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Abstract
Familial dysautonomia (FD) is a genetic disordermanifested due to abnormal development and progressive degeneration of the
sensory and autonomic nervous system. FD is caused by a point mutation in the IKBKAP gene encoding the IKAP protein,
resulting in decreasedprotein levels. A promisingpotential treatment for FD is phosphatidylserine (PS); however, themanner by
which PS elevates IKAP levels has yet to be identified. Analysis of ChIP-seq results of the IKBKAP promoter region revealed
binding of the transcription factors CREB and ELK1, which are regulated by the mitogen-activated protein kinase (MAPK)/
extracellular-regulated kinase (ERK) signaling pathway. We show that PS treatment enhanced ERK phosphorylation in cells
derived from FD patients. ERK activation resulted in elevated IKBKAP transcription and IKAP protein levels, whereas
pretreatment with the MAPK inhibitor U0126 blocked elevation of the IKAP protein level. Overexpression of either ELK1 or CREB
activated the IKBKAP promoter, whereas downregulation of these transcription factors resulted in a decrease of the IKAP
protein. Additionally,we show that PS improves cellmigration, known to be enhancedbyMAPK/ERKactivation and abrogated in
FD cells. In conclusion, our results demonstrate that PS activates the MAPK/ERK signaling pathway, resulting in activation of
transcription factors that bind the promoter region of IKBKAP and thus enhancing its transcription. Therefore, compounds that
activate the MAPK/ERK signaling pathway could constitute potential treatments for FD.

Introduction
Familial dysautonomia (FD) is a hereditary autosomal recessive
neuropathy restricted to the Ashkenazi Jewish population, with
a relatively high carrier frequency between 1 in 32 and 1 in 18
in Ashkenazi Jews of Polish descent (1–3). The clinical features
of FD include progressive depletion of unmyelinated sensory
and autonomic neurons, gastrointestinal and cardiovascular
dysfunction, vomiting crises, pain and temperature insensitivity
and recurrent pneumonia (4–6). FD is caused by a pointmutation,
a transition from T to C at position 6 of the 5′ splice site of intron
20 in the IKBKAP gene, which encodes the IκB kinase complex-as-
sociated protein (IKAP) (7,8). Although exon 20 is constitutively
spliced in healthy individuals, themutation results in alternative
splicing of the exon in FD patients, causing a frameshift and a
premature stop codon in the skipped isoform, which in turn
leads to considerably reduced IKAP protein levels. Levels of

exon 20 skipping vary depending on the tissues with the lowest
inclusion level observed in the nervous system, probably ac-
counting for the nervous system-specific manifestations of the
disease (9,10). Cells derived from heterozygous individuals have
lower IKBKAP mRNA and protein levels than do cells isolated
from wild-type (WT) individuals (11), yet heterozygous indivi-
duals are asymptomatic, suggesting that a tissue-specific thresh-
old of IKAP expression is required for normal development and
maintenance. Therefore, it is likely that a therapy that increases
the amount of theWT IKBKAPmRNA levels, in turn elevating the
normal, functional IKAP protein, would be beneficial. Thus,
unraveling the regulatory pathways influencing the IKBKAP

gene expression could reveal new therapeutic targets.
IKAP function in the cell has been vastly investigated; it is

most commonly considered as a subunit of the Elongator com-
plex, assisting RNA polymerase II in transcription elongation in
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the nucleus (12–15), and was also implicated in cytosolic func-
tions such as tRNAmodification (16,17), exocytosis (18), cell adhe-
sion, migration of cells and reorganization of actin in the
cytoskeleton (19–21), regulation of the c-Jun N-terminal kinase
(JNK) signaling pathway (22,23) and p53 activation (24). IKAP
may also play a role in oligodendrocyte differentiation and/or
myelin formation (25), nerve growth factor signaling and periph-
eral neuron target innervations (23,26) and was shown to be cru-
cial for vascular and neural development during embryogenesis
(26–28). Nevertheless, little is known concerning IKBKAP tran-
scription regulation.

Several potential therapeutics have been tested for treatment
of FD, such as kinetin (29,30), RECTAS (17) and tocotrienols
(31,32); however, their therapeutic effects on FD patients remain
to be seen. Phosphatidylserine (PS), an FDA-approved food sup-
plement, was also tested for FD with promising results, both in
cell lines derived from FD patients (11) and in an FD mouse
model (33) and in a small-scale clinical trial in FD patients (34).
PS is the major acidic phospholipid in human membranes, and
it serves as a structural component of the plasma membrane
and of various intracellular membranes (35,36). In the healthy
human brain, PS ismostly in the form of 1-stearoyl-2-docosahex-
aenoyl-sn-glycero-3-phosphoserine (37,38), and the docosahex-
aenoic acid (DHA) content of neuronal PS is of functional
importance (39). However, the manner by which PS influences
production of IKAP has yet to be identified.

In order to better design treatments for FD, we sought to un-
ravel how IKBKAP transcription is regulated. Analysis of ChIP-seq
results in the IKBKAP promoter region revealed binding of a group
of transcription factors regulated by the mitogen-activated pro-
tein kinase (MAPK) signaling pathways, with ELK1 and CREB ex-
hibiting the strongest correlations with the IKBKAP expression
level. One of the MAPK pathways, the Ras/Raf/MEK/extracellu-
lar-regulated kinase (ERK) signaling cascade, couples signals
from cell surface receptors to transcription factors, such as
ELK1 and CREB, which regulate gene expression (40–42). ERK1
and 2 are serine/threonine kinases, activated by phosphoryl-
ation. Activated ERK1 and 2 modulate gene expression by phos-
phorylating transcription factors directly and by activating
other protein kinases, which then phosphorylate proteins
involved in gene expression (41). We show that PS treatment
enhances ERK phosphorylation in cells derived from FD patients.
MAPK/ERK activating substances also elevated WT IKBKAP tran-
script and IKAP protein levels, whereas treatment with the
MAPK inhibitor U0126 prior to addition of PS blocked elevation
of IKAP protein levels. Overexpression of either ELK1 or CREB ac-
tivated transcription from the IKBKAP promoter, whereas knock-
down of these transcription factors resulted in a decrease of the
IKAP protein level. Taken together, our results demonstrate that
PS activates the MAPK/ERK signaling pathway, which activates
transcription factors that enhance IKBKAP transcription. In add-
ition, IKAP-depleted cells display impaired cell migration (19–21),
which could underlie the neuropathology of FD patients. There-
fore, PS was also tested for effect on FD cell migration and was
found to improve wound closure rate, possibly due to MAPK/
ERK activation.

Results
MAPK-regulated transcription factors bind IKBKAP
promoter

PS enhances transcription of the IKBKAP gene (11); however, the
mechanism by which it influences transcription is unknown.

