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Abstract: Altered expression of microRNAs (miRNAs) after spinal cord injury (SCI) has been de-
scribed as being responsible for the main secondary responses, such as apoptosis. X-linked inhibitor
apoptosis protein (XIAP) is a key apoptotic component involved in the progression of apoptotic
programmed cell death. Several regulators have been described to modulate the XIAP's function,
including the post-transcriptional regulator's miRNAs. The main aim of the present work is to iden-
tify miRNAs with altered expression after SCI which can regulate XIAP expression using bioinfor-
matics and prediction algorithms. Our bioinformatic analyses identified several miRNAs candidates
whose up-regulation following SCI could be responsible for the down-regulation of XIAP, including
miR-199a-5p. We examined the relationship between miR-199a-5p and XIAP and their negative cor-
relation expression levels after SCI and characterized the spatial distribution of miR-199a-5p in un-
injured and rat-contused spinal cords, using a specific fluorescent in situ hybridization (FISH) probe
for miR-199a-5p. Finally, in vitro simulation of the increment in miR-199a-5p observed after SCI by
transfection of a miR-199a-5p mimic into C6 cells confirmed the decrease in XIAP protein levels..
These findings provide new insights into apoptotic miRNAs-mediated mechanisms after SCI, which
will help us develop therapeutic strategies based on miRNAs for treating SCI.
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1. Introduction

Spinal cord injury (SCI) is a complex pathological condition that results in an abnor-
mal or total absence of motor and sensory functions and that leads to devastating physical
and social consequences for patients worldwide [1,2]. The damage derived from a trau-
matic SCI starts with a primary injury due to the direct contusion, laceration, or/and com-
pression, inducing cell death, mainly by necrotic processes. After that, the injury pro-
gresses towards a second phase that includes diverse pathological processes such as exci-
totoxicity, oxidative stress, or exacerbated immune response. This noxious environment
leads to further structural and functional alterations that spread neural cell death spatial
and temporally from the initial trauma site to the neighbor cells [3]. In this phase, the main
form of neural cell death is apoptosis, a programmed cell death highly regulated [4], pro-
moted by both internal and external stimuli. Apoptosis is favored by the alteration of the
gene expression balance [5,6], including the up-regulation of pro-apoptotic proteins such
as caspases, and the down-regulation of anti-apoptotic proteins such as Bcl-2 family and
the inhibitor of apoptosis protein family (IAPs) [7,8]. The human IAP family consists of 8
members and it is defined by the presence of the baculoviral inhibitory repeat (BIR), a
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highly conserved ~70 amino-acid sequence [9]. Although all members of this family pos-
sess these BIR domains, only cIAP1, cIAP2, and XIAP show anti-apoptotic activity [10].
The IAP family members have several cytoprotective functions and their downregulation
after injury makes neural cells more susceptible to cell death processes [11,12]. Through
the binding of XIAP’s domains, this anti-apoptotic factor has shown the most potent ac-
tivity to prevent cell apoptosis by inhibiting the processing, activation, and maturation of
the initiator caspase-9 and the effector caspases-3 and -7 [13,14]. Even though the endog-
enous XIAP is not required for the survival of neurons under physiological conditions
[15], its downregulation or knock-out makes neurons more vulnerable to multiple apop-
totic triggers [16-20]. XIAP, but not other members of the IAP family -such as cIAP-1 and
cIAP-2-, becomes cleaved in the first days following SCI, which has been linked to caspase
activation and increased risk of apoptosis of neural cells [20,21]. In previous works, we
have demonstrated that SCI causes a reduction in XIAP protein levels, specifically at 3
days post-injury [22]. It has been also shown that the overexpression of XIAP protein is
sufficient to prevent neuronal cell death following SCI, axotomy, cerebral ischemia [11],
and hypoxia [23]. Therefore, all these data suggest that XIAP protein serves as a natural
“safety brake” that can restrict neural death in traumatic or pathological situations.

In addition, SCI induces changes in epigenetic regulators of gene expression such as
miRNAs (miRNAs) [24,25]. The miRNAs are short (19-25 nt) non-coding RNA sequences,
involved in the regulation of cell physiological and pathophysiological mechanisms, in-
cluding cell proliferation or death [26-32]. Studies from our group and other laboratories
have shown the dysregulation of miRNA expression following traumatic SCI including
those that regulate programmed cell death proteins [33-35]. The incremented miR-711 ex-
pression after SCI is associated with downregulation of the pro-survival protein Akt [36],
whereas decreases in miR-27a may facilitate programmed cell death by allowing expres-
sion of pro-apoptotic Bcl-2 family proteins such as Noxa, Puma, and Bax [37]. XIAP ex-
pression is also shown to be regulated by miRNAs in a variety of cell types and patholog-
ical conditions. Liu et cols. observed that downregulation of miR-192-5p up-regulates the
expression of XIAP, decreasing the apoptosis of nerve cells, and promoting the repair and
regeneration after sciatic nerve injury [38]. Similarly, Siegel's study showed that the
downregulation of miR-23a is associated with a reduction in cell death after cerebral in-
jury by increasing XIAP levels and the subsequent decrease in caspase activation [39].

The main aim of the present work was to identify miRNAs with altered expression
after SCI which can regulate XIAP expression. We obtained several miRNA candidates
and validated in vitro miR-199a-5p as a post-transcriptional regulator of XIAP as well as
the expression changes of both miR-199a-5p and XIAP in an in vivo SCI model. These re-
sults provide new insights into the role of miR-199a-5p in neural cell death after SCI.

