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Abstract

Background—Abundant aspartyl-asparaginyl-p-hydroxylase (ASPH) expression supports robust
neuronal migration during development, and reduced ASPH expression and function, as occur in
fetal alcohol spectrum disorder, impair cerebellar neuron migration. ASPH mediates its effects on
cell migration via hydroxylation-dependent activation of Notch signaling networks. Insulin and
Insulin-like growth factor (IGF-1) stimulate ASPH mRNA transcription and enhance ASPH
protein expression by inhibiting Glycogen Synthase Kinase-3f (GSK-3p). This study examines
the role of direct GSK-3p phosphorylation as a modulator of ASPH protein expression and
function in human cerebellar-derived PNET2 cells.

Methods—~Predicted phosphorylation sites encoded by human ASPH were ablated by S/IT—A
site-directed mutagenesis of an N-Myc-tagged wildtype (WT) cDNA regulated by a CMV
promoter. Phenotypic and functional features were assessed in transiently transfected PNET2 cells.

Results—Cells transfected with WT ASPH had increased ASPH protein expression, directional
motility, Notch-1 and Jagged-1 expression, and catalytic activity relative to control. Although most
single- and multi-point ASPH mutants also had increased ASPH protein expression, their effects
on Notch and Jagged expression, directional motility and adhesion, and catalytic activity varied
such that only a few of the cDNA constructs conferred functional advantages over WT.
Immunofluorescence studies showed that ASPH phosphorylation site deletions can alter the
subcellular distribution of ASPH and therefore its potential interactions with Notch/Jagged at the
cell surface.

Conclusions—Inhibition of ASPH phosphorylation enhances ASPH protein expression, but
attendant alterations in intra-cellular trafficking may govern the functional consequences in
relation to neuronal migration, adhesion and Notch activated signaling.

"Corresponding author: Suzanne M de la Monte, MD, MPH, Pierre Galletti Research Building, Rhode Island Hospital, 55 Claverick
Street, Room 419, Providence, RI 02903., USA, Tel: 401- 444-7364; Fax: 401-444-2939; Suzanne_Del.aMonte_ MD@Brown.edu.
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Introduction

Fetal alcohol spectrum disorder (FASD) is the most common preventable cause of
neurodevelopmental birth defects [1,2] leading to sustained cognitive-motor dysfunction
[3-5]. Alcohol mediated teratogenesis of the cerebellum causes sustained impairments in
motor function. Prenatal alcohol exposures, whether chronic or binge, disrupt neuronal
growth, survival, migration, and plasticity in various brain regions, including the cerebellum
[6-8]. Previous studies linked impairments in neuronal migration to inhibition of insulin and
insulin-like growth factor, type 1 (IGF-1) signaling and activation of phosphoinositol- 3-
kinase (PI3K) and Akt pathways that regulate expression of aspartyl-asparaginyl-p-
hydroxylase (ASPH; formally AAH) [8-10]. ASPH has a demonstrated role in cell motility
and invasion [11-14]. High levels of ASPH, mediated by increased signaling through insulin/
IGF-1 receptors, insulin receptor substrate (IRS) proteins, and PI3K-Akt (AKT signalling
pathway), or overexpression of ASPH, increase cell motility, whereas low levels of ASPH
induced by siRNA [10] small molecule inhibitors of ASPH’s catalytic activity [15] or
impaired signaling through insulin/IGF-IRS-PI3K-Akt [8] reduce cell motility.

ASPH is an ~86 kD [16] type 2 trans-membrane protein located within the endoplasmic
reticulum (ER) [17,18]. In immature cells and transformed malignant neoplastic cells, ASPH
is also expressed along the plasma membrane [14,16]. ASPH is physiologically cleaved into
a ~30-34 kD N-terminal fragment that is identical to Humbug, a truncated isoform that binds
to calcium and promotes cell adhesion [19,20] and a ~52- 56 kD catalytically active C-
terminal region that contains a 675-His residue that is essential for hydroxylation [21,22].
ASPH hydroxylates -carbons of specific aspartate (Asp) and asparagine (Asn) residues
within consensus sequences of epidermal growth factor (EGF)-like domains of target
molecules [23] such as Notch and Jagged [24]. Furthermore, the findings that, A) the
consensus sequences for ASPH hydroxylation are expressed in Notch-1 and Jagged-1, its
natural ligand [24,25]. B. ASPH physically interacts with both Notch-1 and Jagged-1 [11];
and C) ASPH, Notch-1, and Jagged-1 are abundantly expressed in cells that are highly
motile including placental trophoblasts, malignant neoplasms, and immature neuronal cells
of central nervous system (CNS) origin [11,14,15,26] support the concept that ASPH
functionally modulates notch signaling networks [10,11,27].

