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Abstract

Several cues including pituitary adenylate cyclase-activating polypeptide (PACAP), which acts through cAMP stimulation,
specify the conversion of sympathoadrenal (SA) precursors toward different cell phenotypes by promoting their survival and
differentiation. Selenoprotein T (SELENOT) is a PACAP-stimulated ER oxidoreductase that exerts an essential antioxidant
activity and whose up-regulation is associated with SA cell differentiation. In the present study, we investigated the transcrip-
tional cascade elicited by PACAP/cAMP to trigger SELENOT gene transcription during the conversion of PC12 cells from SA
progenitor-like cells toward a neuroendocrine phenotype. Unexpectedly, we found that PACAP/cCAMP recruits the canonical
pathway that regulates mitochondrial function in order to elicit SELENOT gene transcription and the consequent antioxidant
response during PC12 cell differentiation. This cascade involves LKB1-mediated AMPK activation in order to stimulate
SELENOT gene transcription through the PGC1-0/NRF-1 complex, thus allowing SELENOT to promote PACAP-stimulated
neuroendocrine cell survival and differentiation. Our data reveal that a PACAP and cAMP-activated AMPK-PGC-10/NRF-1
cascade is critical for the coupling of oxidative stress tolerance, via SELENOT gene expression, and mitochondrial biogenesis in
order to achieve PC12 cell differentiation. The data further highlight the essential role of SELENOT in cell metabolism during
differentiation.
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Introduction

Houssni Abid, Dorthe Cartier, Youssef Anouar, and Isabelle Lihrmann

equally contributed to this work. . .
ey Studies of sympathetic ontogeny have shown that

sympathoadrenal (SA) precursors derive from the neural crest
and give rise to the two catecholaminergic derivates, i.e., sym-
pathetic neurons and chromaffin cells [1-3]. Ganglionic sym-
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Pituitary adenylate cyclase-activating polypeptide (PACAP),
acting through cAMP signaling, plays an important role in this
lineage. It is present and active in pre- and post-ganglionic
sympathetic neuroblasts and neurons in the embryo and the
adult, respectively, and is a major regulator of sympathetic/
chromaffin cell activity [4—8]. Like nerve growth factor
(NGF), which is instrumental to sympathetic neuron survival
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and differentiation, PACAP causes morphological and func-
tional alterations in differentiating PC12 cells [9], a cell line
with SA properties initially obtained from a rat adrenal tumor
[10] and characterized by electrical excitability, a hallmark of
both neuronal and neuroendocrine differentiation [6]. At vari-
ance with NGF, PACAP strongly regulates in these cells the
expression of the neuroendocrine proteins chromogranins,
which are constituents of dense-core secretory granules asso-
ciated with the capacity to store and release catecholamines [6,
11, 12]. This observation indicates that the PACAP effect con-
fers neuroendocrine properties in the SA lineage. In addition,
PACAP but not NGF also up-regulated selenoprotein T
(SELENOT) expression, a key oxidoreductase present in the
endoplasmic reticulum (ER) [13—15] which is essential at early
stages of mouse development [15, 16]. SELENOT is highly
expressed in the developing nervous system, and has been
shown to exert a potent protective and antioxidant effect in
neurons [16—18]. For instance, targeted inactivation of
SELENOT in mouse neural precursors led to a reduction of
several brain structures during the first postnatal week, which
results in a hyperactive behavior at adulthood [16]. A loss of
immature neurons is observed in these mice, which is associ-
ated with an increase in oxidative stress [16]. In a mouse model
of Parkinson’s disease, SELENOT depletion in neural precur-
sors resulted in an exacerbated increase in reactive oxygen
species (ROS) and neurodegeneration in the nigrostriatal sys-
tem [15, 16]. In addition to these neuroprotective effects,
SELENOT also protects neuroendocrine and endocrine cells
from ER and oxidative stresses, and its absence provoked Ca**
store depletion, N-glycosylation defects, misfolded protein ac-
cumulation, unfolded protein response activation, and hor-
mone production and secretion defects [13, 14, 18, 19].
Altogether, these observations suggest that stimulated
SELENOT gene expression is essential to help neuronal and
neuroendocrine cells to cope with ER and oxidative stress in
response to high metabolic rate during differentiation and in-
creased functional activity. To decipher the mechanisms un-
derlying SELENOT gene induction, we first identified cis- and
trans-acting elements transcriptionally regulating SELENOT
expression during PACAP-promoted PC12 cell neuroendo-
crine differentiation. We found that SELENOT gene expres-
sion is governed by a transcriptional network that has been
previously associated with mitochondrial function and ROS
scavenging [20]. This signaling pathway requires the activa-
tion of the adenosine monophosphate (AMP)-dependent ki-
nase (AMPK) and the recruitment of the peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1x)/muclear respiratory factor 1 (NRF-1) transcriptional
complex to the SELENOT gene promoter. This core signaling
mechanism, which controls mitochondrial function and ATP
production, would concomitantly allow PC12 cells to maintain
redox homeostasis which is essential for their neuroendocrine
differentiation upon PACAP stimulation.

Results

SELENOT Is Essential to Cope with Oxidative Stress
During Neuroendocrine Cell Differentiation

SELENOT is part of an antioxidant program induced by
PACAP during neuroendocrine cell differentiation [13, 18,
21-24]. This ER-resident protein contributes to maintain ER
and redox homeostasis thanks to its antioxidant activity con-
ferred by the evolutionary conserved CXXSec sequence, Sec
being a selenocystein residue, within a thioredoxin-fold [15,
16]. In line with these previous results, PC12 cells in which
SELENOT levels were permanently depleted with a
SELENOT shRNA lentiviral vector (65% inhibition, Fig. 1a,
b) have increased ROS levels (45% increase; Fig. 1c), as com-
pared to cells expressing a non-specific ShRNA. This effect
could be specifically rescued, as described before [14], by tran-
siently expressing in the stable SELENOT shRNA-KD
(knocked down) PCI12 cell line a shRNA-resistant form of
SELENOT mRNA including the SECIS sequence necessary
for Sec incorporation (Fig. 1d). SELENOT-depleted cells also
showed decreased cell viability (47% decrease; Fig. le), and
this effect was also rescued with the shRNA-resistant form of
SELENOT mRNA (Fig. 1f). Strikingly, SELENOT shRNA
treatment obliterated PC12 cell differentiation, as evidenced
by the impairment of PACAP (100 nM)-induced neuritic pro-
cesses (Fig. 1g, h). Together, these data show that SELENOT is
necessary to maintain redox homeostasis, and that its repression
affects PC12 cell survival and differentiation.

