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ABSTRACT

Parkinson’s disease (PD) is the second most common neurode-
generative disease. Although many monogenic variants have
been identified that cause familial PD, most cases are sporadic
and the mechanisms of sporadic PD onset remain unclear. We
previously identified midnolin (VIDN) as a novel genetic risk fac-
tor for PD in a Japanese population. MIDN copy number loss
was strongly associated with sporadic PD, which was repli-
cated in a British population. Furthermore, suppression of
MIDN expression in rat pheochromocytoma cells inhibits neu-
rite outgrowth and expression of Parkin ubiquitin ligase. How-
ever, the detailed molecular mechanisms of MIDN expression
are unknown. We, therefore, investigated the molecular mecha-
nism of MIDN expression in human neuroblastoma SH-SY5Y
cells. We found that MIDN expression was promoted by insulin
via extracellular-signal regulated kinase1/2 and phosphoinosi-
tide 3-kinase-dependent pathways. In addition, MIDN promoter
activity was enhanced by mutations at transcription factor
AP-2 consensus sequences and reduced by mutations at
cAMP response element-binding protein and activator protein
1 (AP-1) consensus sequences. The dominant-negative cAMP
response element-binding protein mutant did not block MIDN

promoter activity, but both the pharmacological inhibitor and
decoy oligodeoxynucleotide for AP-1 significantly blocked its
activity. Additionally, DNA binding of c-FOS and c-JUN to the
AP-1 consensus sequence in the MIDN promoter was enhan-
ced by insulin as determined by chromatin immunoprecipita-
tion, which suggested that AP-1 positively regulated MIDN
expression. Taken together, this study reveals molecular mech-
anisms of MIDN gene expression induced by insulin in neuronal
cells, and drugs which promote MIDN expression may have
potential to be a novel medicine for PD.
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease after Alzheimer’s disease. PD prevalence
increases with age, and it affects more than 1% of the popula-
tion over the age of 60 (Lill, 2016). Typical symptoms include
resting tremor, bradykinesia, rigidity, and postural instability,
and loss of dopaminergic neurons projecting from the substan-
tia nigra in the midbrain to the striatum is pathologically
observed. Approximately 10% of PD cases are familial, and
many monogenic variants and genetic risk factors have
been identified, including SNCA, PRKN, LRRK2, and GBA

ABBREVIATIONS: AP-1, activator protein 1; ATF, activating transcription factor; BDNF, brain-derived neurotrophic factor; ChlP, chromatin
immunoprecipitation; CREB, cAMP response element-binding protein; ERK, extracellular-signal regulated kinase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GIGYF2, Grb10-interacting GYF protein 2; MIDN, midnolin; NGF, nerve growth factor; ODN, oligodeoxynucleotide;
PC12, pheochromocytoma; PD, Parkinson’s disease; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; TBST, Tris-buff-

ered saline containing 0.1% tween-20; TFAP2, transcription factor AP-2.
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(Lill, 2016; Scott et al., 2017; Billingsley et al., 2018; Smolders
and Van Broeckhoven, 2020). The remaining cases are spo-
radic, and it is assumed that diverse genetic, epigenetic, and
environmental factors interact in a complex manner to affect
disease risk and progression; however, the mechanisms of spo-
radic PD onset remain unclear.

Midbrain nucleolar protein (midnolin or MIDN) was discov-
ered in embryonic stem cells by a gene trap method in 2000
(Tsukahara et al., 2000). Midn was named after its specific
expression pattern in the midbrain of embryonic (E)12.5
mouse embryos and the intracellular localization of MIDN in
the nucleus and nucleolus. A ubiquitin-like domain and a
nucleolar localizing sequence are adjacent to the amino and
carboxy termini, respectively (Tsukahara et al., 2000). Al-
though MIDN is abundant in the midbrain at early develop-
mental stages, in the adult mouse it is also widely observed in
other organs, including the heart, spleen, lungs, liver, skeletal
muscles, kidneys, and testes (Tsukahara et al., 2000). The
physiologic roles of MIDN were unclear for a long time, but in
2013, its ubiquitin-like domain was shown to interact with
glucokinase (Hofmeister-Brix et al., 2013). MIDN inhibits glu-
cokinase activity in vitro and glucose-induced insulin secretion
from MING6 cells. Meanwhile, exome analysis of Caucasian
girls with autism spectrum disorder revealed many potential
genetic variants, one of which was in MIDN (Butler et al.,,
2015), while array-based analyses showed duplications in
19p13.3, a region including MIDN and other genes that is
associated with male infertility (Singh et al., 2019).

Molecular epidemiologic analyses show MIDN to be a novel
genetic risk factor for sporadic PD. MIDN copy number loss
(deletion) was significantly associated with sporadic PD in a
Japanese cohort and this association was replicated in a large-
scale British cohort (Obara et al., 2017; Obara et al., 2019). In
Yamagata prefecture in northeast Japan, MIDN loss was
observed in 10.5% of patients with sporadic PD whereas
MIDN loss was not observed at all in healthy people. In Brit-
ain, MIDN loss was similarly observed in 6.55% of patients
with sporadic PD and in 1.64% of a general population. This
frequency (6.55-10.5%) is large compared with those of other
causal variants, which are usually very small (<0.5%). In rat
pheochromocytoma (PC12 cells), MIDN expression was enhan-
ced by nerve growth factor (NGF). In addition, NGF-induced
neurite outgrowth and expression of Parkin ubiquitin ligase
were substantially inhibited by suppression of MIDN expres-
sion using genome-editing or RNA interference approaches
(Obara et al., 2017; Obara and Ishii, 2018). Although typical
DNA-binding or transcription-activating domains have not
been identified in the MIDN protein, MIDN affects the tran-
scription levels of a number of genes, including PD-related
genes (Obara and Ishii, 2018), indicating that MIDN functions
as a transcription modulator. Thus, we believe that MIDN
loss is associated with PD although this is controversial (Bill-
ingsley et al., 2020; Obara et al., 2020).

