression in the hypothalamus

Immunohistochemistry results showed that the 3 interven-
tion treatments of WT mice and Mex3c”* mice were intraper-
itoneal injection of normal saline, leptin (causing a negative
energy balance effect), and ghrelin (causing a positive energy
balance effect). The expression trends of C-FOS in each group
were similar in the nuclei of the hypothalamus. We found that
expression of C-FOS in the normal control group was very low,
but after intervention with leptin and ghrelin, the expression
of C-FOS was greatly increased (p<0.001). In the Mex3c™”* mice,
the expression of C-FOS was significantly higher in the con-
trol group, and the expression of C-FOS was not significant-
ly changed after leptin treatment (P>0.05). However, the ex-
pression of C-FOS was significantly decreased after injection
of ghrelin compared with the Mex3c™* control group (P<0.001),
and the difference was significant. Finally, we found that the
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normal control group and the Mex3c™* ghrelin group had simi-
lar C-FOS expression levels and they had no differences in DM
and PV nuclei (P>0.05) (Figure 4).

Morphological differences in neural tube development

We used HE staining, Luxol fast blue (LFB), and immunohis-
tochemical detection to analyze nestin expression in neural
tubes. We observed the neural tube ultrastructure by elec-
tron microscopy to explore the morphological differences in
neural tube development in offspring of the 3 groups of em-
bryonic mice. HE staining showed no significant differences
in the morphology of neural tube cells in the control group,
Mex3c™*, and high-sugar and high-fat diet (HD) groups. In the
LFB staining results, we observed that myelin sheaths in the
control group had a deeper color than those in the other 2
groups. Neural tube transmission electron microscopy (TEM)
showed that, compared with the control group, the mitochon-
drial edema of neuron cells in the neural tube of the embry-
onic mice of Mex3c”* and HD groups showed larger numbers
of vacuoles. The mitochondrial cristae were broken and the
structure was clearly abnormal in the neural tubes of embryon-
ic mice of the Mex3c™* and HD groups. The presynaptic mem-
brane and postsynaptic membrane were clear but the synap-
tic space disappeared. The synapses had a certain degree of
fusion and the typical structure was difficult to find. We ob-
served that neuronal cells were damaged, and their nuclear
chromatin was lost. Also, the nuclei had pyknosis. According
to TEM results, Mex3c”* and HD group mouse embryos had
this particular defect during neural tube development. Using
immunohistochemical staining technology to detect nestin ex-
pression in mouse embryonic neural tubes in each group, we
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Figure 4. C-FOS expression of hypothalamic nuclei. (A) Arc nuclei (x200). (B) VMN nuclei (x200). (C) DM nuclei (x200). (D) PV nuclei
(x200). Scale bar=100 pm. (E) The 2 ends of the horizontal line indicate a comparison between the 2 groups. a-d is a bar
chart comparing the C-FOS expression levels of the hypothalamic A-D nucleus (* P<0.05, ** P<0.01, **** P<0.001, ns: no

significance).

found that the expression of this factor in the Mex3c”* and
HD groups were not significantly different (P>0.05) and its ex-
pression was significantly increased compared with the con-
trol group (P<0.05) (Figure 5).

Discussion

In this study, we successfully constructed a Mex3c gene-de-
ficient mouse model. The new CRISPR/Cas9 technology was
used to powerfully suppress or activate the target gene. The
operation makes this technology useful in biology and clinical
research [15]. Using this technology, we obtained the Mex3c
gene-deficient mice and found that Mex3c”- mice were much
weaker than normal mice and Mex3c™* mice, which had slow-
er weight gain and lower activity after birth. At 1 month of
age or after cutting off mouse tails for genotyping, some mice
died. Lu et al. reported that Mex3c-deficient mice died due to
poor respiration after birth, similar to IGF1-deficient mice [8].
Therefore, in the present study, we decided to use Mex3c™*
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mice instead of Mex3c™”~ mice, which had better physiological
conditions than homozygotes. The mice could survive to adult-
hood and met the requirements of reproductive offspring. The
Mex-3 protein was discovered during the study of C. elegans
embryo development in 1996. This protein family has 4 pro-
teins: Mex-3A, Mex-3B, Mex-3C, and Mex-3D. The genes encod-
ing them are located in humans on chromosomes 1, 15, 18, and
19 [16]. Homozygotes and heterozygotes in Mex3c expression-
deficient mice established reduced obesity, reduced fat cells,
and decreased blood glucose. Lipid concentrations and insu-
lin sensitivity of homozygotes were higher than in heterozy-
gotes, suggesting that a lower Mex3c expression rate reduces
the degree of obesity [7]. However, the relationship between
Mex3c and energy balance regulation have not been specifi-
cally explained. C-FOS is a fast-acting protein, which is rapid-
ly expressed and reaches a peak within 90-120 min after the
body is stimulated [17]. Mice in each group were anesthetized
2 h after intraperitoneal injection of drugs, and brain tissue
was removed for processing. We found that control mice had
low C-FOS expression in all nuclei in the hypothalamus. After
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Figure 5. Morphological differences in mouse embryonic neural tube at 14.5 days. (A) H&E staining (200x). (B) LFB staining (200x).
(€©) Transmission electron microscopy (TEM) result (10 000x). Red arrows represent mitochondria, black arrows represent
synapses, blue arrows represent neuron nuclei. (D) Nestin expression in each group as determined by immunohistochemistry
(200x). (E) Bar chart of nestin expression (* P<0.05). Scale bar =100 pm.