Notch signaling is activated by the binding of Jagged (or Delta-like proteins) to its
extracellular domain, triggering metalloprotease- dependent cleavage of Notch’s membrane-
associated extracellular domain, followed by rapid presenilin protease cleavage of its
intracellular domain [28]. The free Notch intracellular domain (NID) translocates to the
nucleus where it complexes with the CBF1 transcriptional activator (Centromere binding
factor), suppressor of hairless or lag-1 (CSL), and transcriptional co-activators of the
mastermind- like family of proteins. The NID-complex then binds to CSL recognition
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sequences on DNA leading to recruitment of additional factors, followed by increased
transcription of downstream target genes, such as hairy and enhancer of split-1 (HES-1) and
HES- related proteins [28,29].

ASPH gene expression is regulated by insulin/IGF signaling through ERK/MAPK [30-32]
(extracellular signal-regulated kinases/Mitogen-activated protein kinase) and PI3K-Akt [26].
In addition, corresponding with the protein subsequence analysis that identified multiple
potential glycogen synthase kinase-3p (GSK-3p), protein kinase A (PKA), protein kinase C
(PKC), and casein kinase 2 (CK2) phosphorylation sites on ASPH, several studies
demonstrated that ASPH protein expression can be regulated by each of these kinases
[8-10,26]. Our focus has been on the role of GSK-3p as a modulator of ASPH expression
and function because in FASD, impaired neuronal migration is associated with inhibition of
insulin/IGF-1 signaling through PI13K-Akt and increased activation of GSK-3p [8-10]. The
inhibitory effects of GSK-3p activity on ASPH protein expression have been characterized.
For example, treatment with chemical inhibitors or siRNA targeting GSK-3p increases
ASPH protein expression and cell motility, whereas increasing GSK-3p activity decreases
ASPH protein expression and cell migration [8,10,33]. However, those studies do not inform
as to whether the effects of GSK-3p are indirect or direct, yet studies showing that ASPH
can be phosphorylated [8,26,33,34] support the concept that kinases can phosphorylate
ASPH and thereby modulate its expression and function. Furthermore, the notion that ASPH
undergoes post-translational modification is supported by its ~140 kD size on SDS-PAGE
versus the predicted Mr ~86 kD.

The proposed dual mechanisms of ASPH modulation at the post-transcriptional level are
summarized in Figure 1A. Previous studies documented that increasing GSK- 3p activity
inhibits ASPH expression and cell motility, whereas inhibiting GSK-3p enhances ASPH
protein expression and cell motility [8,26,34]. The additional proposed method of post-
transcriptional regulation of ASPH is via direct phosphorylation of the protein by GSK-3p,
CK2, PKA, or PKC as diagramed based on the predicted phosphorylation sites (Figure 1B)
[8,33]. Importantly, post-transcriptional regulation of ASPH can be mediated by trophic
factor stimulation such as with insulin or IGF-1, or modulating GSK-3p activity by other
mechanisms such as oxidative stress. In a previous study using hepatocellular carcinoma
cells, we demonstrated that increased ASPH protein expression and translocation to the
plasma membrane enables its C-terminal catalytic domain to interact with and hydroxylate
Notch [11,34]. Attendant cleavage of Notch liberates its intracellular domain which enters
the nucleus to activate the CSL complex and initiate transcription of Notch signaling target
genes HES and HEY and promotes cell motility [33,35]. In addition, the N-terminal
fragment of ASPH could remain attached to the ER membrane where it may serve a similar
function as Humbug, i.e. regulating Ca2+ flux needed for actin filament polymerization and
de-polymerization [21,33,35,36].

The present study examines the functional consequences of mutating GSK-3p, PKA, PKC,
and CK2 phosphorylation sites on ASPH in human CNS (cerebellar)-derived primitive
neuroectodermal tumor cells (PNET2). This work has relevance to FASD because ASPH
expression is reduced vis-a-vis impaired insulin/IGF-IRS-PI3K-Akt signaling and increased
GSK-3p activity in the brain [27,37,38]. Understanding how phosphorylation of ASPH
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regulates neuronal cell motility (migration) could help in the identification of novel targets
to prevent teratogenic neurodevelopmental effects of prenatal alcohol exposure. Given the
functional relationship between ASPH and Notch, these studies may also have general
relevance to neuronal migration disorders in humans.