MIDN expression in response to NGF is accompanied by the
activation of extracellular signal-regulated kinase (ERK) 1/2
and ERK5 in PC12 cells (Obara et al., 2017). However, the
detailed molecular mechanisms, particularly the cis-elements
and transcription factors responsible for MIDN expression,
are unknown. In this study, we therefore investigated the
molecular mechanism of MIDN expression in human neuro-
blastoma SH-SY5Y cells.
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Materials and Methods

Materials. Recombinant human insulin, all-trans retinoic acid,
and wortmannin were purchased from Wako Pure Chemicals (Osaka,
Japan). Brain-derived neurotrophic factor (BDNF) was purchased
from Sigma-Aldrich (St. Louis, MO). Luciferin was purchased from
AAT Bioquest (Sunnyvale, CA). SR11302 was purchased from
Cayman Chemical (Ann Arbor, MI). U0126, primary antibodies against
phospho-Akt (S473) (#9271), phospho-ERK1/2 (T202/Y204) (#9101),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (#3683), tran-
scription factor AP-2f (TFAP2B) (#2509), phospho-cAMP response ele-
ment-binding protein (CREB) (S133) (#9198), CREB (#9197) and ¢-FOS
(#2250), and horseradish peroxidase-conjugated secondary antibody
against rabbit IgG (#7074), were purchased from Cell Signaling Tech-
nology (Beverly, MA). Anti-ERK2 antibody (#sc-154) was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). A synthetic double-
stranded decoy oligodeoxynucleotide (ODN) was obtained from Fasmac
(Atsugi, Japan). The decoy ODN was generated by annealing equimolar
amounts of single-stranded sense and antisense phosphorothioate-mod-
ified ODNs that contained an AP-1-binding sequence (Moriyama et al.,
2008). A scrambled double-stranded ODN was also generated and used
as a control for the AP-1 decoy ODN. The phosphorothioate ODN used
in this study was as follows: scrambled ODN (5'-TGT CTC TCT GAT
GTC-3' and 5'-GAC ATC AGA GAG ACA-3') and decoy ODN for AP-1
(5'-TGT CTG ACT CAT GTC-3' and 5'- GAC ATG AGT CAG ACA -3')
(AP-1 consensus sequences are underlined).

Cell Culture. Human neuroblastoma cells (SH-SY5Y cells) were
kindly provided by Dr. Takeo Kato (Yamagata University, Japan)
and grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, penicillin (50 units/ml), and streptomycin
(50 pg/ml) in a 5% COg incubator at 37°C. Differentiation of the cells
was induced by adding all-trans retinoic acid (10 M) and incubating
for 5 days as described above. For measurement of gene expression
and protein phosphorylation levels, cells were incubated in serum-free
medium before insulin and other drug stimulation.

DNA Constructs. The human MIDN promoter (—600 bp~+125
bp) was amplified from genomic DNA of SH-SY5Y cells using a primer
set (5'-CCC GCT AGC GCA TCC CCT CAC CAC ACT CCC-3'and 5'-
CCC CTC GAG CCC CCT CCA CAC TCA CCG-3) and PrimeStar
MAX (Takara, Tokyo, Japan) and inserted between the Nhel and
Xhol sites of the pGL3-basic luciferase vector (Promega, Madison,
WI). Deletion or variations were created by in vitro mutagenesis reac-
tions using PrimeStar MAX. DNA plasmids encoding TFAP2B or its
dominant-negative mutant (R225C) were kindly provided by Dr.
Satoshi Maegawa (Shiga University of Medical Science, Japan) (Fuke
et al., 2010). A plasmid encoding f-actin promoter-driven f-galactosi-
dase was a kind gift from Dr. Philip Stork (Vollum Institute, Oregon
Health Sciences University, OR). Plasmids that encoded CREB or its
dominant-negative mutant (S133A) were a kind gift from Dr. Takeo
Saneyoshi (Kyoto University, Japan).

Western Blotting. Cells were lysed in Laemmli buffer and proteins
were separated on 11% polyacrylamide gels by electrophoresis. Then,
the proteins were transferred to polyvinylidene difluoride membranes
(GE Healthcare, Buckinghamshire, UK) using a semidry method. After
blocking membranes with 5% skimmed milk, they were incubated with
primary antibodies (1:1000 dilution). The membranes were washed
three times and incubated with secondary antibody (1:5000 dilution).
After rinsing the membranes, they were developed using an enhanced
chemiluminescence kit (PerkinElmer, Waltham, MA or GE health-
care), and visualized with a ChemiDoc XRS imaging system (BioRad,
Hercules, CA). The relative band intensities were analyzed using
ImagedJ densitometry software (National Institutes of Health, Bethesda,
MD). The sample number for Western blotting was three for all cases.
Quantitative data are shown in supplemental figures.