To investigate the mechanism that controls IKBKAP expression
at the transcriptional level, we examined a 2000 bp long region
of the IKBKAP promoter using ChIP-seq data produced by the
ENCODE Project Consortium 2012 (43). Among the transcription
factors that bind in this region are a number of transcription
factors that are regulated by the MAPK signaling pathways:
ELK1, CREB, ATF1, c-Jun and JunD (Fig. 1A). To uncover additional
evidence concerning the possible regulators of IKBKAP expres-
sion, we next analyzed transcriptomic data spanning different
human nervous system tissues (45) to compute the correlations
between IKBKAP expression levels and those of all other genes.
We found high correlations between IKBKAP levels and those of
ELK1 (R = 0.8; ranked 531 of 18 093 genes) and CREB (R = 0.49;
ranked 3469 of 18 093 genes) (Fig. 1B), suggesting that the tran-
scription factors encoded by these genes positively regulate IKB-
KAP expression. ATF1, c-Jun and JunD exhibited low or negative
correlations with IKBKAP levels (R = 0.15, −0.47, −0.53, respective-
ly). ELK1, the best-characterized member of the ternary complex
factor subfamily of ETS-domain transcription factors, is a direct
target of all three classes of MAPK signaling cascades (46,47).
CREB is implicated in brain functions such as neuronal survival
and proliferation and is activated downstream of various kinase
cascades stimulated by cAMP, Ras and/or Ca2+ signaling (48,49).

PS treatment elevates activated ERK and RSK in FD cells

In order to understand the involvement of the MAPK signaling
cascade in FD, the activation of ERK1/2 and RSK, a kinase phos-
phorylated by ERK1/2 (41), was examined in an FD patient-
derived immortalized fibroblast cell line. Cells were treated
with several substances known to activate the MAPK signaling
pathway: the widely used PKC-MAPK activator phorbol-12-myr-
istate-13-acetate (PMA) (50); etorphine, a δ-opioid agonist (51)
and the amino acid -glutamic acid (glutamate), the most abun-
dant excitatory neurotransmitter in the nervous system (52). Ac-
tivation of ERK1/2 peaked after 5–10 min of treatment with
100 n PMA, 0.1 µ etorphine or 50 µ glutamate, and activation
of RSK peaked after 20 min of PMA treatment and after 5–10 min
of etorphine or glutamate treatment (Fig. 2A–C). FD cells were
also examined forMAPK activation after PS treatment. For our ex-
periments, we used a lipid formulation enriched with PS-DHA
(hereafter referred to as PS). Activation of ERK1/2 and RSK peaked
after 5–10 min of treatment with 5 μg/ml PS (Fig. 2D). These re-
sults suggest that PS activates the MAPK/ERK signaling pathway.

MAPK activation elevates IKBKAP transcription and
protein levels

Two cell lines generated from two different FD patients (desig-
nated FD-A and FD-B) were treatedwith a series of concentrations
of PS, and RNAwas extracted for analysis of IKBKAPmRNA levels.
PS treatment elevated IKBKAP WT mRNA levels in the FD cell
lines by 1.5–3-fold (Fig. 3A) in agreement with previously pub-
lished results (11). Treatment of FD cells with MAPK/ERK-activat-
ing substances etorphine, glutamate and PMA also elevated
IKBKAP WT mRNA levels significantly in the FD-A cell line by
1.8–2.6-fold. Etorphine, glutamate and PMA elevated IKBKAP
WT mRNA levels in the FD-B cell line by 1.2–4.5-fold (Fig. 3B–D).
We then evaluated IKAP protein levels in FD-A cells after treat-
ment with etorphine, glutamate or PS, with or without pretreat-
ment with the MAPK/ERK inhibitor U0126 (54). Treatment with
each of the three substances elevated IKAP protein levels com-
pared with the corresponding control-treated cells. Interestingly,
pretreatment with the MAPK/ERK inhibitor U0126 decreased
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IKAP levels below those observed in the corresponding treated
cells. These experiments reveal that PS, like the known MAPK/
ERK activators etorphine and glutamate, induces expression
from the IKBKAP gene in an FD cell line. These results imply
that IKBKAP transcription is influenced by the MAPK/ERK signal-
ing pathway and that the effect of PS on IKBKAP transcription is
mediated through this pathway.

CREB and ELK1 influence transcription from the IKBKAP
promoter

In order to explorewhether CREB and ELK1 regulate IKBKAP tran-
scription, we performed a luciferase assay using a reporter gene.
We cloned about 2400 bp of the IKBKAP promoter into a pGL3 lu-
ciferase vector. We also cloned CREB and ELK1 coding sequences
into p3xFLAG-CMV-10 expression vector, and one or both were
co-transfected with the IKBKAP promoter vector into SHSY5Y or
HeLa cells. Both transcription factors activated transcription
from the IKBKAP promoter as luciferase activity was elevated by
both CREB and ELK1 separately and combined in both cell lines
(Fig. 4A). Interestingly, the combination of the two factors did
not have an additive effect on luciferase activity, but rather
resulted in an intermediate level between CREB and ELK1
activation.

Analysis of CREB and ELK1 expression levels across 48 human
tissues and cell lines revealed that the two genes have different
expression profiles in most tissues and cell lines (Fig. 4B). A com-
petition between the two factors could account for the intermedi-
ate luciferase activation exhibited when both factors are
overexpressed. In support of this, putative binding sites for
CREB and ELK1 are located only 260 bp apart in the IKBKAP pro-
moter. Reciprocally, treating cells with siRNA directed against
ELK1 and CREB resulted in decreased IKAP protein levels (Fig. 4C).

Gardiner et al. (22) proposed a mechanism of interaction be-
tween the Elongator complex, the JIP/JNK module and microtu-
bules, according to which JNK is activated by IKAP, later
validated by Abashidze et al. (23). Also in support of this model,
we observed that phospho-JNK levels were decreased in cells
deficient in ELK1 and CREB. The lowest phospho-JNK level was
observed in samples with the least IKAP protein levels (Fig. 4C).

PS treatment improves FD cell migration whereas MAPK
inhibition decreases it

Cells with decreased IKAP levels have aberrant expression of
genes involved in cell migration (55) and display defects in cell
migration (19–21). In addition, ERK plays an important regulatory
function in cell migration and wound healing (56,57). Therefore,

Figure 1. ELK1 and CREB bind the IKBKAP promoter, and their gene expression is correlated with IKBKAP levels. (A) ChIP-seq signals of transcription factors at the IKBKAP

promoter region [dataderived from (43)] adapted from theUCSCGenomeBrowser (44). Arrows indicate transcriptional direction at TSS. Black boxes indicate exons; narrow

boxes indicate untranslated regions andwide boxes indicate coding exons. BlackChIP-seq signals represent data fromK562 cells, and grey ChIP-seq signal represents data

from HeLa cells. (B) Ranking (x-axis) of the coefficients of Pearson’s correlations between IKBKAP expression levels and levels of all other genes in human nervous system

tissues.
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we examined the influence of PS and of inhibition of MAPK/ERK
pathway on FD cell migration in a wound healing assay. FD cells
were cultured until confluent and inflicted by a straight scratch
simulating a wound. Wound closure in cells with different treat-
ments was monitored using an IncuCyte Zoom microscope;
scratch sizewasmeasured as a function of time as previously de-
scribed (58,59). Cells treated with PS exhibited a significantly
higher wound closure rate when compared with control cells
(one-sided Student’s t-test; P ≤ 0.04 between 2 and 28 h after
treatment), and a delay in wound closure was observed in cells
treated with U0126 (P ≤ 0.04 from 21 h after treatment) and in
cells treated with both PS and U0126 (Fig. 5). These results indi-
cate that PS improves the cell migration phenotype aberrant in
FD cells, possibly due to MAPK/ERK activation.