Reagents and Methods

Reagents

The QuickChange Site-directed Mutagenesis Kit was obtained from Stratagene (La Jolla,
CA, USA). Escherichia coli DH5a cells, Dulbecco’s Modified Eagle Medium (DMEM),
Lipofectamine 2000 Transfection Reagent, TRIzol, Amplex UltraRed, and 4-
methylumbelliferyl phosphate (4-MUP) were obtained from Invitrogen (Carlsbad, CA,
USA). The pcDNA 3 vector containing a 6x Myc-tag was generated as previously described
[39]. The QIAquick Gel Extraction, QlAprep Spin Miniprep, and RNeasy Lipid Tissue Mini
Kits were purchased from Qiagen (Valencia, CA, USA). All disposable assay plates and
plasticware were obtained from Thermo Fisher Scientific Inc, (East Providence, RI, USA).
ATPL.ite reagents were from Perkin-Elmer (Waltham, MA, USA). The Myc antibody was
from Cell Signaling Technologies (Danvers, MA, USA). The bicinchoninic assay kit,
enhanced chemiluminescence reagents, and Dylight 547 Conjugated to Streptavidin were
purchased from Pierce Chemical Company (Rockford, IL, USA). Rabbit polyclonal
antibody to large acidic ribosomal protein (RPLPO) was purchased from Proteintech
(Chicago, IL, USA). Alkaline Phosphatase Conjugated to Streptavidin was purchased from
Vector Laboratories (Burlingame, CA, USA). Positive- charge glass microscope slides were
from Fisher Scientific (Pittsburgh, PA, USA). The Shandon Cytospin Centrifuge 3 was
obtained from Thermo Shandon (Pittsburgh, PA, USA). The SpectraMax M5 Microplate
Reader and Kodak Phosphorimager Screen S0230 with Cassette were from Molecular
Dynamics (Sunnyvale, CA, USA). Histofix was purchased from Amresco (Solon, Ohio,
USA). The AMV First Strand cDNA Synthesis Kit, probe-based primer pairs (Universal
ProbeL.ibrary Assay Design Center), and LightCycler 480 System were from Roche
(Indianapolis, IN, USA). MacVector 10 software was purchased from MacVector, Inc. (Cary,
NC, USA). Re-usable Boyden chambers were obtained from Neuro Probe (Gaithersburg,
MD, USA). Nucleofector 2b device and transfectction reagents were obtained from Lonza
(Portsmouth, NH, USA). a-[*4C]- Ketoglutaric acid was purchased from NEN Life Science
(Boston, MA). Glass fiber filter paper (GF/C) was purchased from Packard Instruments
(Meriden, CT). The GE Storm 820 Phosphor Imager was purchased from Molecular Devices
(Sunnyvale, CA, USA). Other fine chemicals were purchased from CalBiochem (Carlsbad,
CA, USA) or Sigma-Aldrich (St. Louis, MO, USA).

Recombinant ASPH plasmid constructs: The methods of generating recombinant ASPH
plasmid construct were described previously [34]. In brief, the coding region of human
ASPH was polymerase chain reaction (PCR) amplified from a 293T cDNA library (forward
primer: 5'-CGGAATTCATGGCCCAGCGTAAGAATGCCA-3’; reverse primer: 5'-
CCGCTCGAGCTAAATTGCTGGAAGGCTGC-3"; Pfu DNA polymerase). The EcoRI and
Xhol digested PCR product was gel purified (QIAquick Gel Extraction Kit), and cloned into
pcDNA 3 containing a5’ 6x Myc-tag (pN-Myc-ASPH). Recombinant plasmid was purified
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(QlAprep Spin Miniprep Kit) from Ampicillin-resistant clones of DH5a transformed cells.
Cloned inserts and their orientations were verified by DNA sequencing of both strands, and
Western blot analysis of recombinant protein expressed in 293 cells. Point mutations were
made by converting Serine and Threonine codons predicted to be phosphorylated by
GSK-3B, PKC, PKA, or CK2 to Alanine (S/T—A) (Figure 1B) [8] using gene-specific
primers (Supplementary Table 1; S-Table 1) and the QuickChange Site-directed Mutagenesis
kit. The relative position of the point mutants in relation to the cDNA are depicted in Figure
1. Mutations were confirmed by direct sequencing of both cDNA strands. Expression of the
correct size protein was demonstrated by Western blot analysis using Myc and ASPH
antibodies.

Human central nervous system (CNS) derived cerebellar primitive neuroectodermal tumor 2
(PNET2) cells were maintained in DMEM supplemented with heat-inactivated 10% fetal
bovine serum (FBS), 4 mM L-glutamine, 0.8 g/L glucose, and non-essential amino acids in
5% CO» at 37°C. To examine the effects of ASPH over-expression and deletion of specific
ASPH phosphorylation sites, CYZ cells were transiently transfected with wildtype or mutant
pN-Myc-ASPH by electroporation using the Nucleofector 2b device and reagents (Lonza,
Portsmouth, NH). Transfection efficiency was monitored by co-transfecting with
recombinant plasmid containing the green fluorescent protein (GFP) cDNA. Recombinant
ASPH and GFP expression were regulated by a cytomegalovirus (CMV) promoter.