injection of leptin (causing a negative energy balance effect)
and ghrelin (causing a positive energy balance effect), the
C-FOS expression levels significant increased (P <0.001). In the
study of Mex3c”* mice, we found that the C-FOS expression
in the control group was very high and there was no signifi-
cant difference from the normal mice after drug intervention
(P>0.05). After injection of leptin and ghrelin, it appeared that
the C-FOS expression in the leptin intervention group was not
significantly different from that in the Mex3c™* control group
(P>0.05), but C-FOS expression in the ghrelin group was sig-
nificantly reduced. In the DM and PV nuclei, compared with
the normal control group, there was no difference in the ex-
pression level (P>0.05). C-FOS is a sign of neuronal activation.
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Pioneering studies found that C-FOS expression in the hy-
pothalamus nuclei significantly increased after administra-
tion of leptin, ghrelin, or other positive and negative energy
balance intervention in normal mice [18-20]. We confirmed
in the present experiments that leptin and ghrelin were the
first messengers to transmit signals to the second messenger
of hypothalamic neurons so that the C-FOS expression was
the third messenger, causing the specific response of the tar-
get cell to function. C-FOS mRNA is a potential Mex3c target
mRNA. Mex3c protein can regulate C-FOS mRNA by promot-
ing its nuclear output [21]. Our experimental results show that
mice with normal metabolic levels can express their C-FOS.
After intervention with positive and negative energy balance,
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C-FOS expression was significantly increased. The C-FOS ex-
pression level in Mex3c™* mice (in a state of negative energy
metabolism) was high without intervention, and the C-FOS ex-
pression did not increase after leptin administration. The ex-
pression of C-FOS decreased after ghrelin was administered.
These conclusions showed that Mex3c protein participates in
the process of body energy balance regulation, which might be
achieved by inducing C-FOS expression in the hypothalamus.

The generation of neural tubes is a major event in the devel-
opment of all animals, and is closely related to subsequent
generation of the central and peripheral nervous systems.
During neural tube development, the neural plate must be
correctly closed accurately to form the neural tube. Otani and
Kappen et al. found that during pregnancy of diabetic and hy-
perglycemic mice, the embryos were not closed at E10.5 days,
but the neural tubes of mice of the same strain without diabe-
tes were completely closed at this time [22]. Also, the neural
tube closure time in the avian embryos in a hyperglycemic en-
vironment was significantly delayed [23]. Disturbances in ma-
ternal nutrition and metabolism have significant effects on the
development of neural tubes in offspring. Numerous studies
confirmed that supplementation with folic acid during pregnan-
¢y can significantly reduce the risk of NTDs [24,25]. We chose
to use E14.5-day mouse embryos as the in the present study.
Compared with mouse embryos in the normal group, the high-
fat-diet group and Mex3c mouse embryos not only had difficult
pregnancy, but also had fewer offspring. There were different
numbers of stillbirths and absorption fetuses, but no neural
tube-malformed embryos were observed. Observing the sur-
viving mice in each group, there were no obvious differences
in appearance in the 3 groups of mouse embryos. Regularly ar-
ranged neurons were seen in pathological sections, and nerve
fibers were obvious. The myelin sheath is made of sphingomy-
elin, which is a tubular sheath wrapped around an axon. LFB
staining is a commonly used and reliable staining method for
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myelin sheaths [26,27]. When the myelin sheath of immature
mice is immature, the sensitivity to LFB staining is higher. LFB
staining showed that the normal group was significantly dark-
er, possibly because the degree of myelin sheath development
was different between the groups. TEM showed that mitochon-
dria and synapses in the microsystem were impaired or func-
tionally impaired in the HD and Mex3c™* groups. Nestin is en-
coded by the nestin gene, which is a unique marker of neural
stem cells. Nestin begins to be expressed when neural stem
cells start to differentiate into neuronal cells. Accompanying
the differentiation of neural cells, nestin expression gradual-
ly weakens [28]. Immunohistochemistry results showed that
the highest expression of nestin per unit area in the neural
tube was in the Mex3c”* group and the HD group was slight-
ly lower. The normal group had a significantly lower expres-
sion percentage than the other 2 groups (P<0.05). The imbal-
ance in energy metabolism affects the development of neural
tubes in female mouse embryos during pregnancy.

Conclusions

We constructed a Mex3c gene-deficient mouse model using
CRISPR/Cas9 technology. Through reproduction and gene iden-
tification, we obtained genetically stable and heterozygous
mice. We found that Mex3c was involved in the process of en-
ergy metabolism in the body by increasing C-FOS expression
in the hypothalamus. In addition, there were some defects in
the neural tube of Mex3c”* female embryos during develop-
ment, but the specific mechanism is unclear and needs fur-
ther investigation.
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