Discussion
PS enhances IKBKAP WT mRNA transcription and consequently
increases IKAP protein levels in FD cell lines and in a mouse
model (11,33). The goal of this studywas to elucidate themolecu-
lar mechanism underlying this effect. We found that substances
that activate the MAPK/ERK signaling pathway significantly in-
creaseWT IKBKAPmRNAand protein levels in FD cells; inhibition
of this signaling pathway resulted in a significant decrease in
IKAP protein. Correspondingly, we demonstrated that PS en-
hanced ERK and RSK activation, and inhibition of theMAPK path-
way blocked the effect of PS on IKAP protein levels. These results
indicate that IKBKAP transcription is regulated through the

MAPK/ERK signaling pathway and that PS treatment increases
levels of IKAP due to MAPK activation.

Most MAPKs are cytoplasmic proteins that following activa-
tion phosphorylate cytoplasmic and membrane proteins (23) or
translocate to the nucleus where they phosphorylate and regu-
late nuclear proteins such as transcription factors (60,61). The
MAPK/ERK signaling cascade is often aberrantly activated in ma-
lignantly transformed cells and certain cancer types (62–67). Not-
withstanding, activation of ERK1/2 was shown to protect neural
cells against amyloid peptide-induced neurotoxicity (68) and
neurons of the suprachiasmatic nucleus against glutamate exito-
toxicity (69). ERK1 and 2 are also necessary for neural cell adhe-
sion molecule-stimulated neurite outgrowth of importance for
brain development and neuroplasticity (70). Furthermore, ERK1/
2 deletion in the embryonic peripheral nervous systems of mice
results in dorsal root ganglia (DRG) degeneration and the absence
of all peripheral projections; ERK1/2 signaling is essential at mul-
tiple stages of Schwann cell development and required for per-
ipheral nervous system myelination (71). Recent work has
revealed that IKAP plays a specific role in neurite outgrowth in
DRGs of the chick embryo (23), indicating that IKAP may share
molecular functions with ERK.

In our analysis of publically available ChIP-seq data, we found
that the MAPK-regulated transcription factors CREB and ELK1
bind the IKBKAP promoter, and our analysis revealed CREB and
ELK1 genes to be positively correlated with the transcription
level of IKBKAP. We also showed that overexpression of these
transcription factors activated the IKBKAP promoter, whereas

Figure 2. PS activates ERK and RSK. FD cellswere treatedwith (A) 100 n PMA, (B) 0.1 μ etorphine, (C) 50 μ glutamate or (D) 5 μg/ml PS. Cells were lysed and proteinswere

extracted at different times after treatment. Proteins were separated on a 10% polyacrylamide gel, transferred to a nitrocellulose membrane and probed with antibodies.

Phosphorylated ERK1/2 (upper and lower bands, respectively) and RSK were detected using anti-phospho-ERK1/2 and anti-phospho-RSK antibodies. The HSC70 protein

level was evaluated as loading control.
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reduction in CREB and ELK1 levels decreased IKAP protein levels.
These results establish that theMAPK/ERK signaling cascade reg-
ulates IKBKAP transcription. Interestingly, the downregulation of
both transcription factors was required in order to reduce IKAP

protein levels. We speculate that this could be due to a compen-
satory effect of other transcription factors when CREB or ELK1
levels are reduced. This hypothesis is supported by the findings
of Odrowaz and Sharrocks (72), who identified a large set of

Figure 3. MAPK/ERK activation correlates with IKBKAP mRNA and protein levels in FD cell lines. (A–D) FD cell lines (FD-A and FD-B) treated with (A) PS, (B) etorphine, (C)

glutamate or (D) PMA. Cells were harvested after 24 h. qRT–PCR was used to evaluate WT IKBKAP transcript levels. The most consistent concentration in three biological

replicates is exhibited; error bars represent standard error of the mean. Asterisks denote statistically significant differences (*P ≤ 0.05 and **P ≤ 0.01) relative to control;

Student’s t-test. (E) FD-A cells were treated for 14 days with 0.08 µ etorphine, 100 µ glutamate or 5 µg/ml PS with or without pretreatment for 1 h with 2 µ U0126.

Cells treated with MCT were used as control for PS treatment. Untreated cells were used as controls for etorphine and glutamate treatments. Proteins were harvested

and separated on 10% SDS–PAGE. Membranes were probed with anti-IKAP antibody; HSC70 was evaluated as loading control. Fold change in IKAP levels following

treatments relative to control-treated cells, normalized to loading control, was determined using ImageJ (53) and represents three biological replicates; error bars

represent standard error of the mean. Asterisks denote statistically significant differences (*P≤ 0.05 and **P≤ 0.01) relative to control; Student’s t-test.
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‘redundant’ ELK1-regualted genes. These genes are controlled by
ELK1 and other transcription factors and do not exhibit gene ex-
pression changes upon siRNA-mediated ELK1 knockdown. The
same phenomenon could also account for CREB.

It should be mentioned that 60 bp upstream of the IKBKAP
transcription start site (TSS) is the TSS of FAM206A, a gene that
is transcribed from the opposite DNA strand from the IKBKAP
gene (Fig. 1A). CREB and ELK1 binding to that genomic region
may also affect transcription of FAM206A. Little is known about
the FAM206A gene function.

Both CREB and ELK1 facilitate expression of genes known to
have important roles in neuroprotection against various neuro-
toxins and injuries (73–77). In addition, in a large-scale screen
using FD-induced pluripotent stem cells, Lee et al. (78) showed
that compounds that elevated IKBKAP expression also elevated
phospho-CREB levels; a number of these compounds had been
reported by others to activate MAPK/ERK signaling. MAPK sig-
naling pathways are also implicated in Parkinson’s disease,
which is characterized by loss of dopaminergic neurons in
the substantia nigra pars compacta (79). Activation of ERK1/2

Figure 4.CREB and ELK1 influence transcription from the IKBKAP promoter. (A) Luciferase activitymeasurement in SHSY5Y (left) andHeLa (right) cells co-transfectedwith

IKBKAP promoter-luc construct and with vectors for expression of either CREB or ELK1 or both. Luciferase activity was measured 48 h after transfection. The results were

normalized to Renilla luciferase activity and are shown as fold enrichment levels over mock-treated cells. Error bars represent the standard error of the mean calculated

from five biologically independent experiments with SHSY5Y cells and four with HeLa cells, each representing the average of two replicates. Asterisks denote statistically

significant differences (*P ≤ 0.003 and **P ≤ 0.0002) relative to control (IKBKAP reporter in the presence of empty p3xFLAG-CMV-10); Student’s t-test. (B) CREB and ELK1

expression levels in 48 human tissues and cell lines. Cell lines are marked by asterisks. The color key includes a histogram of the gene expression level distribution.