The SELENOT Gene Is a NRF-1 Target

In order to understand the mechanisms underlying SELENOT
gene transcription during neuroendocrine cell differentiation,
PC12 cells were exposed not only to PACAP (100 nM), but
also to H,O, (100 uM) used to trigger oxidative stress. Both
stimuli generated a quite similar time-response curve for
SELENOT gene expression (Fig. 2a, b), suggesting that
SELENOT gene transcription is stimulated by PACAP to pro-
tect differentiating cells against oxidative stress. Using a com-
parative genomic approach (multipipmaker.bx.psu.Vedu/
pipmaker), we visualized several regions of conservation with-
in the SELENOT gene 5'-flank sequence (10 kb) cleared from
interspread repeats and low complexity sequences (http:/www.
repeatmasker.org/): one in the proximal promoter region and
the other around 3500 bp. However, only the former had
undergone evolutionary pressure to be conserved between
mouse, rat, human, and cow (Fig. 2¢; Supplemental Fig. 1),
suggesting its importance for SELENOT gene regulation.
This region was used to construct three promoter-deletion mu-
tants in order to assess their transcriptional activity in PC12
cells, using a luciferase reporter assay. The constructs
encompassing 306 and 159 bp exhibited a significant
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<« Fig. 1 The SELENOT antioxidant response is essential for PC12 cell

survival and differentiation into neuron-like cells. a, b Western blot anal-
ysis of SELENOT expression in SELENOT shRNA- and control scram-
bled shRNA-transduced PC12 cells. GAPDH was used as a loading con-
trol. Data are presented as mean+ SEM relative to control (n=4) (*P
value < 0.05; Mann-Whitney U test). ¢ Transduced PC12 cells expressing
SELENOT shRNA or a scrambled shRNA were incubated with the
DCFDA probe for 45 min, and the fluorescence of ROS-oxidized DCF
probe was measured. Data are presented as mean = SEM relative to con-
trol (n=8) (***P value <0.001; Mann-Whitney U test). d Analysis of
ROS levels in cells expressing the SELENOT shRNA in the absence or
presence (rescued) of a recombinant shRNA-resistant form of rat
SELENOT mRNA containing the SECIS sequence necessary to direct
incorporation of a selenocysteine residue. The empty pCMV vector was
used to assess the specificity of the rescue experiment. Data are presented
as mean + SEM relative to control (n=6) (**P value <0.01; Mann-
Whitney U test). e PC12 cell viability was assessed after transduction
with SELENOT shRNA or scrambled shRNA. Data are presented as
mean = SEM relative to control (n=28) (***P value <0.001; Mann-
Whitney U test. f Analysis of the viability of cells expressing the
SELENOT shRNA in the absence or presence (rescued) of a recombinant
shRNA-resistant form of rat SELENOT mRNA containing the SECIS
sequence necessary to direct incorporation of a selenocysteine residue.
The empty pCMV vector was used to assess the specificity of the rescue
experiment. Data are presented as mean (SD) (n=7) (*P value <0.05;
Wilcoxon test). g Transduced PC12 cells expressing SELENOT shRNA
or a scrambled shRNA were incubated with PACAP for 48 h and the
number of neurites was determined using an inverted Microscope
Nikon Eclipse TS100 and ImageJ software. Neurites are indicated with
arrows. Data are expressed as mean +SEM relative to control (n=4
slides) (*P value < 0.05; Mann-Whitney U test)

transcriptional activity in PC12 cells (Fig. 2d), but not in Cos7
cells (data not shown), in comparison to the promoterless
pGL3-basic vector. Compared to the — 159-bp construction,
which presents high luciferase activity, the shorter — 64-bp con-
struct was inactive in PC12 cells, thus indicating that important
regulatory regions involved in SELENOT gene expression are
included in a short promoter region comprised between posi-
tions — 159 and —64 bp in the — 159-bp construct (Fig. 2d).
Treatment of transfected PC12 cells by 100 nM PACAP for 6 h
elicited a significant increase in the activity of the 306- and
159-bp promoter-containing constructs (1.57- and 1.65-fold
increase, respectively) (Fig. 2d), but not of the 64-bp construct
or the promoterless pGL3-basic plasmid. In agreement with the
effect of PACAP through accumulation of cAMP, treatment
with the adenylate cyclase activator forskolin (50 uM) for 6 h
also stimulated the transcriptional activity of the constructs
bearing the 306- and 159-bp cis-acting fragments (not shown).
To identify putative protein binding sites in the proximal region
of the SELENOT gene, we analyzed in silico the DNA se-
quence comprised between — 159 and — 64 bp using the
Matlnspector program (http://www.genomatix.de/). Exploring
the degree of evolutionary conservation of putative
transcription factor binding sites in the SELENOT gene
promoter from different species revealed that only cis-
elements known as NRF-1 binding sites, denoted NRF-1 A,
B, and C, were conserved between species (Fig. 2¢). NRF-1 is a