2. Results
2.1. miR-199a-5p is a potential regulator of XIAP expression.

Using in silico strategies, we searched for miRNA candidates with miRNA response
elements (MREs) in the mRNA sequence of rat XIAP, including the 3'UTR, 5'UTR, and the
coding regions. Combining data obtained from four different miRNA target prediction
algorithms (TargetScan, miRanda, miRWalk and miRMap) (Figure 1A), we found that
only six miRNAs are predicted by all four tools: miR-181a-5p, miR-181b-5p, miR-181c-5p,
miR-199a-5p, miR-21-5p, and miR-340-5p. The MREs for all these miRNAs are located in
the 3'UTR region (3'UTR-XIAP) but neither in 5’-UTR nor in the coding region.
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Figure 1. Selection miRNAs with predicted MREs in the rat 3’-UTR-XIAP. A. Venn diagram repre-
senting the number of miRNAs predicted by each of four algorithms (TargetScan 8.0, miRanda,
miRWalk and miRMap); or by more than one. Six miRNAs candidates were predicted by all four
algorithms: miR-181a-5p, miR-181b-5p, miR-181c-5p, miR-199a-5p, miR-21-5p and miR-340-5p. B.
The table shows the miRNAs selected and the prediction scores calculated by each algorithm. miR-
199a-5p (highlighted in blue) is the miRNA that accomplishes the established requirements to con-
tinue the study. C. Localization of the different MREs for miR-199a-5p in the rat 3’UTR-XIAP whole
sequence, indicating the free energy (AAG) score for miRNA-MRE interactions, computed as the free
energy gained by transitioning from the state in which the miRNA and the target are unbound (AG
open) and the state in which the miRNA binds its target (AG duplex), according to mFold algorithm.

The prediction scores obtained from each algorithm reflected that miR-199a-5p, miR-
181a-5p, and miR-181b-5p showed the highest scores (Figure 1B). However, since previ-
ous works have already validated XIAP as a target of miR-181a-5p and miR-181b-5p [40],
we focused our efforts on the validation of miR-199a-5p as a regulator of XIAP expression.
We evaluated the probability of binding miR-199a-5p to MREs in the sequence of the
mRNA of XIAP by studying their folding and accessibility scores with the mFold algo-
rithm [41] (Figure 1C). This algorithm predicted three potential miR-199a-5p MREs in the
3'UTR-XIAP. Among them, the MRE starting in the nt 434, counted from the stop-codon
of XIAP mRNA, has the most favorable accessibility score (AAG = -11.26 kcal/mol) (Figure
1C), matching the folding and accessibility scores predicted by miRMap algorithm scores.

2.2. miR-199a-5p targets the 3'UTR-XIAP sequence

To validate the effective binding of miR-199a-5p to the 3'UTR-XIAP, we first carried
out luciferase reporter assays. For this purpose, the wild-type and mutated 3’-UTR-XIAP
were cloned downstream of the Luciferase reporter gene in the pmiR-GLO vector. There
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was an absence of luciferase activity in C6 cells transfected with pmiRGLOe plasmid and
with or without co-transfection with miR-199a-5p mimic, discarding any effect of endo-
genous miRNAs or miR-199a-5p on the plasmid expression. Then, C6 cells were co-trans-
fected with i) either the wild type (pmiRGLOXAP) or the mutant (pmiRGLOXIAPMUT) plas-
mid, and (ii) either the miR-199a-5p or the negative control mimics. As shown in Figure
2, co-transfection of miR-199a-5p mimic significantly reduces the luciferase activity of
pmiRGLOXAP plasmid (34.96 + 7.13% reduction), compared to co-transfection with the
negative control mimic (luciferase/Renilla ratios: pmiRGLOXAP + miR199a-5p mimic =
61.69 + 4.4; pmiRGLOXAP + Neg. Ctrl mimic = 100.23 + 12.3; t2 = 12.06 in paired t-test, p-
value = 0.0034, n=3). Conversely, transfection with miR-199a-5p mimic does not cause any
reduction of pmiRGLOXAPMUT Jyciferase activity (1.0 + 1.1%), compared to co-transfection
with the negative control mimic (luciferase/Renilla ratio: pmiRGLOXIAP-MUT + miR199a-5p
mimic = 128.47 + 10%; t2 = 0.12 in paired t-test, p-value = 0.46, n = 3) which confirms the
specificity of miR-199a-5p regulation on the predicted binding site of the 3’-UTR-XIAP.
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Figure 2. miR-199a-5p effectively binds to the 3’-UTR-XIAP and reduces luciferase reporter gene
expression. A. Luciferase reporter assay after co-transfection of C6 cells with (i) either pmiR-Glo-3’-
UTR-XIAP (pmiRXIAP) or (ii) either pmiRGLO-3'UTR-XIAP-mut (pmiRXIAP-mut), with miR-199a-
5p or negative control mimics. Bar graph summarizes firefly/Renilla emission ratio normalized ver-
sus double negative control (empty pmiRGLO? + negative control mimic). Bars represent mean *
SEM of n = 3 independent experiments. *p-value > 0.05; **p-value < 0.01.

2.3. Increased levels of miR-199a-5p reduce XIAP protein expression

To confirm the effect of miR-199a-5p on XIAP expression, we transfected C6 cells
with miR-199a-5p or negative control mimics for 24 h, and evaluated both mRNA and
protein levels by RT-qPCR and immunoblot assays, respectively. RT-qPCR data showed
no statistically difference in XIAP mRNA levels (t4+= 0.074; p-value = 0.47 in paired t-test;
n =3) (Figure 3A). However, immunoblots showed that miR-199a-5p significantly down-
regulated the level of endogenous XIAP protein (33 + 4.25% reduction; ts=3.296 in a paired
t-test; p-value = 0.03; n = 5) (Figure 3B-C). Taken together, the data suggest that overex-
pression of miR-199a-5p mediates a reduction of endogenous XIAP protein levels via
translational repression without degradation of the mRNA.