Detection of ASPH immunoreactivity

For the ASPH measurements, we used two monoclonal antibodies. A85G6-ASPH binds to
the C-terminal region of ASPH which contains a catalytic domain [40] required to promote
cell motility and neuronal plasticity. A85E6 binds to the N-terminal Humbug-homologous
region of ASPH; Humbug has a role in regulating calcium sequestration in the ER. ASPH is
regulated by insulin/IGF-1 signaling through IRS-1 and Akt. Inhibition of ASPH perturbs
cell motility and adhesion, and in the case of FASD, ethanol’s inhibitory effects on ASPH
expression correlate with impairments in cerebellar neuronal migration and motor
dysfunction [40].

Duplex Enzyme-linked Immunosorbent Assay (ELISA)

Duplex ELISAs sequentially measured immunoreactivity to target and loading control
(RPLPO) proteins [40]. CYZ cells were homogenized in radio-immunoprecipitation assay
buffer supplemented with protease and phosphatase inhibitors [10]. Protein concentration
was measured with the BCA assay. Protein samples (100 ng/50 ul) were adsorbed to the well
bottoms of FluoroNunc MaxiSorp 96-well plates by overnight incubation. Non-specific
binding was blocked with 1% bovine serum albumin (BSA) in Tris-buffered saline (TBS)
and primary antibody incubations were carried out overnight at 4°C. Immunoreactivity was
detected with horseradish peroxidase (HRP)-conjugated secondary antibodies and Amplex
UltraRed soluble fluorophore (£x530 nm/£m 590 nm). RPLPO expression, which
corresponds with sample loading, was measured by incubating the proteins with biotinylated
anti-RPLPO followed by streptavidin-conjugated alkaline phosphatase and 4-MUP (£x 360
nm/Em 460 nm). Fluorescence was measured in a SpectraMax M5 microplate reader.
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Calculated ratios of target protein (Myc or ASPH) and RPLPO fluorescence were used for
inter-group comparisons. Eight replicate culture samples were analyzed per group in each
experiment.

Immunofluorescence

50,000 cells suspended in 10% FBS culture medium were cytocentrifuged onto glass
microscope slides using a Shandon Cytospin Centrifuge 3 (Thermo Fisher Scientific Inc,
East Providence, Rl1 USA). After fixation in Histofix, the cells were permeabilized with
0.05% saponin in TBS and then non-specific sites were blocked with SuperBlock in TBS.
Following overnight incubation with primary antibody (1:1000), immunoreactivity was
detected with biotinylated secondary antibody and streptavidin-conjugated DyL ight 547 (Ex
557 nm/Em 574 nm) [11,14]. Cells were counterstained with 4", 6-diamidino-2-
phenylindole (DAPI) and imaged by confocal microscopy.

14C0O, capture assay

The 14C0O, capture assay measures 14C-labeled CO, released by the ASPH hydroxylase
reaction [41]. To evaluate the effects of ASPH over- expression and mutation of specific
phosphorylation sites, 400 ng of A85G6+A85E6+FB50 monoclonal ASPH antibodies were
adsorbed to the well bottoms of MaxiSorp 96-well plates. After blocking with PBS
containing 1% BSA and 0.05% Tween-20 (PBST), 25 g of CYZ proteins were added to the
wells to capture ASPH. Negative and positive control reactions included 200 ng BSA and
200 ng recombinant ASPH, respectively. For hydroxylase activity, 40 pL reaction cocktails
containing 60 uM epidermal growth factor (EGF)-like peptide (60 pM), 40 uM [*4C]-a-
ketoglutarate acid in 50 mM PIPES pH 7.0, 100 mM NaCl, 100 uM FeCl2, and 0.2 mg/ml
casein were added to each well. The plates were tightly covered with GF/C soaked in 30
mM Ca(OH)2 and incubated for 1 hour at 25°C. Radioactivity was detected and quantified
on the dried filters using a GE Storm 820 Phosphor Imager (Molecular Devices, Sunnyvale,
CA USA).

Quantitative reverse transcriptase-PCR (qRT-PCR)

The RNeasy Lipid Tissue Mini Kit was used to isolate total RNA from TRIzol-lysed PNET2
cells. cDNAs generated with the AMV First Strand cDNA synthesis kit and random
oligodeoxynucleotide primers were used to measure gene expression via hydrolysis probe
based duplex gRT-PCR with hypoxanthine-guanine phosphoribosyltransferase (HPRT) as
reference gene and the Tagman Gene expression master mix. Reactions (20:1) contained 400
nM of primers for both HPRT and the target gene, and 200 nM of probes for HPRT (Y555
labeled) and the target gene (FAM labeled). Amplification reactions were conducted using
the LightCycler 480 as described [34]. Primer sequences and matched probes were
determined by using Roche Probe Finder Software.