basic region-leucine zipper (bZIP) transcription factor that ac-
tivates the expression of nuclear genes essential for mitochon-
drial biogenesis and function, and some key metabolic genes
regulating cellular growth [25, 26]. A mutation introduced in
each of the three NRF-1 sites (Fig. 2f, upper panel) reduced the
reporter activity in basal condition by at least 50% (Fig. 2f,
lower panel), and abolished the PACAP (100 nM)- and
forskolin (50 puM)-induced SELENOT gene-promoter tran-
scriptional activity. Noteworthy, NRF-1-C binding site show-
ing the highest interspecies conservation (Fig. 2e) is also the
most important for SELENOT promoter activity, which is re-
duced by 85-90% upon NRF-1-C mutation (Fig. 2f, g). Its
mutation also abolished H>O, (100 uM)-induced SELENOT
promoter-driven luciferase activity (Fig. 2g), further
confirming the similarity of the mechanisms triggered by
PACAP stimulation and oxidative stress to regulate
SELENOT gene transcription. To determine whether NRF-1
associates with and regulates the SELENOT gene promoter
in living PC12 cells, chromatin immunoprecipitation (ChIP)
analysis was carried out. As shown in Fig. 2h, an antibody
directed against NRF-1 precipitated SELENOT gene promoter
fragments from PC12 cells with a 191-fold enrichment factor
compared to a non-specific control antibody (F; 4 =3251). An
enrichment of comparable magnitude (174-fold enrichment
compared to the non-specific control antibody, F; 4= 160.5)
was found when the rabbit polyclonal antibody against NRF-
1 was used to precipitate known NRF-1 target gene promoters,
namely calmodulin 3 (Calm3) promoter (Fig. 2h) and ornithine
decarboxylase 1 promoter (data not shown) [27]. By contrast,
the same antibody did not precipitate the non-target glyceral-
dehyde 3-phosphate dehydrogenase (Gapdh) gene promoter
(F14=06.821). When PC12 cells were treated with PACAP
(100 nM, 6 h), a greater enrichment in SELENOT promoter
fragments was obtained after DNA precipitation with the anti-
NRF-1 antibody (F, 4 = 57.46; Fig. 21). This was the case nei-
ther for Calm3 (F; 4= 1.417; Fig. 2i) nor for GAPDH pro-
moters (F 4= 0.313, data not shown). In accordance, the ratio
of nuclear to cytosolic NRF-1 was 1.61 +0.196 in basal con-
dition, and 3.23+0.242 in PC12 cells treated with PACAP,
thus showing that PACAP induces a 2-fold increase in NRF-1
nuclear translocation (Fig. 2j). These results indicate that NRF-
1 binds to the SELENOT gene promoter in living PC12 cells,
that PACAP treatment enhances the amount of NRF-1 bound to
this promoter, and that NRF-1 is indispensable to increase
SELENOT gene transcription in response to PACAP, forskolin,
and oxidative stress signaling

PGC-1a Binds to NRF-1 to Co-activate SELENOT Gene
Transcription

PGC-1« is a transcriptional coactivator that plays a major inte-

grative function in orchestrating a genetic program of mito-
chondrial biogenesis via a NRF-1-dependent pathway [26, 28,
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Fig.2 The SELENOT gene is a NRF-1 target. a, b Time-dependent effect of

PACAP (100 nM) (a) and H,O, (100 pM) (b) on SELENOT mRNA
levels. Data are presented as mean = SEM relative to control (n=3-6)
(*P value < 0.05; **P value <0.01, ***P value < 0.001; Mann-Whitney
U test). ¢ MultiPipMaker analysis of sequences flanking the SELENOT
gene in different species. In this diagram, the 5'-region (from 0 to
10,000 bp) flanking mouse SELENOT gene was compared with
orthologous sequences obtained from different mammalian and non-
mammalian species. Percent identity (50-100%) is shown on y-axis.
Distance from the transcription start site (0 K) is shown below the se-
quence identity plots. Exon 1 is marked above the sequence identity plot
with a black box. MultiPipMaker was performed at http://pipmaker.bx.
psu.edu/cgi-bin/multipipmaker. Mouse: (gb|AC119873.38]); rat:
(Ensembl Rnor_5.0 (GCA_000001895.3), human: (gb|AC069236.27));
cow: (Ensembl UMD 3.1); chicken: (Ensembl Galgal4). d Sequential
deletion constructs of the 306-bp SELENOT promoter were generated
and tested for their ability to drive luciferase activity from the pGL3-Basic
vector in control and PACAP (100 nM)-treated cells for 6 h. Results are
presented as firefly luciferase/renilla luciferase ratio. Each value is the
mean = SEM (n=3-10) (*P value <0.05, Mann-Whitney U test). e In
silico alignment of the 5'-proximal regions of the mouse, rat, and human
SELENOT promoters. Putative NRF-1 binding sites termed NRF-1 A-C
are indicated by open squares (the green box in NRF-1C displayed the
highest bioinformatic score). Interspecies nucleotide conservation is indi-
cated by asterisks. The putative transcription start in the 5-UTR is marked
by the arrow. f Three constructs with mutations in the NRF-1 consensus
binding sites of the pGL3-SELENOT-159 bp vector were generated and
tested for their ability to drive luciferase activity. PACAP (100 nM) and
forskolin (50 uM) effects were assessed after a 6-h treatment of PC12
cells. The sequences of the consensus and mutant NRF-1 oligonucleo-
tides are indicated in the upper panel. The core NRF-1 binding site is
underlined, and inactivating mutations in the core consensus are depicted
in bold. In the lower panel, point mutations of the identified NRF-1 sites
(black boxes) are indicated by X. Each value is the mean + SEM (n =4-8)
(*P value <0.05; **P value <0.01, Mann-Whitney U test). g The con-
struct with a mutation in the NRF-1-C consensus binding site in the
pGL3-SELENOT-159 bp vector was tested for its ability to drive lucifer-
ase activity after a treatment with 100 pM H,0,. Each value is the mean +
SEM (n=4) (*P value < 0.05, Mann-Whitney U test). h, i ChIP analysis
of the interaction of endogenous NRF-1 with the rat SELENOT promoter
in control conditions or in the presence of PACAP 100 nM for 6 h. Calm3
and Gapdh promoters were used as positive and negative controls, re-
spectively. Data are presented as mean + SEM relative to control (n = 3)
(*P value <0.05; **P value <0.01; ***P value <0.001, two-way
ANOVA). j, k Immunocytochemical analysis showing the nuclear trans-
location of NRF-1 in PC12 cells incubated with PACAP (100 nM) for 2 h.
The ratio of fluorescence intensity in the nuclei to that in the cytoplasm
were calculated from confocal Z stack images shown in Fig. 2j, by draw-
ing regions of interest around several nuclei and the cytoplasm using
PhotoFilter Studio X and ImagelJ. Data are presented as mean + SEM
relative to control (n=14-17) (***P value <0.001, Mann-Whitney U
test)