XIAP immunofluorescence experiments revealed the same trend after cell transfec-
tion with the miR-199a-5p mimic (Figure 3D). C6 cell cultures transfected with miR-199a-
5p or negative control mimics for 24 h were assayed for endogenous XIAP fluorescence
staining intensity level per cell showed a significant reduction of the mean fluorescence
after miR-199a-5p transfection compared to negative control mimic transfected cells
(Gaussian distribution mean + SD: Negative control 89.55 + 36.2; miR-199a-5p mimic 50.25
+21.81; t2=3.327, p-value = 0.039 in a t-test; distribution values from about 3000 cells / per
condition) (Figure 3E).
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Figure 3. XIAP is a target of miR-199a-5p in C6 cells. A. RT-qPCR graphic representing fluorescent
values from each probe vs cycle numbers. RT-qPCR results revealed no changes in XIAP gene ex-
pression of C6 cell cultures after transfection with miR-199a-5p versus negative control. The table
also depicts the statistical analysis of RT-qPCR results, employing a Student’s t-test. Representative
western blot of expression levels of XIAP in protein samples extracted from C6 cells 24 h after trans-
fection with either miR-199a-5p or negative control mimics (B) and dot plot summary (C) of the
band densitometry. Data were normalized by beta-actin levels for each sample; *p-value < 0.05
(paired t-test; n =5 independent cell culture preparations) (lines represent mean + SEM of n=5 inde-
pendent experiments). D. Immunofluorescence assay of XIAP expression in non-transfected control,
and negative control or miR-199a-5p mimic transfected C6 cells, labeled with a specific XIAP anti-
body (green) and DAPI (nuclei staining, blue). Bar scale = 100 pm. E. The graph shows the Gaussian
distribution of fluorescence intensity of XIAP staining of approximately 3000 cells per condition of
C6 cells transfected with negative control (black line) or miR-199a-5p mimics (grey line); *p-value <
0.05 (Student’s t-test; n=2 independent experiments with 5 images per experiment and analyzing
approximately 300 cells per image. Dotted line represents the mean fluorescence value for each dis-
tribution).

2.4. The increased miR-199a-5p expression after SCI correlated with XIAP downregulation.

From our previously published SCI microarray expression data [42] (GSE19890) and
others [30,32,43] shows that, among all the above-predicted candidates, only miR-199a-5p
expression is increased at 3 and 7 dpi. To confirm these results, the expression of miR-
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199a-5p and XIAP was studied by RT-qPCR from spinal cord samples of non-injured and
injured rats at 3 and 7 dpi (n = 3 animals per group). Expression of miR-199a-5p was
strongly increased due to the injury (One-way ANOVA, Fs= 4.15, p-value = 0.07) (Figure
4A), being maximum at 3 dpi (1.11 fold increase vs. non-injured animals, Tukey post-hoc
test, p-value = 0.08) and returning to control levels at 7 dpi. On the other hand, although
the global effect of the injury is not statistically significant (ANOVA; Fs=2.61, p-value =
0.15) (Figure 4B), XIAP expression inversely correlates with the miR-199a-5p expression
change at 3 dpi, with a tendency to decrease (Tukey post-hoc test, p-value = 0.057), and
also returning to non-injured levels at 7 dpi (Figure 4C).
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Figure 4. XIAP expression changes after SCI negatively correlate with miR-199a-5p expression lev-
els. Tables A. and B. summarize the RT-qPCR data of miR-199a-5p and XIAP gene expression re-
spectively, in spinal cord samples at 3 and 7 dpi (n =3 animals per group with 3 technical replicates
each). Also, it reflects the results of statistical analysis of the effect of dpi on gene expression, em-
ploying a one-way-ANOVA and Tukey’s Post hoc. C. Dot plot graph summarizes the changes in
expression levels (ACt) of miR-199a-5p and XIAP at 3 and 7 dpi (data were normalized against non-
injured rat samples, dotted line. Symbols represent mean + SEM. Both genes were measured from
samples extracted from the same spinal cord sample. D. Correlation between the expression of miR-
199a-5p and its protein target, XIAP. The analysis shows the linear model adjusted to the depend-
ency of XIAP expression with miR-199a-5p levels after SCI. Results of study revealed a model in
which both miR-199a-5p expression and days post-injury significantly determine XIAP expression.

Fitting these results to a linear model, we confirmed that miR-199a-5p expression
levels after SCI contribute significantly to about 57% of the total variance of XIAP expres-
sion (Adjusted R-squared = 0.5715; F1,6= 10.34; p-value = 0.018) (Figure 4D). In addition,
although was not statistically significative (F1 = 3.102; p-value = 0.153 in a one-way
ANOVA), the linear model fitting showed that the time after injury effect also contributed,
in about 70%, of the variance of XIAP expression (Adjusted R-squared = 0.7084; F25=9.502;
p-value = 0.018; n =3 animals per group).
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2.5. miR-199a-5p is expressed mainly in neurons of spinal cord.

Spatial, temporal, and cellular distribution of miR-199a-5p was evaluated using flu-
orescence in situ hybridization assay (FISH) in non-injured and 3 and 7 dpi rat spinal
cords. In the non-injured state, we noticed heterogenous miR-199a-5p staining in the tis-
sue, being mostly expressed in the gray matter (Figure 5A). miR-199a-5p expressing neu-
rons quantification revealed that only 10-20% of neurons located in laminae I to III ex-
presses miR-199a-5p in comparison with the 75-85% of positive neurons in ventral lami-
nae, being 81.11% of these ventral horn neurons located on the VIII and IX Rexed’s lami-
nae (Figure 5B)- (see Table 2). Besides neurons, we also quantify the number of miR-199a-
5p expressing neural cells in the white matter, finding that about 25% of neural cells were
positive for this miRNA (see Table 1).

% Positive
LAMINAE miR-199a-5p
neurons

1 7.52

1} 5.97

n 21.81

v 37.80

v 67
Vil 7472

Figure 5. A. Representative immunofluorescence (IF) images of coronal sections of non-injured spi-
nal cords showing miR-199-5p expression. White line trace delimits the spinal cord and red dotted
trace delimits white matter to grey matter. B. Map of the Rexed laminae in the T9 spinal segment
detailing the mean percentage of miR-199-5p positive neurons present in each lamina of the naive
spinal cord (6-7 sections from 2 individuals). C-E. High-magnified confocal images of the different
areas indicated in (A) showing miR-199-5p co-expression with cellular markers for neurons (NeuN)
(C-D) and white matter neural cells stained with DAPI (E). Abbreviations in (A) correspond to: GM,
grey matter; WM, white matter. Scale bars correspond to 200 pm in (A) to 25 um in (C-E).