Directional motility assay

Directional motility was measured with a Boyden Chamber type ATP luminescence-based
motility invasion (ALMI) assay [42]. Briefly, culture media containing 1% FBS was placed
in the lower chambers that were separated from the upper chambers with 12-pym pore
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polycarbonate membranes. 100,000 viable cells suspended in 0.1% FBS culture media were
seeded into each upper chamber. After 30 minutes incubation in a 37°C CO» incubator, cells
harvested from the upper chamber (hon-motile), undersurface of the membrane (migrated-
adherent), and lower chamber (migrated, non-adherent) were quantified using the ATPlite
luminescence assay kit. Six replicate assays per condition were used for statistical analysis.

Statistical analysis

Results

Data depicted in the graphs represent the means + standard deviation (S.D.) for each group.
Inter-group comparisons were made using repeated measures of one-way analysis of
variance (ANOVA) with the post hoc Fisher’s Least Significant Difference test. Statistical
analyses were performed using GraphPad Prism 6 software.

Initial studies characterized ASPH expression in transiently transfected PNET2 cells

Western blots were probed with Myc and A85G6-ASPH monoclonal antibodies to detect the
Myc tag and ASPH. As a control for loading, the blots were stripped and re-probed with
polyclonal anti-p85 (subunit of P13 Kinase). Cells transfected with empty vector (EV) had
relatively low levels of endogenously expressed ASPH (Figure 2). Myc immunoreactivity
was not detected in EV transfected cells by Western blot analysis due to the small size of the
peptide compared with Myc-ASPH fusion proteins. In contrast, cells transfected with Myc-
tagged wildtype (WT) expressed the Myc-fusion protein and had higher than endogenous
levels of ASPH. In addition, two bands were associated with A85G6-ASPH correspond to
super-shifted endogenous (lower band) and Myc-tagged phosphorylated ASPH, whereas
only the lower band was detected in EV-transfected cells. Among the 18 single S/IT—A
point-mutated ASPH constructs studied, 16 had higher levels of Myc expression than in WT-
ASPH transfected cells (Figure 2). However, recombinant A85G6-ASPH immunoreactivity
(upper band) varied such that 13-14 of the 16 mutant constructs produced higher levels of
recombinant ASPH (upper band) relative to WT-ASPH and the remainder had either similar
or lower levels of ASPH expression. Cells transfected with M10 or M12 had sharply lower
levels of Myc-tag and ASPH than in cells transfected with WT or other point mutated ASPH
constructs. The p85 control Western blot results confirmed that sample loading was
approximately even. Since the results were comparable to PNET2 cells transfected with
empty vector yet their mRNASs were detectable by gRT-PCR analysis, most likely the
corresponding proteins generated with the M10 and M12 constructs were unstable and had
short half-lives. Therefore, these cDNAs were not further studied.

Effects of ASPH GSK-30 phosphorylation site mutation on cell adhesion and directional

motility

ASPH promotes cell adhesion and motility [8,10,11,13,26,34,43,44]. The ATPLyte-based
directional motility and adhesion blind-well chamber assay [42] was used to examine the
effects of WT and mutant-ASPH (M5, M7, M9, M14, M15, or M17) over-expression on
PNET?2 cell motility. The percentages of total motile, motile adherent, and motile-
nonadherent cells were calculated and depicted graphically (Figure 3). Statistical
comparisons with EV control and WT-ASPH transfected cells were made by one-way
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repeated-measures ANOVA and post hoc Fisher LSD tests (S-Table 2). Cells transfected
with WT-ASPH had significantly higher percentages of total motile, motile adherent, and
motile non-adherent cells relative to EV-transfected cells. All 7 ASPH mutant constructs
produced significantly higher mean percentages of total motile (Figure 3A) and motile non-
adherent (Figure 3C) cells, and all except for M7 significantly increased the percentages of
motile adherent cells (Figure 3B). Furthermore, the M9, M14 and M17 mutants had
significantly higher total motility and motile adherent indices compared with WT, and all
except for M5 had significantly higher percentages of motile non-adherent cells relative to
WT (S-Table 2; Figure 3C). Therefore, over-expression of ASPH cDNAs with selected point
S/IT—A point mutations in GSK-3p phosphorylation sites, increased recombinant ASPH
expression and directional maotility.