29]. Since it is a powerful regulator of ROS metabolism as well
[26, 30], we examined the possibility that the PGC-1 is re-
quired for SELENOT gene expression. We found that PACAP
increases PGC-1 gene expression after 2 h of treatment, with a
maximal effect (6.2-fold) observed at 4 h and a decrease to
nearly basal level after 6 h of treatment (Fig. 3a). PGC-1a
protein levels were maximally increased at 6 h (2.97-fold) of
treatment with PACAP (Fig. 3b, c). A siRNA targeting PGC-
la (Fig. 3d) strongly reduced (73%) the PACAP-induced

SELENOT gene expression (Fig. 3e). In addition, immunopre-
cipitation experiments using NRF-1 antibodies revealed that
PGC-1x and NRF-1 do interact in both undifferentiated and
PACAP-differentiated PC12 cells (Fig. 3f). Further supporting
a functional NRF-1/PGC-1« interaction, we showed that
forskolin (50 uM), used to mimic the PACAP effect, induces
well-known PGC-1a/NRF-1 target genes such as Tfam, which
controls mitochondrial DNA replication and transcription, and
CytC, encoding an essential component of the electron trans-
port chain [28, 31] (Fig. 3g). Concurrently, PACAP increased
by ~30% mitochondrial DNA and biomass (Fig. 3h, 1). Taken
together, these data indicate that SELENOT gene transcription
is PGC-1x-dependent, and that increased levels of PGC-1a/
NRF-1 complexes concomitantly stimulate mitochondrial bio-
genesis and SELENOT gene transcription.

AMPK Activation Promotes SELENOT Gene Expression
and PC12 Cell Differentiation

We next sought to elucidate the mechanisms by which PACAP
stimulates SELENOT gene expression upstream of PGC-1« dur-
ing PC12 cell differentiation. Two kinases, p38MAPK and AMP-
activated protein kinase (AMPK), are known to control PGC-1
phosphorylation [32, 33]. Inhibition of p38 MAPK using
SB203580 (10 uM) did not alter PACAP-induced SELENOT
gene expression, while a specific AMPK inhibitor, Compound
C (CC, 5 uM), reduced by ~60% the PACAP effect (Fig. 4a).
Since SELENOT gene expression is linked to a high metabolic
rate in endocrine cells [14], we focused on AMPK, a key meta-
bolic rheostat activated in response to a low cellular energy charge
[34-36], which adjusts NRF-1 binding activity, cytochrome ¢
content, and mitochondrial density [37]. siRNA-mediated knock-
down of AMPK & provoked a 40% reduction in both protein (Fig.
4b) and mRNA (Fig. 4c) levels, leading to a 40% reduction in
PACAP-induced SELENOT mRNA levels (Fig. 4d). Also, incu-
bation with PACAP for different times (5-60 min) stimulated the
phosphorylation of Thr172 within AMPK« (1.55-fold after
15 min), while total AMPK« protein levels were unchanged
(Fig. 4e, ). In addition, AMPK activation was able to trigger
SELENOT expression since treatment of PC12 cells with
0.5 mM 5-aminoimidazole-4-carboxamide 1-(3-D-ribofuranoside
(AICAR), an analog of AMP, increased in a time-dependent man-
ner SELENOT protein levels up to 30% (Fig. 4g, h). AICAR also
elicited an increase in PGC-1« protein levels, with a maximum
(2-fold) at 24 h (Fig. 4g, h). Like PACAP, AICAR was able to
trigger the differentiation of PC12 cells which showed prominent
neuritic extensions after a 24-h treatment (Fig. 41, j). We further
dissected the upstream cascade leading to PACAP-stimulated
AMPK phosphorylation. AMPK can be activated by upstream
AMPK kinases (AMPKK) comprising calmodulin-dependent
protein kinase kinase 3 (CAMKKf) and liver kinase Bl
(LKB1) [38]. A selective inhibitor of CAMKKf, STO-609
(10 uM), did not alter the PACAP-stimulated SELENOT gene
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Fig.3 PGC-1a binds to NRF-1 and is essential to co-activate SELENOT
gene transcription. a qRT-PCR analysis showing the time-dependent ef-
fect of PACAP (100 nM) on PGC-1ax mRNA levels. Data are presented
as mean + SEM relative to control (n =3-5) (*P value < 0.05; **P value
<0.01, Mann-Whitney U test). b, ¢ Western blot analysis of the time-
dependent effect of PACAP (100 nM) on SELENOT and PGC-1x ex-
pression. Data are presented as mean + SEM relative to control (n = 5-7)
(*Pvalue < 0.05; ***P value < 0.001, Dunn’s multiple comparisons test).
d Effect of PGC-1 knockdown on PGC-1« levels. A scrambled RNA
was used as a control to assess the specificity of the interference strategy.
Data are presented as mean + SEM relative to control (n = 4) (*P value <

0.05, Mann-Whitney U test). e Effect of PGC-1x knockdown on
SELENOT gene expression after a treatment with PACAP (100 nM) for
6 h. A scrambled RNA was used as a control to assess the specificity of
the interference strategy. Data are presented as mean +SEM (n=5) (*P

expression (Fig. 4k), thus ruling out an effect of CAMKK in this
cascade. In contrast, silencing LKB1 expression (80% of control,
Fig. 41, m) through siRNA treatment reduced by 40% PACAP-
induced SELENOT gene expression (Fig. 4n), indicating that
LKBI participates, at least partially, in this signaling cascade.
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value < 0.05, Mann-Whitney U test). f Co-immunoprecipitation analysis
of NRF-1 and PGC-1« interaction in PC12 cells in basal conditions and
after a treatment with PACAP (100 nM) for 6 h. IgG, non-specific control
antibody. g qRT-PCR analysis showing the effect of forskolin (50 uM,
6 h) on Tfam and CytC gene expression (n=3-6). (*P value <0.05,
Mann-Whitney U test). h mtDNA copy number was assessed after a
treatment with PACAP (100 nM) for 72 h as the ratio of mitochondria-
encoded cytochrome b (Cyt b) and D-loop DNA copies to nucleus-
encoded pyruvate kinase DNA copies via qPCR. Data are presented as
mean + SEM relative to control (n =5) (**P value < 0.01, Mann-Whitney
U test). i Analysis by flow cytometry of the fluorescence of PC12 cells
stained with MTG for 30 min, treated or not with PACAP (100 nM) for
72 h, and analyzed by flow cytometry. Graph illustrating a typical re-
sponse. Data are presented as mean = SEM