2.6. SCl increases the percentage of neurons and neural cells expressing miR-199a-5p.

Accordingly with the results described from RT-qPCR analysis following SCI, we
also sought to localize the areas of the damaged spinal tissue and the spinal cells where
these changes occur after SCI. We quantified the percentage of neural cells in the white
matter expressing miR-199-5p, after 3 and 7 dpi. The analysis detected a non-statistically
significant increase in the percentage of neural cells expressing miR-199a-5p compared to
the undamaged spinal cord, especially at 3 dpi in the penumbra area (0.5 mm in both at
rostral and caudal directions from the epicenter), and returning to control values at 7 dpi
(Figure 6A-C; See Table 2).


https://doi.org/10.20944/preprints202212.0020.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 December 2022 d0i:10.20944/preprints202212.0020.v1

A. B.
Rostral Caudal
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Figure 6. Expression of miR-199-5p in the undamaged spinal cord and after SCI in neural cells of
spinal cord white matter. A. Detailed representative immunofluorescence image of coronal hemi-
section of non-injured spinal cords showing miR-199-5p FISH staining (red) and nucleus (blue) from
the neural cells of the white matter. Scale bar: 250 um. B. Spatio-temporal distribution of miR-199-
5p expression in neural cells from injured spinal cords. Representative immunofluorescence images
of coronal hemisections of spinal cords labeled with miR-199-5p probe by FISH assay. Hemisections
illustrate miR-199a-5p expression at increasing times after injury (top to bottom) and at 0.5 mm from
injury epicenter at both rostral (left) and caudal (right) directions. C. The graphic summarizes the
percentage of positive miR-199a-5p neural cells (Bars represent mean+ SEM). Abbreviations corre-
spond to: R, rostral; C, caudal; RD, rostral distal; RP, rostral proximal; Ep, epicenter; CP, caudal
proximal; CD, caudal distal. For each individual (n=2), we analyzed 3—4 sections at increasing dis-
tances rostral and caudal to the injury epicenter (0.5-1 mm) in non-injured, 3 and 7 dpi. Scale bar:
250 pm.

uninjured spinal cord

N

601

3 dpi

404

20+

% cells miR-199a+

7 dpi

Ctrl 3 dpi 7 dpi

Table 1. Spatial distribution of neural cells expressing miR-199a-5p in uninjured and after SCI.

Neural cells non-injured 3 dpi 7 dpi
Rostral (-0.5 mm from 27 +4.2% 39.86+8.9 2234453
epicenter)
Caudal (+0.5 mm from 24.01 +5.67% 35.79 +19.72 14.68 +1.21
epicenter)

Besides neural cells, no changes were observed in the neurons of the dorsal horn nei-
ther at 3 nor 7 dpi (Figure 7A-B). However, in the ventral horn, the percentage of positive
neurons increased in a non-statistically significant way at 3 dpi, returning again to non-
injured levels at 7 dpi (3 dpi vs 7dpi: Tio=1.82; p-value = 0.049; n = 2)(Figure 7D-E).
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Figure 7. Expression of miR-199-5p in neurons of undamaged and injured spinal cord. A. Detail of
the dorsal horn (A) and ventral horns (C) of the gray matter of uninjured (left) and 3 dpi (middle)
and 7 dpi (right) showing miR-199a-5p (red) and anti-NeuN (green) labeling. Graphic bars summa-
rizes the percentage of positive miR-199a-5p neurons from dorsal (B) and ventral horns (D) (Bars
represent mean + S.E.M, in a minimum of 4 sections per injury condition (n=2)). Scale bar: 250 pm.
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Table 2. Neurons expressing miR-199a-5p in dorsal and ventral horn in uninjured and after SCI.

Neurons non-injured 3 dpi 7 dpi
Dorsal horn 19.22 £3.13% 21.53 +1.82% 22.04 +10.94%
Ventral horn 55,36 = 3.61% 62.74 +7.15% 48.27 + 4.38%

3. Discussion

Spinal cord injury (SCI) causes an alteration of miRNA post-transcriptional regula-
tion of key gene expression involved in the damaging secondary cascade of events leading
to cell demise [42—46]. Apoptotic cell death is a major event that affects neural cells in the
secondary injury which is triggered by the unbalance of pro- and anti-apoptotic regulators
[47]. Our previous studies and others showed a down-regulation of the anti-apoptotic
protein XIAP and upregulation of the caspase activation in the first days after SCI, increas-
ing the risk of apoptosis of neural cells [20,22,48]. In the current study, we have shown for
the first time that miR-199a-5p directly regulates the anti-apoptotic protein XIAP expres-
sion and that up-regulation of miR-199a-5p following SCI is negatively correlated with
XIAP expression levels. We also described the spatial distribution pattern of miR-199a-5p
expression in neurons of the grey matter and in neural cells of the white matter, and as
one of the most significant findings from this work, the spatio-temporal changes in its
expression after SCI. miR-199a-5p belongs to a highly conserved miRNA family of two
members, miR-199a-5p and miR-199b [49,50], specifically expressed in nerve tissues [51]
and present in human and mouse species [52,53]. Our qualitative analyses described ho-
mogeneous miR-199a-5p staining in the spinal cord white matter cells with an alteration
of the percentage of miR-199a-5p labeled-positive cells at 3 days after SCI. Conversely, a
heterogeneous miR-199a-5p expression in the neuronal cell population of the rat spinal
cord is observed, with the higher percentage of neurons expressing miR-199a-5p mostly
concentrated in the ventral horn and low or absence of expressing sensory neurons located
in the dorsal Rexed’s laminae I-IV. Interestingly, after SCI, the percentage of miR-199-5p-
expressing neurons is reduced only in the ventral area of the injured spinal cord. These
findings agree with an uneven miRNA expression pattern in the ndive spinal cord as well
as the expression pattern changes described following SCI of the neuronal-specific of the
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neuronal-specific miR-138-5p [33], miR-124 [54] or the miR-21 [55]. These results are con-
firmed by our miR-199a-5p RT-PCR expression data, showing an upregulation following
3 dpi. However, the miR-199a-5p expression changes in the damaged spinal cord may
depend on the injury model studied, as described for other miRNAs expression changes
after SCI (e.g. up-regulated [56] vs down-regulated miR-21 [57]). Up-regulation of
miR199a-5p is observed either in contusive injury (figure 4A and [58]) or in neurotoxicity
induced models [59,60], but a miR-199a-5p down-regulation is observed in an ischemia-
reperfusion model [61]. Thus, these differences in miRNA expression may account for
distinct RNA-based therapeutic applications.