ASPH point mutations alter cellular localization of ASPH

The effects of S/T—A mutations on ASPH protein expression and subcellular localization
were examined by immunofluorescence staining and confocal microscopy (Figure 4).
PNET?2 cells transfected with WT N-Myc-ASPH cDNA exhibited abundant Myc-
immunoreactivity in the perinuclear zone, central cytoplasm, surface membrane, and in
podocytes (Figure 4A). In contrast, cells transfected with point-mutated (M#:S/T—A) N-
Myc-ASPH cDNAs exhibited altered levels and cellular distributions of Myc
immunoreactivity. For example, the M7-S24A mutant resulted in Myc immunoreactivity
predominantly localized to the surface membrane and podocytes (Figure 4C), whereas the
M18 mutant produced a particulate predominantly cytoplasmic patterns of immunoreactivity
that most likely corresponded to microsomal or mitochondrial localizations (Figure 4D).
Importantly, the M18 mutant altered the distributions of Myc immunoreactivity such that
peripheral cytoplasmic and podocyte labeling were not detected. Cells transfected with M19-
H675Q exhibited mainly nuclear and tight perinuclear distributions without plasma
membrane or podocyte localizations (Figure 4E). Cells transfected with Myc-EV served as a
negative control (Figure 4B).

ASPH over-expression enhances signaling through Notch pathways: Previous studies in
hepatic cells demonstrated that ASPH-mediated enhancement of cell motility was linked to
increased signaling through Notch networks [10,11,43,44]. To demonstrate similar responses
in the present experiments, immunofluorescence staining and confocal microscopic imaging
were used to qualitatively examine effects of ASPH over-expression on ASPH, Notch-1 and
Jagged-1 immunoreactivity (Figure 5). As negative controls, cells were transfected with a
recombinant plasmid expressing GFP or Humbug, a truncated homolog of ASPH that lack
the critical catalytic domain needed to hydroxylate/activate Notch and Jagged [16]. ASPH
was detected with two different monoclonal antibodies: A85G6-ASPH, which binds to the
C-terminal region of ASPH and FB50-ASPH/Humbug, which binds to the N-terminal
regions of ASPH and Humbug. Cells transfected with WT-ASPH had higher levels of both
A85G6-ASPH and FB50-ASPH/Humbug immunoreactivity than in GFP or Humbug
transfected cells (Figures 5A-5F). In addition, Notch-1 and Jagged-1 immunoreactivity were
higher in the WT-ASPH-transfected compared with GFP- and Humbug-transfected cells
(Figures 5G-5L). These findings suggest that ASPH over- expression enhances Notch-1 and
Jagged-1 immunoreactivity in PNET2 CNS-derived neuronal cells.
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Effects of ASPH GSK-3B S/T—A single point mutations on Notch pathway genes

gRT-PCR assays examined effects of deleting GSK-3p sites on mRNA expression of
Notch-1, Jagged-1, HES-1 and HEY-1. For comparison, the M19-H675Q mutant which
lacks catalytic activity and inhibits cell motility [45] was studied in parallel. Corresponding
with the immunofluorescence studies, cells transfected with WT N-Myc-ASPH had
significantly higher levels of Notch-1 and Jagged-1 expression relative to EV, whereas
HES-1 or HEY-1 expression were not significantly altered (Figure 6; S-Table 3). Despite
higher levels of ASPH immunoreactivity, Notch 1 mRNA was significantly elevated in cells
transfected with the M1 M3 and M7 mutants and significantly inhibited in cells transfected
with M6, M11, M12, M13, M15, M18 or M19 (Figure 6A; S-Table 3A). Jagged-1 mRNA
expression was increased in cells transfected with M3, M6 or M7, and either significantly
inhibited (n=4) or unchanged (n=3) by the other 7 mutants (Figure 6B; S-Table 3B). HES-1
MRNA expression was largely unchanged by transfection with mutant ASPH (Figure 6C; S-
Table 3C). The two exceptions were M1 and M11 which were modestly but significantly
increased relative to EV HEY-1 expression was significantly modulated by 7 of the 10
mutants. However, only M3 significantly increased HEY-1 relative to EV. M6, M7, M13,
M15, M18, and M19 significantly inhibited HEY-1, whereas M1, M11 and M12 had no
significant effect (Figure 6D; S-Table 3D).

Additive effects of ASPH S/T—A mutations on ASPH protein expression-ELISAs

To investigate additive effects of S/T—A mutations, PNET?2 cells transfected with ASPH
cDNAs carrying 2 to 5 point mutations were probed for Myc and ASPH immunoreactivity
by Western blot analysis (Figure 7) and ELISA (Figure 8). The cells were analyzed 48 hours
after transfection. Cells transfected with WT-ASPH, ASPH cDNAs with single point
mutations (M2, M7, M9, M14, M15, and M17), or EV were studied in parallel. Among the
single point mutant constructs, only M9 resulted in lower levels of Myc than observed in
WT-ASPH transfected cells. In cells transfected with M2, M7, M14, M15, or M17, Myc-
ASPH fusion protein expression was conspicuously higher than in the WT-ASPH transfected
cells (Figure 7). Stepwise additions of each of these point mutations did not further increase
Myc-ASPH fusion protein expression. Probing the blot with A85G6- ASPH monoclonal
antibody demonstrated higher levels of ~140 kD ASPH with over-expression of each mutant
cDNA (single-site and multi-site) relative to WT. The lower bands corresponding to native
(~86 kD) and fragmented ASPH were detected in all cells, including EV- and GFP-
transfected (Figure 7).