Luciferase Assay. SH-SY5Y cells were seeded into 24-well plates
at 1 x 10° cells/well. Plasmids encoding the MIDN promoter linked to
the firefly luciferase and f-actin-driven f-galactosidase genes, were
cotransfected into cells using Lipofectamine 2000 (Invitrogen, Grand
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Island, NY). After culture for 2 days, the cells were incubated in the
presence or absence of insulin (1 M) overnight. The cells were lysed
and luciferase activity was measured using a GloMax20/20 luminome-
ter (Promega) as described previously (Honda et al., 2015). As an
internal control, f-actin promoter-driven f-galactosidase activity was
measured to normalize for transfection efficiency as described previ-
ously (Honda et al., 2015).

Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR). Total RNA from SH-SY5Y cells was extracted
using TriPure isolation reagent (Roche, Indianapolis, IN) according to
the manufacturer’s protocol. The RNA was then reverse transcribed
using an RT-PCR kit (Toyobo, Osaka, Japan), and real-time PCR was
performed using FastStart Essential DNA Green Master for real-time
PCR and a LightCycler Nano thermal cycler (Roche), as described pre-
viously (Kashino et al., 2018). The PCR primers used were as follows:
MIDN (5'-GAG CAG ATG GAC TGC TCC CC-3' and 5-ACA AAG
CTC TCG ATG ACG GC-3), ¢-FOS (5-CAG ACT ACG AGG CGT
CAT CC-3' and 5'-AGT TGG TCT GTC TCC GCT TG-3'), and GAPDH
(5’-ACC ACA GTC CAT GCC ATC AC-3' and 5'-TCC ACC ACC CTG
TTG CTG TA-3'). PCR products were quantified and normalized to
the GAPDH control before presentation as a fold change.

Chromatin Immunoprecipitation (ChIP) Analysis. ChIP
assays were performed as described previously (Nakagawa et al., 2020)
with some modifications. Briefly, ten million SH-SY5Y cells were fixed
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and centrifuged. The cell pellets were suspended in nuclear extraction
buffer, and centrifuged again. The resulting pellets were suspended in
Buf NUC solution, mixed with calcium chloride, and digested with
micrococcal nuclease (New England Biolabs, M0247S). After the addi-
tion of 2 x sonication buffer to stop the reaction, the sample was centri-
fuged, and the supernatants were incubated with 6 ug of antibodies
[IgG control (MBL, PM035), anti-c-<JUN (Cell Signaling Technology,
9165) or anti-c-FOS (Cell Signaling Technology, 2250) antibody] conju-
gated to magnetic beads (Thermo Fisher, DB10004). Bead-bound pro-
teins were washed with buffer A, buffer B, buffer C, and TE buffer, and
the samples were then eluted by RNase A, proteinase K, and sodium
chloride. After incubation with proteinase K again, DNA was purified
with AMpure XP beads, eluted with TE buffer, and subjected to real-
time PCR analysis with the use of Fast SYBR Green Master Mix
(Thermo Fisher, 4385612). The primers for amplification of the MIDN
promoter were 5'-TGG CTC GGG GCA TTC AAG-3' and 5'-TTT ATC
CGC GCC GCC TTC-3" and those of MIDN intron 1 were 5-CGG CTT
TTC CCG GAC GAA-3' and 5'-ACG GGT CTG GTA CCC CTC-3'.
Statistics. Data are expressed as the mean + S.E.M, and the sta-
tistical significance of the differences was analyzed using Student’s
T-test (Fig. 8E) or one-way ANOVA with post hoc Tukey’s test
(Figs. 2C, 3A, 4A, 4B, 8A, 8C, and 8D; Supplemental Figs. 4, 5, 7,
and 8) or Dunnett’s test (Figs. 1A, 1B, 2A, 5B, 5C, 6A, and 7B;
Supplemental Figs. 1, 2, 3, and 6) for multiple comparisons. StatView
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Fig. 1. Insulin promotes MIDN expression in SH-SY5Y cells. (A) SH-SY5Y cells were stimulated with insulin (1 ¢M) or BDNF (30 or 50 ng/ml)
for 2 hours, then expression levels of MIDN were examined by RT-qPCR. Insulin significantly promoted MIDN expression (n = 3-9, *p < 0.05).
(B) SH-SY5Y cells were transfected with MIDN promoter (—600~+125 bp) linked to luciferase in a promoterless plasmid (pGL3). After stimula-
tion with insulin (1 nM to 1 uM), MIDN promoter activity was examined by measuring luciferase activity. Insulin significantly promoted MIDN
promoter activity (n = 3, *p < 0.05). (C) SH-SY5Y cells were stimulated with insulin (1 xM) for 5, 15, and 30 minutes, then phosphorylation of
Akt and ERK1/2 was examined by Western blotting. (D) SH-SY5Y cells were stimulated with insulin (1 M) or BDNF (30 or 50 ng/ml) for 5
minutes, then phosphorylation of Akt and ERK1/2 was examined by Western blotting.

%20z ‘0T [1dy uo sfeuinor 134SY e Bio'seuuno fiadse ed | Wouy papeojumo(q


http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.001076/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.001076/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.001076/-/DC1
http://jpet.aspetjournals.org/

software (ver5.0) (SAS institute Inc., Tokyo, Japan) was used for sta-
tistical analysis.