(C) SHSY5Y cells were transfected with control-siRNA or siRNA directed against the mRNA-encoding CREB or ELK1. Cells were harvested 72 h after transfection, and

proteins were separated in 10% SDS–PAGE. Membranes were probed with the indicated antibodies; HSC70 was evaluated as loading control. Fold change in IKAP and

pJNK levels following siRNA directed against CREB and/or ELK1, normalized to loading control, was determined using ImageJ and represents three biological replicates;

error bars represent standard error of the mean. Asterisks denote statistically significant differences (*P ≤ 0.05), relative to control; Student’s t-test.
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protects dopaminergic neurons against toxin-induced apoptosis
(80,81), although sustained ERK activation was also shown to
have cytotoxic effect in neuronal cell lines (82–84). Thus, activa-
tion of ERK1/2 can be neuroprotective as well as cytotoxic de-
pending on kinetics of ERK activation and cellular localization
(85,86). Intriguingly, upstream activators of MAPK/ERK, such as
PKC, have remarkable neuroprotective effects that could prove

beneficial in the treatment of neurodegenerative diseases (87).
In fact, binding of endogenous PS along with calcium ions causes
PKC to translocate from the cytosol to the membrane, a step that
is required for its activation (36,87,88). This may be how the
exogenous PS used in this work activates MAPK/ERK signaling.
It is noteworthy that PS treatment of FD mice resulted in the
downregulation of several genes known to be associated with

Figure 5. PS treatment accelerateswoundhealing in FD cells. FD cellswere seeded in a 96-well plate and cultured until confluent. All wellswere inflicted byawound across

the cell layer, and selected wells were incubated with U0126 for 30 min. PS or solvent was then added, and cell migration was monitored using an IncuCyte Zoom

microscope (Essen Bioscience). (A) Representative images of FD cells with different treatments at the indicated time points after wounding. Wound size is marked by

a dashed rectangle. (B) Relative wound density during time period until wound closes without U0126 treatment, calculated using the IncuCyte Zoom image analysis

software. On the bottom right- an enlarged image of time period between 10 and 15 h.
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Parkinson’s disease (33), implying that PS might be beneficial for
patients with Parkinson’s disease.

Finally, we demonstrated how PS treatment enhancedmigra-
tion of FD cells and that MAPK/ERK inhibition blocked this effect.
FD cell lines are characterized by improper regulation of the cell
cycle, as previously published results indicate that exit from G1
into the S phase is impaired in these cells. PS treatment releases
FD cells from cell cycle arrest and results in cell cycle distribution
similar to that of the control cells (11). In different cell types, ac-
tivation of the MAPK/ERK signaling pathway improves both cell
migration (56,57) and proliferation (89). Taken together, these re-
sults suggest that PS treatment improved both defected pheno-
types through activation of the MAPK/ERK signaling pathway.

In conclusion, our results identified for thefirst time theMAPK/
ERK signaling cascade as a regulator of the IKBKAP gene transcrip-
tion. Therefore, substances that activate this signaling pathway
have potential in the treatment of FD. PS is such a substance as
it activates ERK1/2. Accumulating data indicating that ERK1/2,
and its substrates CREB and ELK1, have neuroprotective traits fur-
ther warrants testing the use of the safe-to-use PS in FD patients
and in patients with other neurodegenerative diseases.

Materials and Methods
Cell culture and chemicals

Human FD fibroblast cells were obtained from the appendices of FD
patients and immortalized using telomerase activation. FD and
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 20 or 10% fetal calf serum (FCS), respectively,
0.29 mg/ml -glutamine, 100 U/ml penicillin and 0.1 mg/ml strepto-
mycin. SHSY5Ycellswere cultured inRPMI1640supplementedwith
10% FCS, 0.29 mg/ml -glutamine and 40 μg/ml gentamycin sulfate.
All cell culturematerialswere purchased fromBiological Industries.
All cell lines were incubated at 37°C in a humidified atmosphere
with 5% CO2. PMA and U0126 were purchased from Calbiochem
and dissolved according to the manufacturer’s instructions.
InCog™, a lipid composition containing PS-omega 3, DHA enriched,
referred to here as PS, was dissolved in organic solvent medium
chain triglycerides (MCTs). Both PS and MCT were obtained from
Enzymotec. -glutamicacid (Sigma-Aldrich,MO,USA)wasdissolved
in phosphate-buffered saline (PBS). Etorphine, kindly provided by
Yosef Sarne’s laboratory, was dissolved in doubly distilled water
and titratedwithHCl to complete dissolution.When cellswere trea-
ted for 14 days, culture medium was replaced every 2–3 days.

RNA purification, RT–PCR and quantitative RT–PCR

Total RNAwas extractedwith TRI Reagent (Sigma-Aldrich) and re-
verse-transcribed by RT-AMV (Roche, Basel, Switzerland) with
oligo(dT) reverse primer. A quantitative real-time PCR (qPCR) ana-
lysis ofmRNA expressionwas performed onMx3005P (Stratagene)
usingAbsoluteBlueQPCRSYBRGreenROXmix (ThermoScientific,
MA, USA). Primers detecting theWT IKBKAP isoform (inclusion of
exon 20) were exon19-F (TTCACGGATTGTCACTGTTGTGCC) and
exon20-R (TTGTCCAACCACTTCCGAATCTG). Primers for analysis
of the LZIC mRNA used in normalization are LZIC-F (TGATACA
GATGAATATGAAGAAACC) and LZIC-R (TCTACCAAAGTCATAT
TTCCAGAC). Analysis was performed using the MxPro 4.01 soft-
ware. All reactions were performed in triplicate.

Plasmid construction, transfection and luciferase assay

Human CREB and ELK1 coding sequences were amplified using
KAPA HiFi HotStart (Biosystems, Barcelona, Spain) and cloned

into pX3FLAG-CMV-10 expression vector. About 2400 bp of the
IKBKAP promoter was cloned into pGL3 luciferase reporter vector.
Constructs were verified by DNA sequencing. Cells were plated in
24-well plates for 24 h prior to transfection with 400 ng of each
vector using GeneJammer Transfection Reagent (Agilent, CA,
USA). Cells were harvested after 48 h, and luciferase activity in ly-
sates was measured with a Dual-Luciferase Reporter Activity
Assay (Promega) and normalized to Renilla luciferase activity.

Transfection of siRNAs into SHSY5Y cells was carried out
using Lipofectamine RNAiMAX (Invitrogen, CA, USA), according
to the manufacturer’s protocol with 100 n siCREB, siElk1 or
control siGENOME non-targeting human siRNA pool #2 (all
purchased from Dharmacon, CO, USA). Culture medium was
replaced 24 h after transfection, and cells were harvested after
additional 48 h.

Western blotting

Proteins were extracted by a hypotonic lysis buffer [50 m Tris–HCl,
pH 7.5, 1% NP-40, 150m NaCl, 0.1% sodium dodecyl sulfate (SDS),
0.5% deoxycholic acid, 1 m EDTA] containing protease inhibitor
(Roche) andphosphatase inhibitor cocktails I and II (Sigma-Aldrich).
Proteinswere separated in10%SDS–polyacrylamidegel electrophor-
esis (PAGE) and then electroblotted onto a Protran nitrocellulose
transfermembrane (Whatman, Maidstone, UK). The following anti-
bodies were used: anti-IKAP (AS-54494, Anaspec, CA, USA), anti-
ELK1 (ab-131465, Abcam, Cambridge, UK), anti-CREB (#9197, Cell
Signaling, MA, USA), anti-phospho-JNK (sc-12882, Santa Cruz
Biotechnology, TX, USA), anti-phospho-ERK1/2 (sc-7383, Santa
Cruz Biotechnology), anti-phospho-RSK provided by Roni Seger
fromWeizman Institute of Science (sc-12898-R, Santa Cruz Biotech-
nology) and anti-HSC70 (sc-7298, Santa Cruz Biotechnology).