Our validation of a direct regulation of XIAP expression by miR-199a-5p may have a
functional impact on the triggered processes of the secondary damage after SCI such as
apoptotic cell death. Our bioinformatic studies identified a total of six miRNAs candidates
as regulators of XIAP, of which the down-regulated miR-340-5p and some miR-181 family
members have been related to the treatment of SCI [62-64]. On the other hand, the up-
regulation of miR-21a-5p may have a protective effect on neurons after SCI by the regula-
tion of PDCD4/caspase-3 pathway [55]. Emerging evidence has shown that miR-199a-5p
plays a neuroprotector role in several neurological disorders, including SCI, through reg-
ulating proteins involved in cell death or survival pathways. The inhibition of miR-199a-
5p protected neurons against apoptosis and ROS generation due to over-expression of its
protein target Brgl in a cerebral ischemia/reperfusion injury model [65] as well as induced
cerebral ischemic tolerance in the rat brain by the up-regulation of Sirtl [23]. Similarly,
employing ischemic stroke models, down-regulation of miR-199a-5p protected neuron
cells against apoptosis and increased cell viability via the CAV-1/MEK/ERK axis [66] as
well as improved cognitive function and decreased neuronal apoptosis in hippocampus
by activating the AKT signaling pathway [67]. The neuroprotective action of miR-199a-5p
has also been reported in SCI. Gao and colleagues described that down-regulation of miR-
199a-5p may mediate the beneficial therapeutic effects of olfactory ensheathing cells on
SCI rats [58] and the negative effect of increment of miR-199a-5p due to neurotoxicity-
induced at the spinal cord was alleviated by employing antagomiRs against miR-199a-5p,
suggesting a potential strategy to ameliorate SCI [67]. Our work and other works have
described an increased bulk expression of miR-199a-5p in the spinal cord after SCI [58,61]
that is negatively correlated with a decrease in XIAP expression [22][20,21]. Although the
administration of miR-199a-5p mimic significantly reduces protein XIAP expression level
in cell cultures, it does not seem to affect transcript abundance. This observation is not
surprising, as it has already been shown that miR-24-mediated repression of XIAP levels
is not mediated by mRNA degradation [68]. The miRNA-mediated gene silencing can oc-
cur at least mRNA degradation or translation repression, or an interplay of both [69]. Thus
our results suggest that miR-199a-5p can exert its negative repression through translation
repression rather than by mRNA degradation.

4. Materials and Methods
4.1. Bioinformatics and data mining

We used an in silico screening approach, combining computational tools that employ
existing databases and prediction algorithms, and data mining for gene expression data
analysis, to predict miRNAs (miRNAs) candidates with microRNA response elements
(MREs) in the 5’-UTR and 3’-UTR and the coding region of the mRNA of XIAP and that
can be used as therapeutic tools reducing SCI-induced cell death. We used the following
four prediction tools: microRNA  (http://www.microrna.org), Target Scan
(http://www targetscan.org), miRMap (https://mirmap.ezlab.org/), and miRWalk
(http://mirwalk.umm.uni-heidelberg.de/). Although different authors have cautioned
against combining predictions because a reduction of sensitivity [70,71], they all
acknowledge that these combinations result in enhanced specificity [70]. Already vali-
dated miRNA-target interactions were explored using miRTarBase 6.0 database
(http://mirtarbase.mbc.nctu.edu.tw/php/index.php; last accessed March 14th, 2020). We
chose miR-199a-5p as our main candidate because it was predicted by all 4 tools and the
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targeting on XIAP has not been validated yet. We further studied target site accessibility
or how likely the MRE of the mRNA of XIAP is accessible to miR-199a-5p binding. We
used: i) mFold tool [72] to calculate the free energy of the binding site in comparison with
the free energy of the 100 nucleotides flanking the 3’-UTR at both 5" and 3’ sides, and ii)
miRMap program to calculate the minimal free energy as a measurement of accessibility,
computing stability degree of miRNA-mRNA duplexes.

4.2. Spinal cord injury model

In vivo procedures were performed in female Wistar rats (of 200 g of weight (12-14
weeks of age; RRID:RGD_13508588.). Animals were bred at the animal facility of the Re-
search Unit and housed in plastic cages in a temperature and humidity-controlled room
maintained on a 12:12 h reverse light/dark cycle with free access to food and water. SCI
surgery followed the methodology described in Yunta and col. [24]. Briefly, following tho-
racic vertebra 8 (T8) laminectomy, rats were injured by a 200 KDyne contusion (IHSpinal
Cord Impactor device from Precision System & Instrumentation, Lexington, KY, USA).
After surgery, animals were maintained by daily manual bladder expression and by ad-
ministration of the analgesic Buprenorphine (0.03 mg/Kg Buprex; Reckitt Benckiser Phar-
maceuticals Limited, Richmond, VA, USA), and the antibiotic enrofloxazine (0.4 mg/Kg
Baytril; Bayer AG, Leverkusen, Germany) up to 2 days after injury. Hind limb paralysis
after injury was confirmed 2 days after the surgery using the Basso, Beattie, and Bresnahan
21-point locomotor score for rat models of SCI (BBB; [73]). We used a BBB value of 7 at 2
days after injury (dpi) as the upper limit to include the animals in the gene expression
analyses. We distributed animals in three experimental groups, 3 and 7 dpi and non-in-
jured control, each comprising three individuals. Animals were randomly distributed in
the experimental groups following this procedure: each animal received an arbitrary num-
ber and was allocated to one of the experimental groups or a reserve group using a ran-
dom sequence generated with www.random.generator. The first three animals in the se-
quence were allocated to the control group, the second three to the 3 dpi group, the fol-
lowing three individuals formed the7 dpi group, and the remaining individuals were or-
dered according to the random sequence to be employed as reserve individuals. The first
reserve individual replaced one individual from the 7 dpi group that was excluded be-
cause of a suboptimal contusion reflected in an excessive locomotion recovery -above 7 in
the BBB scale at 2 dpi, according to the settled exclusion criterion. Animals were subjected
to surgeries on different days so that all could be sampled on the same day.