Results

Insulin Enhances MIDN Gene Expression in SH-
SY5Y Cells. Human neuroblastoma SH-SY5Y cells were
incubated with insulin (1 M) or BDNF (30 or 50 ng/ml) for 2
hours, and MIDN expression levels were examined by RT-
gPCR (Fig. 1A). MIDN expression was significantly enhanced
by insulin, but not by BDNF. Next, we subcloned the human
MIDN promoter region either side of the transcription start
site (—600~+125 bp) into pGL3, which encodes a promoterless
firefly luciferase. In SH-SY5Y cells transfected with this DNA
construct, the luciferase gene is efficiently expressed when the
MIDN promoter is activated by a stimulant. We measured the
human MIDN promoter activity in response to insulin (1 nM
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to 1 uM) and found it to be significantly increased in a concen-
tration-dependent manner (Fig. 1B). To examine the signaling
pathways activated by insulin, phosphorylation levels of
ERK1/2 and Akt were examined as indices of activation of
ERK1/2 and PI3-kinase, respectively. Insulin promoted phos-
phorylation of both ERK1/2 and Akt, but BDNF failed to cause
the phosphorylation of Akt or ERK1/2 (Fig. 1, C and D and
Supplemental Figs. 1 and 2). SH-SY5Y cells express the
BDNF TrkB receptor and acquire sensitivity to BDNF during
neuronal differentiation by retinoic acid (Sakane and Shidoji,
2011; Shiohira et al., 2012); therefore, the cells were incubated
with retinoic acid (10 uM) for 5 days and were then stimulated
with BDNF (50 ng/ml) or insulin (1 uM) for 1 or 2 hours.
BDNF, in addition to insulin, significantly enhanced MIDN
expression in these differentiated cells (Fig. 2A). BDNF (30 or
50 ng/ml) treatment of 5 minutes also caused phosphorylation
of both ERK1/2 and Akt (Fig. 2B and Supplemental Fig. 3),
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(=) Insulin 30 50
p-Akt
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T — — — ERK2
i ———— GAPDH
Insulin
(-) ATRA (-) ATRA
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Fig. 2. BDNF and insulin promote MIDN expression in differentiated SH-SY5Y cells. (A) SH-SY5Y cells differentiated by all-trans retinoic acid
(10 uM) for 5 days were stimulated with insulin (1 xM) or BDNF (50 ng/ml) for 1 or 2 hours, then expression levels of MIDN were examined by
RT-qPCR. Insulin and BDNF significantly promoted MIDN expression (n = 3, *p < 0.05). (B) Differentiated SH-SY5Y cells were stimulated with
insulin (1 M) or BDNF (30 or 50 ng/ml) for 5 minutes, then phosphorylation of Akt and ERK1/2 was examined by Western blotting. (C) SH-
SY5Y cells were incubated in the presence or absence of all-trans retinoic acid (10 uM) for 5 days and then stimulated with insulin (1 xM) for 2
hours. Then, expression levels of MIDN were examined by RT-qPCR. MIDN expression in differentiated cells was significantly higher than that
in undifferentiated cells (n = 3, *p < 0.05). (D) Undifferentiated and differentiated SH-SY5Y cells were stimulated with insulin (1 xM) for 5
minutes and then phosphorylation of Akt and ERK1/2 was examined by Western blotting.
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confirming that the TrkB receptor tyrosine kinase was activated
by BDNF in the differentiated cells. When MIDN expression
was compared between undifferentiated and differentiated cells
under the same conditions, MIDN expression in differentiated
cells was significantly higher than that in undifferentiated cells,
although insulin increased MIDN expression levels to a similar
extent regardless of differentiation states (Fig. 2C). Phosphoryla-
tion of ERK1/2 and Akt was related to MIDN expression levels
(Fig. 2D and Supplemental Fig. 4). However, because the effect
of insulin was more potent than that of BDNF and obvious in
both undifferentiated and differentiated cells, we focused on
insulin signaling that led to MIDN expression in undifferenti-
ated cells. SH-SY5Y cells were preincubated in the presence or
absence of a MEK inhibitor, U0126 (30 uM), or a PI3-kinase
inhibitor, wortmannin (500 nM), for 30 minutes, then stimulated
with insulin (1 ¢M) for 2 hours. RT-qPCR analysis showed that
insulin increased MIDN expression, which was largely blocked
by U0126 or wortmannin and was completely suppressed by the
combination of U0126 and wortmannin (Fig. 3A). Inhibition of
PI3-kinase and ERK1/2 by these inhibitors was confirmed by
Western blotting (Fig. 3B and Supplemental Fig. 5). These data
indicate that insulin promotes MIDN expression accompanied
by the activation of ERK1/2 and PI3-kinase in SH-SY5Y cells.
Transcription Factors, Including TFAP2 and AP-1,
Regulate Human MIDN Promoter Activity in SH-SY5Y
Cells. To examine the insulin signaling pathway involved in
increased MIDN expression in more detail, we measured
MIDN promoter activity using reporter plasmids encoding var-
ious length of the MIDN promoter (—600, —450, —300, —150,
—100, and —50 bp to +125 bp). We found a region that nega-
tively regulates promoter activity between —150 bp and —100
bp and a region that positively regulates its activity between
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—100 and —50 bp (Fig. 4A). This was also observed after insu-
lin stimulation (Fig. 4B), suggesting that multiple transcrip-
tion factors are involved in MIDN expression.