Wound healing assay

FD cells were seeded in an ImageLock 96-well plate at a density of
27 000 cells/well and cultured until confluent. All wells were in-
flicted by a wound across the cell layer using WoundMaker™,
washed with PBS and supplementedwith freshmedium. Selected
wells were incubated with U0126 for 30min prior to addition of PS
(final concentration 200 μg/ml) or solvent. Migration was moni-
tored using an IncuCyte Zoom microscope (Essen Bioscience, MI,
USA), with image acquisition every 60 min for 48 h. The IncuCyte
Zoom image analysis software was used to quantify wound
closure.

Bioinformatic analyses

Transcriptome-wide microarray data in 48 human tissues and
cell lines was retrieved from Castle et al. (45) and analyzed to de-
termine the profiles of expression of 18 093 genes. Pearson’s cor-
relations between the gene expression of IKBKAP and all other
genes across all nervous system tissues were computed. Data
processing and visualization were carried out using custom R
(R Development Core Team 2014) scripts (90).

Acknowledgements
We are grateful to Enzymotec for supplying the PS. We are also
grateful for the support of the Israeli National Network of Excel-
lence from Teva Pharmaceutical Industries Ltd.

Conflict of Interest statement. None declared.

1314 | Human Molecular Genetics, 2016, Vol. 25, No. 7

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/25/7/1307/2363210 by Tel Aviv U
niversity - Law

 Library user on 17 February 2022



Funding
Funding for this work was provided by grants from the Dysauto-
nomia Foundation Inc. (590448); Israel Science Foundation
(142/13, 64/12) and by Teva Pharmaceutical Industries Ltd as
part of the Israeli National Networkof Excellence inNeuroscience
(NNE) (1234944). D.H. was partially supported by a fellowship
from the Edmond J. Safra Bioinformatics Center at Tel Aviv
University.

References
1. Axelrod, F.B. (2004) Familial dysautonomia. Muscle Nerve, 29,

352–363.
2. Fares, F., Badarneh, K., Abosaleh, M., Harari-Shaham, A.,

Diukman, R. and David, M. (2008) Carrier frequency of auto-
somal-recessive disorders in the Ashkenazi Jewish popula-
tion: should the rationale for mutation choice for screening
be reevaluated? Prenat. Diagn., 28, 236–241.

3. Lehavi, O., Aizenstein, O., Bercovich, D., Pavzner, D., Shomrat,
R., Orr-Urtreger, A. and Yaron, Y. (2003) Screening for familial
dysautonomia in Israel: evidence for higher carrier rate
among Polish Ashkenazi Jews. Genet. Test, 7, 139–142.

4. Axelrod, F.B. (2006) Aworld without pain or tears. Clin. Auton.
Res., 16, 90–97.

5. Axelrod, F.B., Goldberg, J.D., Ye, X.Y. and Maayan, C. (2002)
Survival in familial dysautonomia: impact of early interven-
tion. J. Pediatr., 141, 518–523.

6. Slaugenhaupt, S.A. and Gusella, J.F. (2002) Familial dysauto-
nomia. Curr. Opin. Genet. Dev., 12, 307–311.

7. Anderson, S.L., Coli, R., Daly, I.W., Kichula, E.A., Rork, M.J.,
Volpy, S.A., Ekstein, J. and Rubin, B.Y. (2001) Familial dysauto-
nomia is caused by mutations of the IKAP gene. Am. J. Hum.
Genet., 68, 753–758.

8. Rubin, B.Y. and Anderson, S.L. (2008) The molecular basis of
familial dysautonomia: overview, new discoveries and impli-
cations for directed therapies. Neuromol. Med., 10, 148–156.

9. Cuajungco, M.P., Leyne, M., Mull, J., Gill, S.P., Lu, W., Zagzag,
D., Axelrod, F.B., Maayan, C., Gusella, J.F. and Slaugenhaupt,
S.A. (2003) Tissue-specific reduction in splicing efficiency of
IKBKAP due to the major mutation associated with familial
dysautonomia. Am. J. Hum. Genet., 72, 749–758.

10. Slaugenhaupt, S.A., Blumenfeld, A., Gill, S.P., Leyne, M., Mull,
J., Cuajungco, M.P., Liebert, C.B., Chadwick, B., Idelson, M.,
Reznik, L. et al. (2001) Tissue-specific expression of a splicing
mutation in the IKBKAP gene causes familial dysautonomia.
Am. J. Hum. Genet., 68, 598–605.

11. Keren, H., Donyo, M., Zeevi, D., Maayan, C., Pupko, T. and Ast,
G. (2010) Phosphatidylserine increases IKBKAP levels in
familial dysautonomia cells. PLoS ONE, 5, e15884.

12. Hawkes, N.A., Otero, G., Winkler, G.S., Marshall, N., Dahmus,
M.E., Krappmann, D., Scheidereit, C., Thomas, C.L., Schiavo,
G., Erdjument-Bromage, H. et al. (2002) Purification and char-
acterization of the human elongator complex. J. Biol. Chem.,
277, 3047–3052.

13. Svejstrup, J.Q. (2007) Elongator complex: howmany roles does
it play? Curr. Opin. Cell Biol., 19, 331–336.

14. Nguyen, L., Humbert, S., Saudou, F. and Chariot, A. (2010)
Elongator—an emerging role inneurological disorders. Trends
Mol. Med., 16, 1–6.

15. Xu, H., Lin, Z., Li, F., Diao,W., Dong, C., Zhou, H., Xie, X.,Wang,
Z., Shen, Y. and Long, J. (2015) Dimerization of elongator pro-
tein 1 is essential for Elongator complex assembly. Proc. Natl
Acad. Sci. USA, 112, 10697–10702.

16. Esberg, A., Huang, B., Johansson, M.J. and Bystrom, A.S. (2006)
Elevated levels of two tRNA species bypass the requirement
for elongator complex in transcription and exocytosis. Mol.
Cell, 24, 139–148.

17. Yoshida, M., Kataoka, N., Miyauchi, K., Ohe, K., Iida, K., Yoshi-
da, S., Nojima, T., Okuno, Y., Onogi, H., Usui, T. et al. (2015)
Rectifier of aberrant mRNA splicing recovers tRNA modifica-
tion in familial dysautonomia. Proc. Natl Acad. Sci. USA, 112,
2764–2769.

18. Rahl, P.B., Chen, C.Z. and Collins, R.N. (2005) Elp1p, the yeast
homolog of the FD disease syndrome protein, negatively reg-
ulates exocytosis independently of transcriptional elong-
ation. Mol. Cell, 17, 841–853.