The size of each group was established to be enough to guarantee sufficient statistical
power but avoiding unnecessary replications. After the experiment, we employed the ob-
tained gene expression data to confirm this assumption, evaluating whether the agreed
upon sample size was enough to reach a power level above 0.95 and a significance level
below 0.05. Power calculations were performed a posteriori, that is, after conducting the
experiments and gathering the data. To estimate statistical power, we employed the post
hoc (a posteriori) analysis of G*Power 3.1 [74] to calculate Cohen’s effect size from the
group size (3), the mean values for each group, and the average standard deviation. We
employed the F test: Fixed effects ANOVA — one way routine of g-power software to cal-
culate the Cohen’s effect size index f from the data about group size, number of groups,
the mean value for each group, and average standard deviation. Parameters employed
were number of groups = 3, sample size = 3/group, significance level = 0.05, estimated
effect size = Cohen’s f. Data on mean values and average standard deviation are detailed
in Figures 2b and c for each gene under analysis. Using these values, we estimated an
effect size of f =1.85271 and a power = 0.9696938 for the miR-199a-5p expression data, and
an effect size of f = 4.167007 and a power = 0.9977818 for XIAP expression data. All ma-
nipulations and treatments were carried out in full accordance with the guidelines on the
care and management of animals established by the European Union (directive
86/609/CEE), the guidelines on the use of animals for Neuroscience Research of the Society
for Neuroscience, the NIH guide for the care and use of laboratory animals, and the nor-
mative R.D. 1201/2005 10-10 from the Spanish Ministry of the Environment and the
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Agriculture Council of the Castilla-La Mancha animal ethics committees. All procedures
were approved by the Hospital Nacional de Parapléjicos Animal Care and Use Committee
(153BCEEA/2016). All efforts were made to minimize suffering as well as the number of
animals used.

4.3. Cell culture

The C6 rat brain glioma cell line (cat#: CRL-2266, RRID:CVCL_0194, ATCC, Manas-
sas, VA, USA,) was grown in RPMI-1640 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS; Gibco), 100 U/ml penicillin/streptomycin (Gibco) and 1x glutamine
(Gibco). Cells were cultured in a humidified incubator at 37°C in a controlled atmosphere
containing 5% CO2. The specific culture plates and cell densities and counts used in each
experimental setting are described in their corresponding methodological section.

4.4. Transfections and sample collection

Transfection was carried out according to the recommended procedures by Dhar-
mafect-4 reagent manufacturer (https://dharmacon.horizondiscovery.com/uploaded-
Files/Resources/basic-dharmafect-protocol.pdf). In brief, cell cultures were transfected for
24 h with either 50 nM of miR-199-5p mimic (miRBase accession number: MIMAT0000231;
miRIDIAN hsa-miR-199a-5p mimic, Dharmacon cat#: C-300533-03-0002, mature se-

quence: 5'-cccaguguucagacuccuguuc) or a negative control, the cel-miR-67-3p mimic from
C. elegans, that has minimal sequence identity with any human, mouse, or rat miRNAs
(miRBase accession number: MIMAT0000039; miRIDIAN miRNA mimic negative control
#1, Dharmacon cat#: CN-001000-01-05; mature sequence: 5'-ucacaaccuccuagaaagaguaga)
(Dharmacon).

4.5. RT-PCR

To carry out RT-qPCR on spinal cord samples, animals were sacrificed by sodium
pentobarbital overdose at the defined times (0, 3, or 7 dpi). One cm long spinal cord frag-
ments centered in the injury area were extracted (approximately 70 mg). Samples were
coded by a member of the laboratory that did not participate in the RT-qPCR so that all
subsequent processes were blinded for the researchers in charge of analyzing the samples.
C6 cells (106 cells) were plated in 35 mm dishes. After reaching 80% confluence, cultures
were transfected for 24 h with 50 nM either miR-199a-5p or negative control mimics. Total
RNA samples of spinal cords and C6 cultures were extracted using the Qiazol Lysis Rea-
gent (Qiagen) followed by purification using the miRNeasy Isolation Kit (Qiagen,
cat#217004) according to manufacturer protocols. RNA content in each sample was deter-
mined using an ND 1000 spectrophotometer (NanoDrop Technologies INC). To deter-
mine miR-199a-5p expression, 10 ng of total RNA was reverse-transcribed and amplified
using TagMan miRNA gene expression-specific probe (TagMan® miRNA assay #000498,
Applied Biosystems) following the manufacturer’s protocols. The U6 small nuclear RNA
served as an internal control (U6 probe TagMan® miRNA assay #001973, Applied Biosys-
tems). To evaluated mRNA of XIAP content, 1 ug of total RNA was treated with DNase I
(Roche) for 30 min at 37°C plus 3 min at 95°C and then retrotranscribed by incubation
with Moloney leukemia virus transcriptase (Invitrogen) and Primer Random mix (Roche,
cat# 11034731001) for 60 min at 37°C plus 3 min at 95°C. The amplification reaction of both
miRNAs and mRNA retrotranscribed samples was performed following the AACt routine
(see details in: https://assets.thermofisher.com/TFS-Assets/LSG/manuals/4364016.pdf) in
a TagMan 7900HT Fast Real-Time PCR System (Applied Biosystems) using the TagMan
Universal PCR Master Mix, no AmpErase UNG (Fisher Scientific, cat#4324018) together
with commercial specific FAM-MBG conjugated probe for XIAP mRNA (Life Technolo-
gies; cat#4331182; Rn01457299_m1) and for miR-199a-5p miRNA (gene expression-spe-
cific probe, TagMan® MicroRNA assay cat#000498). 185 ribosomal RNA (for mRNA; Life
Technologies, cat#4333760; Hs99999901_s1) and U6 RNA (for miRNA; TagMan® Mi-
croRNA assay cat#001973, Applied Biosystems) served as internal control). The reactions
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were programmed in the 9600 emulation mode, that is, first 10 min at 95°C, followed by
40 cycles of a two-step amplification run, comprising 15 s at 95°C, plus 1 min at 60°C.