Discussion

It has been shown that a major limitation in cell
reprogramming efficiency is cell death at a check point before
conversion, which could be overcome by antioxidant
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treatments [39]. Indeed, nerve cell differentiation, or
transdifferentiation, requires several biological events includ-
ing cell growth arrest, cell survival, neuritogenesis, and acqui-
sition of functional characteristics, processes involving oxida-
tive metabolism changes ineluctably resulting in high ROS
production. PACAP is a potent PC12 cell neurogenic
reprogramming factor [40—43], whose trophic effect is asso-
ciated to its antioxidant action [13, 21-24]. Using the PACAP-
regulated gene encoding SELENOT, a key antioxidant protein

[15, 16], we uncovered here an unprecedentedly described
transcriptional network, which converges on the transcription
factor NRF-1, and couples AMPK with SELENOT antioxi-
dant response during PC12 cell reprogramming toward a neu-
roendocrine phenotype. Thus, in addition to the canonical
PKA signaling pathway which exerts a prosurvival role in
PC12 cells [4, 5, 44, 45], we found here that PACAP-
induced PCI12 cell differentiation also involves AMPK acti-
vation. The AMPK-activated pathway, which is the canonical
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Fig. 4 AMPK activation promotes SELENOT gene expression and PC12

cell neuronal differentiation. a qRT-PCR analysis showing the effect of
PACAP (100 nM) on SELENOT mRNA levels in the presence of
SB203580 and compound C (CC). Data are presented as mean + SEM
relative to control (n =4-8) (*P value <0.05; **P value <0.01, Mann-
Whitney U test). b Effect of AMPK« knockdown on AMPK« gene
expression. A scrambled siRNA has been used as a control. Data are
presented as mean + SEM relative to control (n=4) (*P value <0.05,
Mann-Whitney U test). ¢ Effect of AMPKa knockdown on SELENOT
gene expression in PC12 cells treated by PACAP (100 nM) for 6 h. A
scrambled siRNA has been used as a control. Data are presented as mean
+ SEM relative to control (n =5) (*P value < 0.05, two-way ANOVA). e,
f Comparison of the levels of AMPK « protein phosphorylated at Thr'”*
with total levels of AMPK« protein in PC12 cells treated 5-60 min with
vehicle or PACAP (100 nM). Data are presented as mean + SEM relative
to control (n=3-5) (*P value <0.05, Mann-Whitney U test). g, h
Western blot analysis of the time-dependent effect of AICAR (0.5 mM)
on SELENOT and PGC-1« protein levels. Data are presented as mean +
SEM relative to control (n=3-7) (*P value <0.05; **P value <0.01;
*##%P value < 0.001, one-way ANOVA). i, j PC12 cells were incubated
with AICAR for 24 h. i Neurite formation was observed on an inverted
Microscope Nikon Eclipse TS100. j Neurite length was quantified. Data
are presented as mean + SEM relative to control (n > 30) (****P value <
0.0001, one-way ANOVA). k qRT-PCR analysis of the effect of STO-
609, a CAMKK inhibitor, on SELENOT gene expression. Data are pre-
sented as mean + SEM relative to control (n=5). ns; non-specific. 1, m
Effect of LKB1 knockdown on LKBI1 protein (I) and mRNA (m) expres-
sion. A scrambled siRNA has been used as a control. Data are presented
as mean + SEM relative to control (n=4) (*P value <0.05, Mann-
Whitney U test). n Effect of LKB1 knockdown on SELENOT gene
expression in the absence or presence of PACAP 100 nM for 6 h. A
scrambled siRNA has been used as a control. Data are presented as mean
+ SEM relative to control (n =4) (*P value < 0.05, two-way ANOVA)

signaling route to stimulate mitochondrial biogenesis, would
also trigger a SELENOT-mediated antioxidant response, thus
allowing PC12 cells to negotiate the metabolic changes and
progress through neuroendocrine differentiation.

The intervention of AMPK in the antioxidant signaling cas-
cade, in addition to the increase in mitochondrial biomass, sup-
ports the idea that there is a major metabolic change during
PACAP-induced conversion of PC12 cells into neuroendocrine-
like cells. AMPK is a key energy-sensing kinase and the guardian
of energy homeostasis, which is thought to reduce protein synthe-
sis and cell growth pathways that consume ATP, while activating
carbohydrate and fatty acid oxidation to restore ATP levels [34,
46, 47]. It reprograms cellular metabolism through phosphoryla-
tion of numerous target proteins, including PGC-1x. AMPK is
generally activated in response to a low cellular energy charge
[35] and is also a metabolic target of GPCRs, in particular Gs-
coupled receptors positively linked to adenylate cyclase, such as
{3 adrenoreceptors in adipocytes or the heart, and melanocortin
receptors in the hypothalamus [38]. We provide herein the first
evidence that AMPK is also activated by the PAC1/Gs-coupled
receptor during neuroendocrine cell survival and differentiation,
in agreement with previous reports showing a role of AMPK in
the preservation of neuronal integrity [48—52]. For example, the
AMPK/NRF-1 cascade has been proposed to contribute to mito-
chondrial biogenesis and ischemic tolerance in neurons [53].
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AMPK also limits oxidative stress and protects against the toxic-
ity of 3-amyloid peptides in Alzheimer’s disease [54], as well as
the toxicity of mutant huntingtin [55] and that of «-synuclein [50].
In PC12 cells, AMPK protects against stress-induced apoptosis
[56]. The underlying mechanism of the AMPK neuroprotective
effect is poorly documented. In skeletal muscle, it has been shown
that AMPK regulates NRF-1 binding activity, cytochrome ¢ con-
tent, and mitochondrial density during exercise training or chronic
energy deprivation [37]. Our study now demonstrates that
AMPK, through a PGC-10/NRF-1 cascade, concurrently stimu-
lates mitochondrial function and the antioxidant SELENOT dur-
ing nerve cell conversion as shown using PC12 cells as a model.
AMPK activation via AICAR treatment also stimulates
neuritogenesis in PC12 cells, as described previously in neurons
[51], indicating that the dual action of this kinase to increase cell
metabolism and eliminate oxidative stress allows the successful
achievement of differentiation in nerve cells.