19. Johansen, L.D., Naumanen, T., Knudsen, A., Westerlund, N.,
Gromova, I., Junttila, M., Nielsen, C., Bottzauw, T., Tolkovsky,
A., Westermarck, J. et al. (2008) IKAP localizes to membrane
ruffleswith filamin A and regulates actin cytoskeleton organ-
ization and cell migration. J. Cell Sci., 121, 854–864.

20. Close, P., Hawkes, N., Cornez, I., Creppe, C., Lambert, C.A.,
Rogister, B., Siebenlist, U., Merville, M.P., Slaugenhaupt, S.
A., Bours, V. et al. (2006) Transcription impairment and cell
migration defects in elongator-depleted cells: implication
for familial dysautonomia. Mol. Cell, 22, 521–531.

21. Creppe, C., Malinouskaya, L., Volvert, M.L., Gillard, M., Close,
P., Malaise, O., Laguesse, S., Cornez, I., Rahmouni, S., Orme-
nese, S. et al. (2009) Elongator controls the migration and
differentiation of cortical neurons through acetylation of
alpha-tubulin. Cell, 136, 551–564.

22. Gardiner, J., Barton, D., Marc, J. and Overall, R. (2007) Poten-
tial role of tubulin acetylation and microtubule-based
protein trafficking in familial dysautonomia. Traffic, 8,
1145–1149.

23. Abashidze, A., Gold, V., Anavi, Y., Greenspan, H. and Weil, M.
(2014) Involvement of IKAP in peripheral target innervation
and in specific JNK andNGF signaling in developing PNS neu-
rons. PLoS ONE, 9, e113428.

24. Cornez, I., Creppe, C., Gillard, M., Hennuy, B., Chapelle, J.P.,
Dejardin, E., Merville, M.P., Close, P. and Chariot, A. (2008) De-
regulated expression of pro-survival and pro-apoptotic p53-
dependent genes upon Elongator deficiency in colon cancer
cells. Biochem. Pharmacol., 75, 2122–2134.

25. Cheishvili, D., Maayan, C., Smith, Y., Ast, G. and Razin, A.
(2007) IKAP/hELP1 deficiency in the cerebrum of familial
dysautonomia patients results in down regulation of genes
involved in oligodendrocyte differentiation and in myelin-
ation. Hum. Mol. Genet., 16, 2097–2104.

26. Jackson, M.Z., Gruner, K.A., Qin, C. and Tourtellotte, W.G.
(2014) A neuron autonomous role for the familial dysautono-
mia gene ELP1 in sympathetic and sensory target tissue
innervation. Development, 141, 2452–2461.

27. Chen, Y.T., Hims, M.M., Shetty, R.S., Mull, J., Liu, L., Leyne, M.
and Slaugenhaupt, S.A. (2009) Loss of mouse Ikbkap, a sub-
unit of elongator, leads to transcriptional deficits and embry-
onic lethality that can be rescued by human IKBKAP.Mol. Cell
Biol., 29, 736–744.

28. Hunnicutt, B.J., Chaverra, M., George, L. and Lefcort, F. (2012)
IKAP/Elp1 is required in vivo for neurogenesis and neuronal
survival, but not for neural crest migration. PLoS ONE, 7,
e32050.

29. Gold-von Simson, G., Goldberg, J.D., Rolnitzky, L.M., Mull, J.,
Leyne, M., Voustianiouk, A., Slaugenhaupt, S.A. and Axelrod,
F.B. (2009) Kinetin in familial dysautonomia carriers: implica-
tions for a new therapeutic strategy targetingmRNA splicing.
Pediatr. Res., 65, 341–346.

Human Molecular Genetics, 2016, Vol. 25, No. 7 | 1315

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/25/7/1307/2363210 by Tel Aviv U
niversity - Law

 Library user on 17 February 2022



30. Axelrod, F.B., Liebes, L., Gold-Von Simson, G., Mendoza, S.,
Mull, J., Leyne, M., Norcliffe-Kaufmann, L., Kaufmann, H.
and Slaugenhaupt, S.A. (2011) Kinetin improves IKBKAP
mRNA splicing in patients with familial dysautonomia.
Pediatr. Res., 70, 480–483.

31. Anderson, S.L., Qiu, J. and Rubin, B.Y. (2003) Tocotrienols
induce IKBKAP expression: a possible therapy for familial
dysautonomia. Biochem. Biophys. Res. Commun., 306,
303–309.

32. Anderson, S.L. and Rubin, B.Y. (2005) Tocotrienols reverse
IKAP andmonoamine oxidase deficiencies in familial dysau-
tonomia. Biochem. Biophys. Res. Commun., 336, 150–156.

33. Bochner, R., Ziv, Y., Zeevi, D., Donyo,M., Abraham, L., Ashery-
Padan, R. andAst, G. (2013) Phosphatidylserine increases IKB-
KAP levels in a humanized knock-in IKBKAP mouse model.
Hum. Mol. Genet., 22, 2785–2794.

34. Salani, M., Norcliffe-Kaufmann, L., Martinez, J., Morini, E., Ax-
elrod, F. and Slaugenhaupt, S. (2013) Phosphatidylserine: a
potential gene modifying therapy for Familial Dysautono-
mia? American Society of Human Genetics Conference, Boston,
USA.

35. van Meer, G., Voelker, D.R. and Feigenson, G.W. (2008) Mem-
brane lipids: where they are and how they behave. Nat. Rev.
Mol. Cell Biol., 9, 112–124.

36. Glade, M.J. and Smith, K. (2015) Phosphatidylserine and the
human brain. Nutrition, 31, 781–786.

37. Mozzi, R., Buratta, S. and Goracci, G. (2003) Metabolism and
functions of phosphatidylserine in mammalian brain. Neuro-
chem. Res., 28, 195–214.

38. Kim, H.Y., Bigelow, J. and Kevala, J.H. (2004) Substrate prefer-
ence in phosphatidylserine biosynthesis for docosahexae-
noic acid containing species. Biochemistry, 43, 1030–1036.

39. Tanaka, K., Farooqui, A.A., Siddiqi, N.J., Alhomida, A.S. and
Ong, W.Y. (2012) Effects of docosahexaenoic acid on neuro-
transmission. Biomol. Ther. (Seoul), 20, 152–157.

40. McCubrey, J.A., Steelman, L.S., Chappell, W.H., Abrams, S.L.,
Wong, E.W., Chang, F., Lehmann, B., Terrian, D.M., Milella,
M., Tafuri, A. et al. (2007) Roles of the Raf/MEK/ERK pathway
in cell growth, malignant transformation and drug resist-
ance. Biochim. Biophys. Acta, 1773, 1263–1284.

41. Pearson, G., Robinson, F., Beers Gibson, T., Xu, B.E., Karandi-
kar, M., Berman, K. and Cobb, M.H. (2001) Mitogen-activated
protein (MAP) kinase pathways: regulation and physiological
functions. Endocr. Rev., 22, 153–183.

42. Steelman, L.S., Pohnert, S.C., Shelton, J.G., Franklin, R.A., Ber-
trand, F.E. and McCubrey, J.A. (2004) JAK/STAT, Raf/MEK/ERK,
PI3K/Akt and BCR-ABL in cell cycle progression and leukemo-
genesis. Leukemia, 18, 189–218.