Both miRNA and mRNA data were analyzed following the methods from Livak and
Schmittgen [75]. Briefly, we determined the difference (ACt) between the cycle threshold
of the target mRNA or miRNA and their respective endogenous loading controls and its
associated variance following the standard propagation of error method from Headrick
and col. [76]. Then, we compared the ACt value from the miR-199a-5p mimic condition
with the ACt from the negative control sequence to calculate the AACt and the correspond-
ent fold increase (224Ct), indicating also the 95% confidence interval. Statistical analysis
was performed using a one-way ANOVA with Tukey post hoc test.

4.6. Dual-luciferase reporter gene construction and 3'UTR Luciferase reporter assays

The wild type (wt) 3'UTR sequence of rat XIAP mRNA (XIAP 3'UTR-wt; NCBI Ref-
erence Sequence: NM_022231.2) containing the predicted binding site for rno-miR-199a-
5p (nt 2255-2262) was obtained from total rat brain DNA extract by amplification by PCR
(Table 3). The amplified sequence was subcloned into the T vector plasmid (pGEM-T-easy,
Promega) and a pBKS vector (pBluescript, Stratagene). The 3'UTR sequence was validated
by DNA sequencing (T7p and SP6). After amplification by and transformation in of E.coli
super-competent cells (Thermo Scientific), the XIAP 3'UTR-wt sequence was inserted into
the pmiRGLO Dual-luciferase miRNA Target Expression Vector (Promega, a scheme on
the reporter construct is available at (http://www.addgene.org/vector-database/8236/]) be-
tween the Sacl and Xbal restriction sites (pmiR-GloXIAP) using the FastDigest restriction
enzymes (Thermo Scientific). Following a similar strategy as the QuikChange Site-Di-
rected Mutagenesis (Thermo Scientific) a 3'UTRpoint mutant sequence (XIAP 3'UTR-mut)
was generated by PCR using the XIAP 3'UTR-mut primers (See supplementary data 1)
and the Pful polymerase (Thermo Scientific), and the pBKS plasmid with the XIAP 3'UTR-
wt subcloned serving as template after Dpnl endonuclease restriction digestion (FastDi-
gest, Thermo Scientific). After amplification by transformation in E.coli super-competent
cells, the XIAP-3'UTR-mut fragment was inserted into pmiRGLO between the Sacl and
Sall restriction sites (pmiR-GloXIAP-MUT). Finally, we confirmed the sequence of both
pmiRGLO 3'UTR-XIAP constructs by DNA sequencing using a specific forward 3’ end
luciferase primer.

C6 cells were grown at 80% confluence (104 cells per well in 96-well plate) and co-
transfected with 50 nM of miR-199a-5p or negative control (cel-miR-67) mimics and 2
pg/mL of pmiR-GloXIAP or pmiR-GloXIAP-MUT, ysing the DharmaFECT Duo Transfection
Reagent (Dharmacon). After 24 h, we measured the firefly luciferase to Renilla luciferase
light emission ratio according to the manufacturer’s protocol (Dual-Luciferase Reporter
Assay System, Promega) using a spectrophotometer plate reader (Infinite M200, Tecan
Group LTD). Firefly emission data were normalized to Renilla load control levels and ex-
pressed as the firefly/Renilla ratio.

4.7. Immunoblotting assay.

C6 cells were cultured in a 6-well plate (2.5 x 102 cells per well). After reaching 80%
confluence, cultures were transfected for 24 h with 50 nM of either the miR-199a-5p or
negative control mimics. The endogenous levels of XIAP protein were measured using a
standard immunoblot procedure. Briefly, total protein was extracted using mechanical
detachment of the cells followed by lysis in RIPA lysis buffer (R0278; Sigma) supple-
mented with a protease inhibitor cocktail (Sigma), incubated for 30 min at 4°C and cleared
by centrifugation (12.000 x g for 10 min at 4°C). Protein concentration of the lysates was
quantified using the bicinchoninic acid method (ThermoFisher Scientific) following the
manufacturer's protocol. Cell lysates were mixed with Laemmli buffer (2-mercaptoetha-
nol, 0.1% (Sigma); bromophenol blue, 0.0005% (UBS Affimetrix); Glycerol, 10%; Sodium
dodecyl sulfate (SDS), 2% and Tris-HCL, 63 mM (pH 6.8)) and boiled for 5 min at 100°C.
After SDS-polyacrylamide gel electrophoresis (SDS-PAGE), proteins were transferred to
polyvinylidene difluoride membranes (PVDF, Merk Millipore, Cat.# P2813). Then,
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membranes were blocked with 5% non-fat milk diluted in TBS-T buffer (Tris buffer saline
(Fischer Scientific, Cat.# BP2471) plus 0.05% (v/v) Tween20 (Merk, Cat.# P9416)) and incu-
bated overnight at 4°C with the appropriate specific antibodies diluted in blocking solu-
tion (see Table 4 for antibody concentrations). Afterwards, blots were incubated at RT for
90 min with the correspondent horseradish peroxidase (HRP)-conjugated secondary anti-
body (see Supplementary data 2) diluted in a blocking solution. Detection by enhanced
chemiluminescence (ECL) was performed using SuperSignal West Pico chemiluminescent
assay (Thermo Fisher Scientific) according to the manufacturer's instructions. Blot images
were acquired using ImageScanner III and LabScan v6.0 software (GE Healthcare Bio-Sci-
ences AB) and band intensities were measured using Image]J software version 1.53f51 [77].
All employed antibodies recognized the specific band or bands of expected molecular
weight for their target without detection of any non-specific bands.