In silico analysis of the JASPAR2020 database (Fornes
et al., 2020) identified TFAP2 consensus sequences between
—121 bp and —99 bp upstream of the transcription start site
(5-AGC CGT CAA GGC GCC CCA GGG CC-3). The highest
TFAP2 family member binding affinity scores were 12.9646
for TFAP2A, 12.2031 for TFAP2B and 12.6803 for TFAP2C,
indicating that the sequence in this region of the MIDN pro-
moter is highly similar to the consensus sequence for all
TFAP2 isoforms (Supplemental Table 1). We also discovered
the consensus sequence for activator protein 1 (AP-1) and for
the CREB/Activating transcription factor (ATF) family in the
promoter region between —71 bp and —57 bp (5'-GTC TGC
GTC ACC GCC-3') (Supplemental Tables 2—4). The highest
scores for binding affinity with these transcription factors
were 10.5189 for FOSL1/JUN, 10.9754 for ATF1 and 11.1485
for CREB1. Furthermore, there is a region between these sites
putatively recognized by various other transcription factors
including KLF, SP, and EGR family members. To identify the
specific cis-elements involved in MIDN expression, the puta-
tive binding sequences for these transcription factors were
mutated as indicated in Fig. 5A. Both basal and insulin
(1 uM)-stimulated MIDN promoter activity was significantly
enhanced by mutations at TFAP2 consensus sites (Mut 1
and 2) and also by mutations 3 and 4 (Fig. 5B). In contrast,
basal and insulin (1 uM)-stimulated MIDN promoter activity
was significantly reduced by the mutation at the CREB/ATF
family and AP-1 family consensus sites (Mut 5) (Fig. 5C).

Because TFAP2 was suggested to be involved in regulation
of MIDN expression, wild-type TFAP2B and its dominant-

B
Insulin
() -) +U  +Wort +U +Wort
—— p-Akt
(S473)
a - p-ERK1/2
— (T202/Y204)

ERK2

GAPDH

Fig. 3. Insulin promotes MIDN expression via PI3-kinase and ERK1/2 in SH-SY5Y cells. (A) SH-SY5Y cells were preincubated with or without

U0126 (U, 30 uM) or wortmannin (Wort, 500 nM) for 30 minutes, then stimulated with insulin (1 M) for 2 hours. Expression levels of MIDN

were examined by RT-qPCR. Insulin significantly promoted MIDN expression (*p < 0.05), which was significantly blocked by U0126 and wort-
mannin (n = 3-6, *p < 0.05). (B) SH-SY5Y cells were preincubated with or without U0126 (U, 30 uM) or wortmannin (Wort, 500 nM) for 30
minutes, then stimulated with insulin (1 M) for 2 hours. Phosphorylation of Akt and ERK1/2 was examined by Western blotting.
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Fig. 4. Insulin regulates MIDN promoter activity between —150 and —50 bp upstream of the transcription start site. (A) SH-SY5Y cells were
transfected with different length MIDN promoters (—600, —450, —300, —150, —100, or —50 to +125 bp) linked to luciferase in a promoterless plas-
mid (pGL3) and MIDN promoter activity was examined by measuring luciferase activity. MIDN promoter activity of the —100~+125 bp fragment
was significantly enhanced compared with that of the —150~+125 bp fragment (n = 6, *p < 0.05). The activity of the —50~+125 bp fragment
was significantly reduced compared with that of the —100~+125 bp fragment (n = 6, *p < 0.05). (B) SH-SY5Y cells were transfected with differ-
ent length MIDN promoters (—150, —100, or —50 to +125 bp) linked to luciferase in a promoterless plasmid (pGL3) and stimulated with insulin
(1 uM). MIDN promoter activity was examined by measuring luciferase activity. MIDN promoter activity of the —100~+125 bp fragment was sig-
nificantly enhanced compared with that of the —150~+125 bp fragment (n = 3, *p < 0.05) and the activity of the —50~+125 bp fragment was sig-
nificantly reduced compared with that of the —100~+125 bp fragment (n = 3, *p < 0.05) in both the presence and absence of insulin.

negative mutant (R225C) were overexpressed in SH-SY5Y
cells and MIDN promoter activity (—150~+125) was mea-
sured. This dominant-negative mutant lacks DNA-binding
ability (Fuke et al., 2010). Although overexpression of TFAP2
did not reduce the promoter activity, its dominant-negative
mutant promoted promoter activity (Fig. 6A), indicating that
TFAP2B negatively regulates MIDN expression. Overexpres-
sion of TFAP2B and TFAP2B R225C was confirmed by West-
ern blotting (Fig. 6B and Supplemental Fig. 6).

To investigate the activity and involvement of CREB in
MIDN expression, phosphorylation levels of CREB and ATF1
were also examined by Western blotting as an index of activa-
tion. The phospho-specific CREB antibody used also recog-
nizes phospho-ATF1 (S63), but only phosphorylation of CREB
was enhanced by insulin (1 uM); there was no conclusive phos-
phorylated ATF1 band (Fig. 7A). Densitometric analysis
showed that U0126 (30 uM) blocked this CREB phosphoryla-
tion by 50.0% (n = 3, p < 0.05), while wortmannin (500 nM)
only reduced it by 17.3% (n = 3, p > 0.05), indicating that
insulin activates CREB, which was accompanied mainly by
ERK1/2 signaling (Supplemental Fig. 7). Additionally, a domi-
nant-negative mutant of CREB S133A, which lacked its

phosphorylation sites at Ser133, was overexpressed in cells
stimulated with insulin (1 xM). However, the MIDN promoter
was not inhibited by the CREB S133A mutant (Fig. 7B).