43. ENCODE Project Consortium (2012) An integrated encyclope-
dia of DNA elements in the human genome. Nature, 489,
57–74.

44. Rhead, B., Karolchik, D., Kuhn, R.M., Hinrichs, A.S., Zweig, A.
S., Fujita, P.A., Diekhans, M., Smith, K.E., Rosenbloom, K.R.,
Raney, B.J. et al. (2010) The UCSC Genome Browser database:
update 2010. Nucleic Acids Res., 38, D613–D619.

45. Castle, J.C., Zhang, C., Shah, J.K., Kulkarni, A.V., Kalsotra, A.,
Cooper, T.A. and Johnson, J.M. (2008) Expression of 24,426
human alternative splicing events and predicted cis regula-
tion in 48 tissues and cell lines. Nat. Genet., 40, 1416–1425.

46. Sharrocks, A.D. (2001) The ETS-domain transcription factor
family. Nat. Rev. Mol. Cell Biol., 2, 827–837.

47. Treisman, R. (1996) Regulation of transcription byMAP kinase
cascades. Curr. Opin. Cell Biol., 8, 205–215.

48. Finkbeiner, S., Tavazoie, S.F., Maloratsky, A., Jacobs, K.M., Har-
ris, K.M. and Greenberg, M.E. (1997) CREB: a major mediator of
neuronal neurotrophin responses. Neuron, 19, 1031–1047.

49. Nonaka, M., Kim, R., Sharry, S., Matsushima, A., Takemoto-
Kimura, S. and Bito, H. (2014) Towards a better understanding
of cognitive behaviors regulated by gene expression down-
stream of activity-dependent transcription factors. Neurobiol.
Learn. Mem., 115, 21–29.

50. Goel, G., Makkar, H.P., Francis, G. and Becker, K. (2007) Phorbol
esters: structure, biological activity, and toxicity in animals.
Int. J. Toxicol., 26, 279–288.

51. Korzh, A., Keren, O., Gafni, M., Bar-Josef, H. and Sarne, Y.
(2008) Modulation of extracellular signal-regulated kinase
(ERK) by opioid and cannabinoid receptors that are expressed
in the same cell. Brain Res., 1189, 23–32.

52. Mao, L., Tang, Q., Samdani, S., Liu, Z. and Wang, J.Q. (2004)
Regulation of MAPK/ERK phosphorylation via ionotropic
glutamate receptors in cultured rat striatal neurons. Eur. J.
Neurosci., 19, 1207–1216.

53. Schneider, C.A., Rasband, W.S. and Eliceiri, K.W. (2012) NIH
Image to ImageJ: 25 years of image analysis. Nat. Methods, 9,
671–675.

54. Fournier, G., Cabaud, O., Josselin, E., Chaix, A., Adelaide, J., Is-
nardon, D., Restouin, A., Castellano, R., Dubreuil, P., Chaffa-
net, M. et al. (2011) Loss of AF6/afadin, a marker of poor
outcome in breast cancer, induces cell migration, invasive-
ness and tumor growth. Oncogene, 30, 3862–3874.

55. Cohen-Kupiec, R., Pasmanik-Chor, M., Oron-Karni, V. and
Weil, M. (2011) Effects of IKAP/hELP1 deficiency on gene ex-
pression in differentiating neuroblastoma cells: implications
for familial dysautonomia. PLoS ONE, 6, e19147.

56. Sharma, G.D., He, J. and Bazan, H.E. (2003) p38 and ERK1/2 co-
ordinate cellular migration and proliferation in epithelial
wound healing: evidence of cross-talk activation between
MAP kinase cascades. J. Biol. Chem., 278, 21989–21997.

57. Hiratsuka, T., Fujita, Y., Naoki, H., Aoki, K., Kamioka, Y. and
Matsuda, M. (2015) Intercellular propagation of extracellular
signal-regulated kinase activation revealed by in vivo imaging
of mouse skin. eLife, 4, e05178.

58. Rodriguez, L.G., Wu, X. and Guan, J.L. (2005) Wound-healing
assay. Methods Mol. Biol., 294, 23–29.

59. Stevenson, S., Taylor, A.H., Meskiri, A., Sharpe, D.T. and
Thornton, M.J. (2008) Differing responses of human follicular
and nonfollicular scalp cells in an in vitro wound healing
assay: effects of estrogen on vascular endothelial growth
factor secretion. Wound Repair Regen., 16, 243–253.

60. Gonzalez, F.A., Seth, A., Raden, D.L., Bowman, D.S., Fay, F.S.
and Davis, R.J. (1993) Serum-induced translocation of mito-
gen-activated protein kinase to the cell surface rufflingmem-
brane and the nucleus. J. Cell Biol., 122, 1089–1101.

61. Chen, R.H., Sarnecki, C. and Blenis, J. (1992) Nuclear localiza-
tion and regulation of erk- and rsk-encoded protein kinases.
Mol. Cell. Biol., 12, 915–927.

62. Blalock, W.L., Weinstein-Oppenheimer, C., Chang, F., Hoyle,
P.E., Wang, X.Y., Algate, P.A., Franklin, R.A., Oberhaus, S.M.,
Steelman, L.S. and McCubrey, J.A. (1999) Signal transduction,
cell cycle regulatory, and anti-apoptotic pathways regulated
by IL-3 in hematopoietic cells: possible sites for intervention
with anti-neoplastic drugs. Leukemia, 13, 1109–1166.

63. Hoyle, P.E., Moye, P.W., Steelman, L.S., Blalock,W.L., Franklin,
R.A., Pearce, M., Cherwinski, H., Bosch, E., McMahon, M. and
McCubrey, J.A. (2000) Differential abilities of the Raf family
of protein kinases to abrogate cytokine dependency and

1316 | Human Molecular Genetics, 2016, Vol. 25, No. 7

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/25/7/1307/2363210 by Tel Aviv U
niversity - Law

 Library user on 17 February 2022



prevent apoptosis in murine hematopoietic cells by a MEK1-
dependent mechanism. Leukemia, 14, 642–656.

64. Chang, F., Steelman, L.S., Lee, J.T., Shelton, J.G., Navolanic,
P.M., Blalock, W.L., Franklin, R.A. and McCubrey, J.A. (2003)
Signal transduction mediated by the Ras/Raf/MEK/ERK path-
way from cytokine receptors to transcription factors: poten-
tial targeting for therapeutic intervention. Leukemia, 17,
1263–1293.

65. Davies, H., Bignell, G.R., Cox, C., Stephens, P., Edkins, S., Clegg,
S., Teague, J., Woffendin, H., Garnett, M.J., Bottomley, W. et al.
(2002) Mutations of the BRAF gene in human cancer. Nature,
417, 949–954.

66. Bouris, P., Skandalis, S.S., Piperigkou, Z., Afratis, N., Karama-
nou, K., Aletras, A.J., Moustakas, A., Theocharis, A.D. and Kar-
amanos, N.K. (2015) Estrogen receptor alpha mediates
epithelial to mesenchymal transition, expression of specific
matrix effectors and functional properties of breast cancer
cells. Matrix Biol., 43, 42–60.