Our study also showed that NRF-1, a bZIP transcription fac-
tor which activates the expression of nuclear genes essential for
mitochondrial biogenesis and function, and some key metabolic
genes regulating cellular growth [25, 57], is also involved in the
control of the essential SELENOT gene. Although large scale
studies have been previously performed to identify NRF-1 target
genes, based on bioinformatics and ChiP-seq analysis [25, 27,
58], SELENOT was not described as a NRF-1 target gene until
now. In fact, many genes encoding detoxifying, antioxidant, and
glutathione-biosynthetic and metabolic enzymes are under the
control of Nrf2 which binds to the ARE cis-acting sequence,
thus constituting the Nrf2 regulon [59], but a role of NRF-1 in
the antioxidant defense strategy has been poorly documented as
yet, except for the regulation of peroxiredoxin 3 and 5 genes
[60]. NRF-1 binding sites are also present in the gene encoding
bel-2 [27], which affects the reprogramming and speed of neu-
ron conversion through an antioxidant mechanism, indepen-
dently of its canonical apoptotic function [39]. Also of note,
several neurodegenerative disease-related genes linked to
Parkinson and Alzheimer diseases [25] are putative NRF-1 tar-
gets as evidenced by Chip-seq analysis, such as the DJ-1 gene
which is known for its antioxidant function in neurons [61].
Several other observations reinforce the idea that SELENOT is
a key NRF-1 target gene. For instance, SELENOT gene knock-
out [15] phenocopies NRF-1 gene abrogation in mice [62]. Both
mutated mouse strains die at the time of embryo implantation.
Mitochondrial DNA instability has been observed in NRF-1 null
mice, but in comparison with Tfam-null mice, it has been pro-
posed that mitochondrial dysfunction could not fully explain the
carly death of NRF-1-depleted mice [63], indicating that there
are probably other vital NRF-1 targets such as SELENOT. In
Drosophila and Zebrafish, disruption of NRF-1 orthologs leads
to a severe neurological deficiency [64, 65]. NRF-1 null
zebrafish are characterized by neuronal death and a marked
brain size reduction [64], a phenotype which is reminiscent of
that obtained in mice with SELENOT gene obliteration in
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neuronal precursors [16, 18, 64]. Furthermore, NRF-1 activation
stimulates neurite outgrowth [66], and SELENOT gene defi-
ciency abrogates neurite outgrowth (this study). Altogether,
these data show that NRF-1, in addition to its major role in
mitochondrial biogenesis [25, 26, 67], is also able to trigger
the antioxidant system during neural cell differentiation or
reprogramming as observed here in PACAP-treated PC12 cells.

LKBI is at least partially required for AMPK activation in
PACAP-stimulated PC12 cells (this study) like in cortical neu-
rons, although CaMKK {3 is also frequently described as a major
effector of AMPK in neurons [51, 68]. The functional link be-
tween the PACI receptor and LKB1 is not known yet. The
presence of a PKA phosphorylation site at Ser*' of LKB1
[69] suggests that the PAC1-cAMP-PKA pathway [4, 5, 44,
70-73] might promote LKB1 activation. However, in a previous
study the use of H-89, a PKA inhibitor, only partially inhibited
PACAP-induced SELENOT gene expression [13], suggesting
the existence of multiple signaling pathways leading to stimula-
tion of SELENOT gene transcription in response to PACAP. In
agreement, it is well established that neuritogenesis is cCAMP-,
Rap-1-, and ERK-dependent and requires the neuritogenic
cAMP sensor Rapgef2, but is PKA-independent [4, 74], arguing
again for the existence of alternative pathways activated by
PACAP that remains to be fully elucidated.

Based on the data reported in the present study, we propose
a model (Fig. 5) depicting the linear pathway involving
LKBI1, AMPK, PGC-1«, and NRF-1 by which a neurogenic
factor like PACAP connects mitochondrial biogenesis and an
adaptive antioxidant response involving SELENOT. Using
this signaling mechanism, PC12 cells can negotiate the meta-
bolic changes necessary to avoid their demise, and achieve a
successful PACAP-induced neuroendocrine differentiation.
Our data are thus in line with a recent study showing that
limiting oxidative stress allows cells to cross a metabolic
checkpoint and to undergo neuronal reprogramming [39].

Materials and Methods
Chemicals and Reagents

The 38-amino acid form of PACAP (PACAP-38) was obtain-
ed from Bachem (Merck Chimie, Fontenay-sous-Bois).
Forskolin and STO-609 were purchased from Sigma-Aldrich
(Saint Quentin Fallavier, France) and SB-203580, compound
C, and AICAR from Abcam (Cambridge, UK).

Antibodies

Antibodies against phospho-AMPK « (p-AMPKo; Thr'”?) and
AMPK« were purchased from Cell Signaling Technology
(Ozyme, Saint-Quentin-en-Yvelines, France). A polyclonal
SELENOT antibody was obtained from Acris Antibodies

GmbH (Herford, Germany), a mouse monoclonal anti-
GAPDH from Invitrogen (Thermo Fisher Scientific, Villebon-
sur-Yvette, France), and a mouse anti-o-Tubulin from Sigma-
Aldrich. A polyclonal antibody against PGC-1« and a mono-
clonal NRF-1 antibody were acquired from Abcam.