Duplex ELISAs were used to measure Myc and A85G6-ASPH protein expression in
transfected PNET?2 cells and confirm results obtained by Western blot analysis. To
distinguish recombinant from endogenous ASPH, immunoreactivity was detected with Myc
antibody. Similar levels of Myc immunoreactivity were measured in EV, WT, M2, M17, and
M2+M7+M14 transfected cells (Figure 8A; S-Table 4A). In contrast, Myc expression was
significantly higher in M7, M9, M14, M15, M2+M7, M2+M7+M14+M15,
M2+M7+M14+M15+M17, and M2+M7+M14+M15+M17+M9 transfected relative to EV
and WT transfected cells (all P<0.0001). Corresponding with results obtained by Western
blot analysis, A85G6-ASPH immunoreactivity was significantly elevated in WT transfected
relative to EV controls (P<0.0001). In addition, the levels of A85G6-ASPH
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immunoreactivity were significantly elevated in PNET2 cells transfected with each of the
single and multiple mutant constructs relative to EV and WT (all P<0.0001) (Figure 8B; S-
Table 4B). Furthermore, although the degrees of enhanced expression varied somewhat
among the mutants, the differences were unrelated to position or multiplicity of S/T
phosphorylation site deletion.

Effects of S/T—A GSK-3p site-directed mutagenesis on ASPH hydroxylase activity: Since
ASPH promotes cell migration and adhesion through hydroxylation of its target molecules,
we investigated the effects of S/T—A mutations on ASPH’s catalytic activity. Our focus on
the GSK-3p sites was based on inhibition of GSK-3p with LiCl or transfection with SIRNA
targeting GSK-3p enhances ASPH expression and cell motility, whereas increased GSK-3f
expression reduces ASPH expression and cell motility [8,26]. ASPH catalytic activity was
measured with a microplate scaled assay that quantifies 14C-labeled CO, released as a by-
product of hydroxylase activity [41]. PNET2 cells overexpressing WT N-Myc-ASPH
released significantly higher levels of 14C0O, (P<0.0001) relative to EV control cells (Figure
8C; S-Table 4C). Among the ASPH constructs carrying a single point mutation, 4 of the 6
had significantly increased hydroxylase activity relative to EV, but 3 had reduced catalytic
activity relative to WT, 2 had comparable levels and one had significantly higher levels of
catalytic activity relative to WT (Figure 8C; S-Table 4C). In cells transfected with ASPH
mutants carrying between 2 and 6 S/T—A point mutations, 4 of the 5 constructs produced
significantly higher levels of ASPH activity relative to EV, and comparable levels of
catalytic activity relative to WT.

Discussion

ASPH expression and function resulting in increased cell adhesion and motility are regulated
by insulin and IGF-1 [8,11-13,26,44,46]. The finding that inhibition of GSK-3p [8,10]
enhances ASPH protein expression without altering its mMRNA led to further investigations
that showed: 1) ASPH protein has intrinsic phosphorylation sites, many of which correspond
to GSK-3p motifs; 2) ASPH protein can be phosphorylated by GSK-3p [3,8,10], and 3)
inhibition of other kinases predicted to phosphorylate ASPH, i.e. PKC, PKA, and CK2,
enhance insulin/IGF stimulated ASPH expression/immunoreactivity and motility [26].
However, those earlier studies did not evaluate direct effects of ASPH phosphorylation on its
protein expression and function. One goal of this study was to examine functional
consequences of deleting predicted ASPH phosphorylation sites. Responses measured were
ASPH protein expression, subcellular localization, catalytic (hydroxylase) activity, and the
effects on cell adhesion, directional matility, and Notch pathway gene expression.

The Myc-tagged ASPH construct enabled us to distinguish recombinant from endogenous
ASPH protein, particularly since ASPH is physiologically cleaved and its half- life is
approximately 30 minutes based on metabolic labeling studies [10]. Transient transfection
studies demonstrated that the recombinant protein was highly expressed for 48 hours, and
persisted for 96 hours (data not shown). Except for 2 constructs (M10, M12), S/T—A point
mutation of specific phosphorylation sites mainly increased Myc- ASPH expression above
the levels observed with the WT-ASPH cDNA. However, the effects were more varied when
the blots were probed with the A85G6-ASPH antibody because the combined endogenous
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and transgene proteins and cleavage products were detected. The findings with respect to the
Myc-tagged ASPH mutant cDNAs suggest that deletion of GSK-3p phosphorylation sites on
ASPH increases ASPH protein levels, consistent with previous reports showing that LiCl
inhibition of GSK-3p activity enhances ASPH expression [8, 26]. In contrast to observations
made in Huh7 human hepatocellular carcinoma cells [34], Myc-ASPH protein expression
was not differentially altered by N- terminus versus C-terminus positions of the point
mutations.