67. Ding, G., Fang, J., Tong, S., Qu, L., Jiang, H., Ding, Q. and Liu, J.
(2015) Over-expression of lipocalin 2 promotes cell migration
and invasion through activating ERK signaling to increase
SLUG expression in prostate cancer. Prostate, 75, 957–968.

68. Wruck, C.J., Gotz, M.E., Herdegen, T., Varoga, D., Brandenburg,
L.O. and Pufe, T. (2008) Kavalactones protect neural cells
against amyloid beta peptide-induced neurotoxicity via
extracellular signal-regulated kinase 1/2-dependent nuclear
factor erythroid 2-related factor 2 activation. Mol. Pharmacol.,
73, 1785–1795.

69. Karmarkar, S.W., Bottum, K.M., Krager, S.L. and Tischkau,
S.A. (2011) ERK/MAPK is essential for endogenous neuropro-
tection in SCN2.2 cells. PLoS ONE, 6, e23493.

70. Kolkova, K., Novitskaya, V., Pedersen, N., Berezin, V. and Bock,
E. (2000) Neural cell adhesion molecule-stimulated neurite
outgrowth depends on activation of protein kinase C and
the Ras-mitogen-activated protein kinase pathway.
J. Neurosci., 20, 2238–2246.

71. Newbern, J.M., Li, X., Shoemaker, S.E., Zhou, J., Zhong, J., Wu,
Y., Bonder, D., Hollenback, S., Coppola, G., Geschwind, D.H.
et al. (2011) Specific functions for ERK/MAPK signaling during
PNS development. Neuron, 69, 91–105.

72. Odrowaz, Z. and Sharrocks, A.D. (2012) ELK1 uses different
DNA binding modes to regulate functionally distinct classes
of target genes. PLoS Genet., 8, e1002694.

73. Hu, X.L., Gao, L.Y., Niu, Y.X., Tian, X., Wang, J., Meng, W.H.,
Zhang, Q., Cui, C., Han, L. and Zhao, Q.C. (2015) Neuroprotec-
tion by Kukoamine A against oxidative stress may involve N-
methyl-D-aspartate receptors. Biochim. Biophys. Acta, 1850,
287–298.

74. Park, S.Y., Jung, W.J., Kang, J.S., Kim, C.M., Park, G. and Choi,
Y.W. (2015) Neuroprotective effects of alpha-iso-cubebene
against glutamate-induced damage in the HT22 hippocam-
pal neuronal cell line. Int. J. Mol. Med., 35, 525–532.

75. Mueller, M., Schoeberlein, A., Zhou, J., Joerger-Messerli, M.,
Oppliger, B., Reinhart, U., Bordey, A., Surbek, D., Barnea,
E.R., Huang, Y. et al. (2015) Preimplantation factor bolsters
neuroprotection viamodulating protein kinase A and protein
kinase C signaling. Cell Death Differ., 22, 2078–2086.

76. Anglada-Huguet, M., Giralt, A., Perez-Navarro, E., Alberch, J.
andXifro, X. (2012) Activation of Elk-1 participates as a neuro-
protective compensatory mechanism in models of Hunting-
ton’s disease. J. Neurochem., 121, 639–648.

77. Wang, Z., Liu, J., Chen, S., Wang, Y., Cao, L., Zhang, Y., Kang,
W., Li, H., Gui, Y. andDing, J. (2011) DJ-1modulates the expres-
sion of Cu/Zn-superoxide dismutase-1 through the Erk1/2-
Elk1 pathway in neuroprotection. Ann. Neurol., 70, 591–599.

78. Lee, G., Ramirez, C.N., Kim, H., Zeltner, N., Liu, B., Radu, C.,
Bhinder, B., Kim, Y.J., Choi, I.Y., Mukherjee-Clavin, B. et al.
(2012) Large-scale screening using familial dysautonomia
induced pluripotent stem cells identifies compounds that
rescue IKBKAP expression. Nat. Biotechnol., 30, 1244–1248.

79. Dauer, W. and Przedborski, S. (2003) Parkinson’s disease:
mechanisms and models. Neuron, 39, 889–909.

80. Gao, H., Yang,W., Qi, Z., Lu, L., Duan, C., Zhao, C. and Yang, H.
(2012) DJ-1 protects dopaminergic neurons against rotenone-
induced apoptosis by enhancing ERK-dependent mitophagy.
J. Mol. Biol., 423, 232–248.

81. Park, H.J., Zhao, T.T., Lee, K.S., Lee, S.H., Shin, K.S., Park, K.H.,
Choi, H.S. and Lee, M.K. (2015) Effects of (-)-sesamin on 6-hy-
droxydopamine-induced neurotoxicity in PC12 cells and
dopaminergic neuronal cells of Parkinson’s disease rat mod-
els. Neurochem. Int., 83–84, 19–27.

82. Kulich, S.M. and Chu, C.T. (2001) Sustained extracellular
signal-regulated kinase activation by 6-hydroxydopamine:
implications for Parkinson’s disease. J. Neurochem., 77, 1058–
1066.

83. Park, K.H., Park, H.J., Shin, K.S., Choi, H.S., Kai, M. and Lee, M.
K. (2012) Modulation of PC12 cell viability by forskolin-in-
duced cyclic AMP levels through ERK and JNK pathways: an
implication for -DOPA-induced cytotoxicity in nigrostriatal
dopamine neurons. Toxicol. Sci., 128, 247–257.

84. Zhuang, S. and Schnellmann, R.G. (2006) A death-promoting
role for extracellular signal-regulated kinase. J. Pharmacol.
Exp. Ther., 319, 991–997.

85. Luo, Y. and DeFranco, D.B. (2006) Opposing roles for ERK1/2 in
neuronal oxidative toxicity: distinct mechanisms of ERK1/2
action at early versus late phases of oxidative stress. J. Biol.
Chem., 281, 16436–16442.

86. Colucci-D’Amato, L., Perrone-Capano, C. and di Porzio, U.
(2003) Chronic activation of ERK and neurodegenerative dis-
eases. BioEssays, 25, 1085–1095.

87. Nelson, T.J. and Alkon, D.L. (2009) Neuroprotective versus
tumorigenic protein kinase C activators. Trends Biochem. Sci.,
34, 136–145.

88. Verdaguer, N., Corbalan-Garcia, S., Ochoa, W.F., Fita, I. and
Gomez-Fernandez, J.C. (1999) Ca(2+) bridges the C2 mem-
brane-binding domain of protein kinase Calpha directly to
phosphatidylserine. EMBO J., 18, 6329–6338.

89. Lee, M.K., Kim, I.H., Choi, Y.H. and Nam, T.J. (2015) A peptide
from Porphyra yezoensis stimulates the proliferation of IEC-6
cells by activating the insulin-like growth factor I receptor
signaling pathway. Int. J. Mol. Med., 35, 533–538.

90. Team, R.D.C. (2014) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. http://www.R-project.org/.

Human Molecular Genetics, 2016, Vol. 25, No. 7 | 1317

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/25/7/1307/2363210 by Tel Aviv U
niversity - Law

 Library user on 17 February 2022

http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