Next, to investigate the activity and involvement of AP-1
in MIDN expression, mRNA and protein expression levels of
¢-FOS were measured by RT-qPCR and Western blotting,
respectively, as an index of AP-1 transcriptional activity. Insu-
lin (1 uM) significantly enhanced ¢-FOS mRNA expression,
which was significantly reversed by U0126 (30 xM), but not
wortmannin (500 nM), which suggested that the ERK1/2
pathway was involved in ¢-FOS induction (Fig. 8A). c-FOS
protein was also induced by insulin treatment (1 uM) for
2 hours, which was completely inhibited by U0126 (30 M) and
partially, but significantly, inhibited by wortmannin (500 nM)
(Fig. 8B and Supplemental Fig. 8). To examine the involvement
of AP-1 in MIDN expression, the decoy ODN (2 ug/well) for
AP-1 was cotransfected with reporter genes into cells that were
stimulated with insulin (1 uM). As a result, the decoy ODN for
AP-1 completely inhibited the insulin (1 uM)-induced MIDN
promoter activation (Fig. 8C). To confirm the roles of AP-1,
we used a pharmacological inhibitor, SR11302, which is a syn-
thetic retinoid derivative that inhibits AP-1 activity without
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Fig. 5. cis-elements for TFAP2, AP-1 and CREB/ATF are involved in basal and insulin-induced MIDN expression. (A) Depiction of mutated sites
in the MIDN promoter between —150 and —50 bp. Putative binding sequences for various transcription factors were mutated as indicated
(Mut 1-5). (B) SH-SY5Y cells were transfected with wild-type or mutated (Mut 1-4) MIDN promoter (—150~+125 bp) linked to luciferase in a

promoterless plasmid (pGL3), and stimulated with insulin (1 xM). MIDN

promoter activity was examined by measuring luciferase activity. The

mutated MIDN promoter activity was significantly enhanced compared with the wild-type promoter activity in both the presence and absence of

insulin (n = 3, * *p < 0.05). (C) SH-SY5Y cells were transfected with w

ild-type or mutated (Mut 5) MIDN promoter (—100 or —50~+125 bp)

linked to luciferase in a promoterless plasmid (pGL3), and stimulated with insulin (1 xM). MIDN promoter activity was examined by measuring

luciferase activity. The activity of MIDN promoter (Mut 5 and —50~+12

5 bp) was significantly reduced compared with the wild-type promoter

activity (—100~+125 bp) in both the presence and absence of insulin (n = 6, * *p < 0.05).

activating retinoid response elements (Li et al., 1997). SR11302
(30 uM) significantly inhibited the MIDN promoter activation
induced by insulin (Fig. 8D). Finally, a ChIP assay was per-
formed using ¢-FOS and c-JUN antibodies to confirm that AP-1
bound to its consensus sequence (—71 to —57 bp) in the MIDN
promoter and identify the AP-1 isoforms involved in this case
(Fig. 8E). As expected, insulin (1 uM) significantly promoted
DNA binding of both ¢-FOS and c-JUN to its predicted corre-
sponding sequence, but not to intron 1 (+840 to +969 bp) as a
negative control sequence. Taken together, these results sug-
gest that AP-1 rather than CREB is involved in insulin-induced
MIDN expression, although CREB is also activated by insulin
in an ERK1/2-dependent manner.

Discussion

In this study, we found that insulin promoted MIDN expres-
sion in human neuroblastoma cells via ERK1/2 and PI3-kinase-
dependent pathways. In addition, the MIDN promoter was reg-
ulated in multiple ways by various transcription factors. AP-1
enhances, whereas TFAP2 suppresses, MIDN expression.
These signaling pathways are depicted in Fig. 9.

Although insulin generally modulates peripheral glucose
metabolism, it is efficiently transported into the brain through

its specific mechanism to cross the blood brain barrier (Ghasemi
et al., 2013; Gray and Barrett, 2018). Insulin transcripts have
been detected in GABAergic neurogliaform cells in the cortex,
which act in cortical microcircuits (Molnar et al., 2014), and in
the rat hippocampus (Nemoto et al., 2014). Furthermore, insu-
lin-like growth factor 1/2, which interacts with insulin recep-
tors, is biosynthesized in glial cells. Insulin receptor is
abundantly expressed in the central nervous system, especially
in postsynaptic neurons (Wada et al., 2005), which suggests
that central insulin regulates behavior and cognitive functions
other than glucose homeostasis (Zhao and Alkon, 2001). More-
over, dysfunction in insulin signaling is associated with neuro-
degenerative diseases (Moroo et al., 1994; Craft and Watson,
2004; Trejo et al., 2004). Remarkably, Grb10-interacting GYF
protein 2 (GIGYF2) interacts with insulin and insulin-like
growth factor receptors through Grb10, and mutations in the
GIGYF2 gene within the Park11 locus have been associated
with PD (Lautier et al., 2008; Blauwendraat et al., 2020). Gigyf2
knockout mice exhibit motor dysfunction and «-synuclein-posi-
tive plaques, which implies that abnormal insulin signaling is
associated with PD (Giovannone et al., 2009).