Cell Culture and Treatments

PC12 cells were purchased from the European Collection of
Cell Culture (ECACC, Salisbury, Wiltshire, UK) and main-
tained in Dulbecco’s modified eagle medium (Thermo Fisher
Scientific) supplemented with 10% horse serum (Invitrogen,
Thermo Fisher Scientific), 5% fetal bovine serum (PAA
Laboratories, Velizy-Villacoublay, France), 100 U/ml penicil-
lin, 100 pug/ml streptomycin, and 2 mM L-glutamine (Thermo
Fisher Scientific), at 37 °C in 5% CO, humidified atmosphere.
The medium was renewed every 2-3 days. PC12 cells were
plated in six-well plates and were treated with 100 nM
PACAP, 50 uM forskolin, 100 uM H,O,, or 0.5 mM
AICAR before harvesting. Inhibitors were added 1 h before
and during the 24-h treatment with PACAP. siRNA transfec-
tion was carried out using the Amaxa Nucleofactor system
(Lonza). RNA isolation and protein extraction were carried
out 48 and 72 h later in order to quantify the knockdown
efficiency by qPCR and western blotting, respectively.

Production and Transduction of Lentivirus

The lentiviral constructs containing a shRNA (5- UAU CUC
CCU CAA CCA AUU UA -3') targeting rat SELENOT or a
scrambled control shRNA (5'-GAG AAC GAG UCA CUU
CACUAU-3") were generated in the VIRHD-EP vector [75].
The constructs were sequence-verified. HEK-293T cells were
co-transfected using polyethyleneimine (Polysciences,
Eppelheim, Germany) with the sShRNA lentiviral vector along with
pCMVdRS.74 (packaging) and pMD2.G (envelope) plasmids.
Two days after transfection, the conditioned media were collected,
supplemented with 8 pg/ml polybrene, and added for overnight
incubation to freshly plated PC12 cells for transduction. Two days
after infection, the cells were selected in 1 pg/ml puromycin.

Measurement of Cell Viability and Intracellular ROS
Levels

The number of viable cells was determined using the CellTiter-
Blue® cell viability assay (Promega, Charbonniéres les Bains,
France) and the levels of intracellular ROS were measured by
using DCFDA Cellular ROS Detection Assay Kit (Abcam)
following the manufacturer instructions. The fluorescence of
ROS-oxidized 2',7'-dichlorofluorescin (DCF) was measured
at 530 nm. For the SELENOT rescue experiment, the pCMV
vector containing the rat SELENOT ¢cDNA mutated in the
SELENOT shRNA recognition sequence was electroporated
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Fig. 5 Schematic representation summarizing how the LKB1/AMPK/
PGC-1a/NRF-1 signaling cascade connects metabolic changes and
SELENOT antioxidant response during PACAP-induced PC12 cell neu-
roendocrine differentiation. a Elevation of cAMP following PACI recep-
tor activation leads to activation of at least three CAMP sensors (PKA,
Epac, and Rapgef2) all involved in some aspects of PC12 cell differenti-
ation. In addition, the neurogenic PACAP/PACI1 system triggers PC12
cell differentiation through activation of phosphorylation cascades in-
volving LKB1, AMPK, PGC-1«, and NRF-1 as the downstream effector.
On one side, PGC-1« in association with NRF-1 orchestrates the tran-
scriptional stimulation of mitochondrial genes, ultimately leading to an

in stably SELENOT shRNA-expressing PC12 cells using the
Amaxa Nucleofactor system (Lonza, Basel, Switzerland). ROS

@ Springer

increase in mitochondrial biomass, which is associated with ROS produc-
tion and toxicity. On the other side, the PGC-1a/NRF-1 complex also
activates the gene transcription of SELENOT which plays an important
role in ROS detoxification and cytoprotection. Using this mechanism,
PCI12 cells can negotiate the metabolic change elicited by PACAP,
avoiding death and achieving neuronal differentiation through activation
of other cAMP sensors, such as Epac, and Rapgef2, both involved in
neuritogenesis and other differentiation hallmarks. b Cytoprotection is
failing in cells that lack SELENOT and ROS levels become toxic and
prevent progression to other stages of differentiation

levels were measured 48 h later as described above. The empty
pCMYV vector was used to assess the rescue specificity.
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Analysis and Cloning of the SELENOT Gene Promoter

SELENOT gene upstream sequences (up to 10 kb) from
different species (human, mouse, rat, cattle, chicken) were
extracted from genomic databases (http://www.ensembl.
org/), and interspersed repeats were masked with
RepeatMasker (http://www.repeatmasker.org/). Alignment
of the resulting DNA sequences using Multipipmaker
(http://pipmaker.bx.psu.edu/pipmaker/) revealed that the
sequence conservation was maximal within a single
short region (~300 bp) located upstream of the predicted
transcription start site (http://genomatix.gsf.de/cgi-bin/
dialign/dialign.pl). This region, with 37 nt from exon 1,
was amplified by PCR from mouse tail genomic DNA
(Supplementary Table S1). The PCR product was cloned
in the pGL3-basic vector (Promega), placing the luc+
gene under the control of the SELENOT promoter
(pGL3-SELENOT-306 vector). Two shorter SELENOT
promoter fragments of 159 (pGL3-SELENOT-159) and
64 bp (pGL3-SELENOT-64) were amplified by PCR and
cloned into the pGL3-Basic vector. Introduction of point
mutations in the NRF-1 consensus sites was performed
with the QuikChange II XL Site directed Mutagenesis
kit (Agilent Technologies, Les Ulis, France) according to
the instructions of the manufacturer. All constructs were
verified by DNA sequencing (Beckman CEQ 8000/DNA
Sequencer System, Beckman Coulter, Villepinte, France).
Three putative NRF-1 binding sites were point-mutated
on both sides of the palindromic binding site using appro-
priate primers (Supplementary Table S1).

Quantitative Real-Time PCR

Total RNA was extracted from PC12 cells using the TRI
Reagent (Sigma-Aldrich) according to the manufacturer’s
protocol. Contaminating genomic DNA was removed by
DNase I treatment, and 1 pg of total RNA was reverse-
transcribed using the ImPromII™ Reverse-Transcription
system (Promega). Real-time PCR was performed on the
resulting cDNA using the Power SYBR Green® Master
Mix (Life Technologies SAS, Division Applied
Biosystems, Villebon-sur-Yvette, France) in the presence
of 300 nM specific primers. Reactions were carried out
using the ABI prism 7900HT Real-Time PCR System
(Life Technologies SAS). All the results have been nor-
malized using the Gapdh gene used as a reference. Data
analysis was carried out using the 2(—Delta Delta C(T))
method (2-2) and the results were presented as mean
+ standard error of the mean (SEM) of at least three inde-
pendent experiments, performed in triplicates. Primers
used in this study are described in Supplementary
Table S1.