4.8. Immunofluorescence

C6 cells were cultured over 12 mm round glass coverslips inside a 24-well plate (10*
cells per well). After reaching 80% confluence, cultures were transfected for 24 h with 50
nM of either miR-199a-5p or negative control mimics. Then, cells were fixed with 4% par-
aformaldehyde for 20 min at room temperature (RT) and then permeabilized and blocked
by incubation overnight at 4°C with blocking buffer (5% goat serum (Merk) and 0.2% Tri-
ton X-100 (Merk) in PBS 1x). Samples were then incubated for 2 h at RT in a solution of
anti-XIAP antibody (1:500) diluted in blocking buffer, followed by three washes in PBS
and incubation in a solution of secondary antibody Alexa Fluor 488 nm-conjugated rabbit
anti-goat (1:500), diluted in blocking buffer. Finally, coverslips were mounted on glass
slides employing Fluorescence Mounting Medium (DAKO North America Inc. Agilent
Technologies Inc.) with 1:30000 of the fluorescent marker of nucleic acids 4’,6-diamino-2-
fenilindol for nuclei staining (DAPI, Merk). Preparations were imaged in an epifluores-
cence microscope (DM5000B, Leica Microsystem GmbH) with a 20x objective obtaining 5
images per sample. Using the object classification tools included in the detection tools
QPath software vs 0.3.2 [78], we detected all cells present in the image through DAPI nu-
clei staining, measuring then the mean intensity of XIAP staining per cell. No XIAP stain-
ing was detected in controls without primary antibodies.

4.9. Fluorescence in situ Hybridization (FISH)

For FISH staining of miR-199a-5p in the spinal cord sections, we followed the proto-
col described by Sge et al. [79]. All the following solutions were diluted in autoclaved
RNAse-free water (H20-DEPC; water treated 24h with diethylpyrocarbonate (DEPC,
1:1000 in distilled water; Merk) and autoclaved before use). In brief, we thawed spinal
cord sections and then treated them with proteinase K for 15 min at 37°C (40 pg/mL in
Tris/HCl 40 mM pH 7.4 with EDTA (ImM) and NaCl (1 mM)). To avoid non-specific ionic
bindings, we treated the sections with an acetylation buffer for 10 min at RT (triethanola-
mine (1.3% (v/v), Merk), HC1 (0.06% (v/v); Merk) and acetic anhydride (0.25% (v/v); Merk).
Then we incubated sections in hybridization buffer (Ix miRCURY LNA miRNA ISH
buffer; Qiagen) for 30 min at 65°C and then with either miR-199a-5p or negative control
(cel-miR-67) probes (Eurogentec; Seraing, Belgium) diluted in hybridization buffer at 70
nM. We designed both probes following See et al. (2011) including LNA and 2'-O-Methyl
nucleotides for RNA stabilization and conjugated with a digoxigenin in the 5' extreme (see
Table 5 for probe sequences and modifications). Probes were denatured for 4 min at 80°C
and incubated with the sections for 1 h at 65°C. Then, we sequentially washed cells in 75
mM, 15 mM, and 1.5 mM saline-sodium citrate solutions (SSC; Fisher) for 3 min at 65°C
each and a final wash in 1.5 mM SSC for 3 min at RT. For detection, we incubated the
sections in blocking buffer (horse serum (5%) and BSA (1%) in PBS-T-DEPC) for 15 min at
37°C and then with an alkaline phosphatase-conjugated sheep-anti-digoxigenin antibody
(see details in table 1) for 20 min at 37°C. Finally, we incubated the sections with the alka-
line phosphatase subtract Vector Blue (Vector Laboratories) following the manufacturer's
protocol.
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After FISH protocol, we carried out immunofluorescent staining for cell type detec-
tion to analyze miR-199a-5p expression in neurons. We incubated sections with specific
cell marker antibody for neurons (anti-NeulN; see Table 4) diluted in blocking solution
overnight at 4°C. Then we washed sections in PBS and incubated them with the appropri-
ate Alexa Fluor-conjugated secondary antibodies (see Supplementary data 3) also diluted
in blocking solution, for 2h at RT. Finally, we mounted the stained sections with a Fluo-
rescent Mounting Medium (DAKO) containing 1:30000 of DAPL. For expression analysis,
we acquired images in an epifluorescence microscope with a x40 objective and analyzed
them using Image]J 1.51n software.

To determine the percentage of neural cells expressing miR-199a-5p we followed the
method described in [33]. In brief, we determined the total neurons present in the grey
matter and also, the neural cells in the white matter from each spinal cord section ana-
lyzed. Agreement upon two independent observers determined which cells were positive
for miR-199a-5p staining.

4.10. Data Analysis

All data are expressed as mean + SEM as indicated in figure legends. Statistical sig-
nificance of the treatment effects was tested using paired or non-paired Student’s t-test or
an analysis of variance test (ANOVA) depending on the characteristics of the data. Nor-
mality and homoscedasticity of the data were assessed using Shapiro-Wilk and Bartlett
or F tests, respectively, using the Shapiro.test, Bartlett.test, var.test functions of R. Mann-
Whitney— Wilcoxon test was employed to substitute Student’s t-test when data were
deemed non-parametric (immunofluorescence data following miR-199a-5p over-expres-
sion). We employed Grubbs’ test (also known as the extreme Studentized deviate test
method, available online at https://www.graphpad.com/quickcalcs/grubbsl/) to search
for outliers among the analysis data. Statistical analyses and graphics were carried out
using Prism Software 5 (GraphPad Software Inc., La Jolla, CA, USA) and R statistical lan-
guage (R Core Team 2014). Differences were considered statistically significant when the
p-value < 0.05.

5. Conclusions

In the present study, we first validated that miR-199a-5p is a regulator of the
antiapoptotic protein XIAP and provided evidence that the expression of miR-199a-5p is
up-regulated after SCI in a neuronal heterogeneous spatial distribution whilst in a homo-
geneous white matter neural cells expression. This study provides new insight into the
specific mechanisms of miR-199a-5p and XIAP in the apoptotic cell death after SCI that
could be beneficial for the development of a therapeutic approach to SCI treatment.
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