Although the relationship between PD and diabetes mellitus
has been controversial, the shared biologic mechanisms and
positive clinical and epidemiologic association between type 2
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Fig. 6. A dominant-negative TFAP2B mutant enhanced MIDN promoter activity in SH-SY5Y cells. (A) SH-SY5Y cells were cotransfected with
wild-type MIDN promoter (—150~+125 bp) linked to luciferase in a promoterless plasmid (pGL3) and empty vector (pcDNA3.1), wild-type
TFAP2B (WT) or a dominant-negative TFAP2B mutant (R225C). MIDN promoter activity was examined by measuring luciferase activity. MIDN
promoter activity was significantly enhanced by overexpression of TFAP2B R225C (n = 6, *p < 0.05). (B) SH-SY5Y cells were cotransfected with
reporter plasmids and TFAP2B WT or its dominant-negative mutant as described above, and overexpression of TFAP2B and TFAP2B-R225C was

examined by Western blotting.

diabetes and PD are currently an interesting hypothesis
(Sanchez-Goémez et al., 2020; 2021). Whereas certain oral anti-
diabetic drugs, which include pioglitazone and metformin,
have not had a significant benefit in clinical trials, daily intra-
nasal administration of insulin improved motor impairment
and had a positive effect on cognitive functions (Novak et al.,
2019). Furthermore, exenatide, an agonist of the glucagon-like
peptide-1 receptor, exerted a positive effect on practically
defined off-medication motor scores in a clinical trial for PD
patients, although the effect of exenatide on pathophysiology
and long-lasting symptomatic improvement remains unclear
(Athauda et al., 2017; 2019). The relevance of PD to diabetes
and the effectiveness of antidiabetic drugs on PD should be
clarified in both in vitro and in vivo/clinical studies.

We previously showed that MIDN expression was enhanced
by NGF, but not by epidermal growth factor or basic fibroblast

B B

Insulin
(-) (-) +U +Wort+U +Wort
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T SRR n Wemp == | p-CREB
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pcDNA
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e S — - T | CREB CREB
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growth factor in PC12 cells (Obara et al., 2017). In addition,
the NGF-induced MIDN expression was both ERK1/2 and
ERK5-dependent. In this study, insulin enhanced MIDN
expression in SH-SY5Y cells accompanied by activation of
ERK1/2 and PI3-kinase (Figs. 1 and 3). MIDN expression was
also enhanced by BDNF in cells differentiated by retinoic acid
and in which TrkB receptor was induced (Sakane and Shidoji,
2011; Shiohira et al., 2012) (Fig. 2). The majority of neurotro-
phic factors and growth factors activate both ERKs and PI3-
kinase in a similar manner through their specific receptor
tyrosine kinases. However, there are differences in the intra-
cellular signaling that depend on the growth factors and cell
type. For example, NGF causes sustained ERK1/2 activation
via the small G-proteins, Ras and Rapl, whereas this activa-
tion is only transient and Ras-dependent in case of epidermal
growth factor in PC12 cells (York et al., 1998; Obara et al.,

MIDN promoter activity (fold)
0 1 2 3 4 5 6

|] a'o

O Insulin

= #

Fig. 7. CREB is not involved in MIDN promoter activation by insulin in SH-SY5Y cells. (A) SH-SY5Y cells were preincubated in the presence or
absence of U0126 (U, 30 M) or wortmannin (Wort, 500 nM) for 30 minutes and then stimulated with insulin (1 xM) for 2 hours. Phosphorylation
of CREB was examined by Western blotting. (B) SH-SY5Y cells were cotransfected with wildtype MIDN promoter (—100~+125 bp) linked to lucif-
erase in a promoterless plasmid (pGL3) and empty vector (pcDNA3.1), wildtype CREB (WT) or a dominant-negative CREB mutant (S133A) and
then stimulated with insulin (1 xM). MIDN promoter activity was examined by measuring luciferase activity. MIDN promoter activity was signifi-
cantly enhanced by overexpression of CREB WT and the S133A mutant (n = 3, **p < 0.05).
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Fig. 8. Insulin promotes ¢-FOS expression and AP-1 is involved in MIDN promoter activation by insulin in SH-SY5Y cells. (A) SH-SY5Y cells
were preincubated in the presence or absence of U0126 (U, 30 uM) or wortmannin (Wort, 500 nM) for 30 minutes, then stimulated with insulin
(1 uM) for 2 hours. Gene expression levels of ¢-FOS were examined by RT-qPCR. Insulin significantly promoted c-FOS expression (n = 3-6, *p <
0.05), which was significantly blocked by U0126 (n = 3-6, *p < 0.05). (B) SH-SY5Y cells were preincubated in the presence or absence of U0126
(U, 30 uM) or wortmannin (Wort, 500 nM) for 30 minutes, then stimulated with insulin (1 xM) for 2 hours. ¢c-FOS and GAPDH levels were exam-
ined by Western blotting. (C) SH-SY5Y cells were cotransfected with wildtype MIDN promoter (—100~+125 bp) linked to luciferase in a promoter-
less plasmid (pGL3) and scrambled or decoy ODNs (2 pug) and then stimulated with insulin (1 xM). MIDN promoter activity was examined by
measuring luciferase activity. Insulin significantly promoted MIDN promoter activity (n = 6, *p < 0.05), which was significantly blocked by the
decoy ODN (n = 6, *p < 0.05). (D) SH-SY5Y cells were transfected with the wildtype MIDN promoter (—100~+125 bp) linked to luciferase in a
promoterless plasmid (pGL3). The cells were preincubated with or without SR11302 (10-30 xM) and then stimulated with insulin (1 yM). MIDN
promoter activity was examined by measuring luciferase activity. Insulin significantly promoted MIDN promoter activity (n = 4-8, *p < 0.05),
which was significantly blocked by SR11302 (n = 4-8, *p < 0.05). (E) SH-SY5Y cells were stimulated with insulin (1 xM) for 2 hours. Then, ChIP
assays were performed using control IgG, c-JUN, and ¢c-FOS antibodies. The MIDN promoter region (—185 to +7 bp), which included the pre-
dicted AP-1 consensus sequence (=71 to —57 bp), and intron 1 (+840 to +969 bp) was amplified by qPCR. Insulin significantly promoted DNA