Luciferase Assays

PC12 cells, grown in culture flasks until 80% confluency,
were transiently co-transfected using the Amaxa
Nucleofactor system (Lonza) with the SELENOT/firefly lu-
ciferase reporter constructs (pGL3-SELENOT plasmids) and
the renilla luciferase control reporter. After cell lysis, lucifer-
ase activity was measured using the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s in-
structions. Luminiscence was measured with a
FlexstationIII”® fluorescence plate reader system (Molecular
Devices, Saint-Grégoire, France). Results were obtained from
at least three independent experiments performed in duplicate.

Chromatin Immunoprecipitation

PC12 cells, in basal conditions or after a treatment with
PACAP (100 nM) for 6 h, were fixed 10 min at room temper-
ature by 1% formaldehyde solution to crosslink DNA and
proteins. After addition of glycine (0.25 M final concentra-
tion) to quench the crosslinking reaction and washing, the
cells were resuspended in Tris-EDTA buffer containing pro-
tease inhibitors and 1% sodium dodecyl sulfate (SDS).
Chromatin samples were sheared for 8 cycles of 30 s ON/
30 s OFF with the Bioruptor® Pico apparatus (Diagenode,
Paris, France) to obtain DNA fragments with an average size
of 500 bp. ChIP experiments were performed using a previ-
ously described procedure [76] with a rabbit polyclonal anti-
NRF-1 antibody ChIP Grade (Abcam) or the non-specific
control rabbit polyclonal anti-furin antibody (Santa-Cruz
Biotechnology, Heidelberg, Germany).

Immunohistochemistry

Immunocytochemistry was carried out on PC12 cells cultured
in 12-well plates for 24 h and then treated with PACAP for 2 h.
Cells were fixed in 4% paraformaldehyde for 20 min. A sat-
uration step (1 h at room temperature) was performed with 1%
normal goat serum diluted in a PBS solution containing 1%
BSA and 0.3% Triton X-100, prior to overnight incubation
with the mouse monoclonal NRF-1 primary antibody
(1:2000) at 4 °C. An Alexa-conjugated goat anti-mouse
(1:100) antibody (Invitrogen) was used as secondary antibod-
ies. Nuclei were labeled with DAPI. Cells were examined with
a Leica SP2 upright confocal laser scanning microscope
(DMRAX-UV) equipped with the Acousto-Optico Beam
Splitter system (Leica, Nanterre, France) on the Cell
Imaging Platform of Normandy (PRIMACEN, Rouen).

Western Blot

PC12 cells were homogenized in lysis buffer (Cell Signaling
Technology), supplemented by 20 mM NaF, 2 mM NazVOy,,
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and protease inhibitors from Pierce (Thermo Fisher
Scientific). Proteins were quantified using the Bradford meth-
od (Bio-Rad, Marnes-la-Coquette, France). Fifty micrograms
was separated on SDS-PAGE gels (12%), and transferred onto
a PVDF membrane (Thermo Fisher Scientific). Membranes
were blocked for 1 h with a solution containing 5% milk in
PBS, and incubated overnight at 4 °C with primary antibodies
(1:1000 for p-AMPKox and AMPK«; 1:500 for SELENOT;
1:5000 for GAPDH and «-Tubulin; 1:1000 for PGC-1«; and
1:1000 for NRF-1) in 5% milk in PBS. Incubation with sec-
ondary antibodies (diluted 1:5000) was performed for 1 h at
room temperature in the same solution. The antigen-antibody
complexes were visualized by a chemiluminescence ECL
western blotting analysis system, the Clarity Western ECL
Substrate (Bio-Rad). Densitometric analysis was then per-
formed using the Bio-Rad ChemiDoc illumination system
with Image Lab software (Bio-Rad).

Co-immunoprecipitation

PC12 cells were homogenized at 4 °C with lysis buffer con-
taining 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% nonidet
P40, 0.5% sodium deoxycholate supplemented with a prote-
ase inhibitor cocktail (Pierce, Thermo Fisher Scientific). Ten
minutes later, the lysates were cleared by centrifugation at
14,000xg for 10 min at 4 °C and protein quantitated by the
Bradford method. Co-immunoprecipitation was performed by
incubating 2 mg of proteins at 4 °C overnight with 5 ng of a
specific antibody and 25 ul of PureProteome Protein A/G
magnetic beads (Millipore, Molsheim, France). Beads were
washed three times with PBS-Tween buffer and denatured
with 1x Laemmli buffer at 95 °C for 5 min. Samples were
analyzed by SDS-PAGE and western blotting.

Mitochondrial DNA Quantification

PC12 cells were treated or not with PACAP for 72 h. Total
DNA was extracted using the DNeasy blood & Tissue Kit
(Qiagen, Courtaboeuf, France), according to the manufac-
turer’s instructions. qPCR was performed as described above.
The mtDNA content was measured by calculating the ratio of
mitochondrial D-Loop region and Cyt b gene to the nuclear
Pklr gene (Supplementary Table 1).

Flow Cytometry

PC12 cells were grown to 80-90% confluence on collagen I-
coated plates in the absence or presence of PACAP-38
(100 nM) for 72 h, before staining with 50 nM MTG
(MitoTrackerGreen; Life Technologies SAS), for 30 min in
the dark at 37 °C. Cells were then washed in PBS, trypsinized,
collected by centrifugation at 200xg for 5 min, and analyzed
with a FACSCanto (BD Bioscience, Le Pont de Claix,
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France). Data were obtained from 2.10* cells for each sample
and analyzed using the FlowJo software (Three Star, Ashland,
OR, USA).

Statistical Analysis

All data were obtained from at least three independent exper-
iments and expressed as means + SEM or as mean =+ standard
deviation (SD). Statistical significance was assessed through
nonparametric tests (Mann-Whitney U test, Wilcoxon test,
one-way ANOVA), or using a two-way ANOVA. A probabil-
ity level of P value <0.05 was considered statistically
significant.
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