binding of both ¢-JUN and ¢-FOS to the MIDN promoter region (n = 3, *p

2004). This difference affects cell fate; NGF induces neuronal
differentiation and epidermal growth factor promotes prolifer-
ation. The reason why only certain neurotrophic factors or
growth factors affect MIDN expression remains unknown, but
it is suggested that NGF or insulin-specific signaling pathways
in addition to those involving ERKs and PI3-kinase may be
responsible for MIDN expression. Because growth/neurotro-
phic factors, including insulin, BDNF and glial cell-derived
neurotrophic factor, have neurotrophic effects and clinical
potential for the treatment of PD (Allen et al., 2013; Shaugh-
ness et al., 2020), it is important to examine whether they
induce MIDN expression, particularly in vivo.

By MIDN promoter analysis, we found that TFAP2 nega-
tively regulated MIDN expression. Deleting or mutating the
TFAP2 consensus sequence between —121 bp and —99 bp
upstream of the transcription start site (5-AGC CGT CAA

< 0.05).

GGC GCC CCA GGG CC-3) increased promoter activity
(Figs. 4 and 5; Supplemental Table 1). In addition, the promoter
activity was promoted by overexpression of a dominant-nega-
tive TFAP2B mutant that lacks DNA binding activity (Fig. 6A).
However, overexpression of wild-type TFAP2B did not cause a
significant reduction of promoter activity. SH-SY5Y cells
express TFAP2B (Fig. 6B), which may be sufficient for negative
regulation of the MIDN promoter. Generally, TFAP2 forms
homo- or hetero-dimers with other TFAP2 family members,
and functions as both an activator and repressor of gene tran-
scription. TFAP2B mediates retinoic acid-induced noradrener-
gic neuronal differentiation in neuroblastoma, including
SH-SY5Y cells (Ikram et al., 2016). In our study, TFAP2 sup-
pressed MIDN gene expression in SH-SY5Y cells, but the physi-
ologic significance of this remains unknown. It is necessary to
clarify the molecular mechanism by which insulin regulates
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TFAP2 activity and how TFAP2 inhibits MIDN expression. We
discovered that the promoter region between —71 bp and —57
bp (5’-GTC TGC GTC ACC GCC-3'), which contains consensus
binding sequences for AP-1 and the CREB/ATF family
(Supplemental Tables 2—4), was required for MIDN expression.
Furthermore, this sequence is conserved among mammals,
which suggests universal roles in MIDN expression. We found
that AP-1 activity, rather than CREB, was involved in MIDN
expression as demonstrated by attenuation of MIDN promoter
activity by both a pharmacological inhibitor (SR11302) and
decoy ODN for AP-1, whereas the dominant-negative CREB
S133A mutant did not decrease its promoter activity (Figs. 7
and 8). Additionally, insulin promoted DNA binding of both
¢-FOS and c¢-JUN isoforms to the predicted AP-1 consensus
binding sequence (Fig. 8E), which suggested that both AP-1 iso-
forms are required for MIDN expression. AP-1 activity is regu-
lated at multiple levels. For example, expression of AP-1
components is controlled by mRNA synthesis and stability as
ERKSs strongly stimulate AP-1 activity via de novo synthesis of
¢-FOS and c-JUN. Additionally, the DNA-binding ability and
transactivating capacity of AP-1 are controlled by post-transla-
tional modifications, which include phosphorylation and ubiqui-
tination as JUN N-terminal kinase phosphorylates c-JUN. In
our study, insulin actually promoted c¢-FOS expression at
mRNA and protein levels in an ERK1/2-dependent manner
(Fig. 8, A and B), and ERK1/2 was involved in MIDN expression
induced by insulin (Fig. 3), indicating that the ERK1/2/AP-1
pathways are essential for MIDN expression. Because ¢-FOS
protein levels were partially, but significantly, reduced by
a PI3-kinase inhibitor (Fig. 8B; Supplemental Fig. 8), AP-1
activity was also regulated by the PI3-kinase pathway via a
post-translational modification. Because inhibition of PI3-kinase

+1 MIDN gene

and ERK1/2 suppressed MIDN expression to similar extents
(Fig. 3), the PI3-kinase pathway is also required for MIDN
expression although the downstream signaling pathway is
unclear. Both ERK1/2 and PI3-kinase are essential for neuronal
differentiation and survival, and targeting these pathways has
been proposed as a reasonable approach to suppress various neu-
rodegenerative disorders (Markus et al., 2002; Obara et al., 2004;
Rai et al., 2019). MIDN induced through ERK signaling is
responsible for neurite outgrowth in PC12 cells (Obara et al.,
2017); therefore, MIDN is assumed to be a key regulator in the
maintenance of appropriate neuronal functions, and MIDN dys-
function can be a risk factor for the onset and progression of neu-
rodegenerative disorders, such as PD. Therefore, drugs that
promote the MIDN expression may have potential to be a novel
medicine for PD, which may be useful for not only patients who
have MIDN copy number loss, but also for those who have the
normal copy number.

In summary, we demonstrated that insulin promotes MIDN
expression via ERK1/2 and PI3-kinase pathways. Further-
more, we identified the important region of the MIDN pro-
moter and showed that transcription factors, including AP-1,
positively regulate MIDN expression, whereas TFAP2 nega-
tively regulates basal and insulin-induced MIDN expression.
Identification of MIDN-binding partners and the clarification
of MIDN roles in vivo are key future studies.
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