In contrast to the relatively consistent effects of phosphorylation site deletion on ASPH
expression, the functional consequences pertaining to cell motility and adhesion varied.
Total motility was significantly higher in cells transfected with WT or any of the point-
mutated ASPH cDNAs compared with EV control cells. However, relative to WT, point
mutations in the N-terminus of ASPH produced no significant increases in total motility,
whereas 4 of the 5 phosphorylation site mutations within the C-terminus significantly
increased total motility compared with WT. Therefore, ASPH modulation of directional
motility was governed by position of the deleted phosphorylation site. Analysis of the sub-
populations of motile cells revealed that although the fractions of motile- adherent cells were
significantly increased relative to WT for 3 of 6 the mutant constructs, the dominant and
consistent effect of the point mutations was to increase the percentage of motile non-
adherent cells.

Functional alterations induced by the point mutations could have been due to conformational
changes, altering ASPH’s subcellular distribution and ability to interact with and
hydroxylate Notch and Jagged. Immunofluorescence and confocal microscopy studies
demonstrated abundant perinuclear, particulate (microsomal-type), cell surface, and
podocyte immunoreactivity in PNET2 cells transfected with WT ASPH, and conspicuously
altered patterns of immunoreactivity in cells transfected with point-mutated ASPH cDNAs.
For example, immunoreactivity corresponding to the M7-S24A mutant was mainly localized
in the perinuclear zone rather than at the cell periphery and in podocytes. This phenomenon
may account for the reduced levels of total and migrated adherent cell matility indices and
catalytic activity relative to WT, despite higher levels of ASPH protein expression.

The M18 mutant located in the C-terminus of ASPH was abundantly expressed and at levels
above WT, yet its subcellular distribution was strikingly altered and largely particulate in
nature, corresponding to a microsomal pattern. In contrast, the M19-H675Q mutant in which
directional motility was impaired due to deletion of the critical His residue required for
catalytic function, exhibited ASPH immunoreactivity localized to the perinuclear zone rather
than along the surface membrane and within podocytes. This suggests that besides loss of
hydroxylase activity, the inhibitory effects of the M19 mutant were mediated by abnormal
cellular distributions of ASPH such that potential interactions with Notch or Jagged at the
cell surface would have been compromised. Therefore, functional alterations in ASPH
produced by point mutations were likely mediated in part by changes in intracellular
trafficking. Mechanistically, these effects could impact ASPH’s activation of Notch
signaling networks needed to promote cell motility and adhesion.
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Immunofluorescence with confocal microscopy studies were used to demonstrate that over-
expression of WT ASPH selectively increased Notch and Jagged immunoreactivity in
PNET?2 cells. Further gRT-PCR studies were used to examine effects of point-mutated
ASPH on Notch-1, Jagged-1, HES-1, and HEY-1 mRNA levels. Although the responses
were complex and somewhat varied, the main conclusions were that with few exceptions, the
point-mutated ASPH cDNAs: 1) did not significantly increase Notch- 1, Jagged-1, HES-1,
or HEY-1 expression above WT-ASPH; 2) mainly inhibited expression of Notch-1,
Jagged-1, and HEY-1 relative to EV and WT-ASPH; and 3) had minimal effect on HES-1
expression. In light of the higher levels of ASPH expression and increased motility, these
seemingly disparate results most likely indicate that in short-term studies (24-96 hours), the
phenotypic consequences of over-expressing GSK-3p phosphorylation site mutant ASPH
cDNAs are positive, but the long-term effects associated with suppression of Notch networks
at the level of transcription could be detrimental to neuronal cellmotility.

Since it is possible that more than one ASPH phosphorylation site is functional, we
examined the effect of cumulative point mutations on ASPH protein expression and catalytic
activity. Western blot analysis and ELISA studies showed differential effects of adding
GSK-3p phosphorylation site mutations on Myc-ASPH fusion protein and A85G6- ASPH
expression. The results demonstrated that although most of the mutant constructs
significantly increased Myc-ASPH and A85G6-ASPH above EV and WT-ASPH, the highest
levels of ASPH achieved were associated with single point mutations. The greater variability
in the levels of Myc-ASPH relative to A85G6-ASPH may have been due to physiological
cleavage of the recombinant protein, as suggested by the increased levels of several bands
corresponding to A85G6-ASPH by Western blotanalysis.

One of the key functions of ASPH is its catalytic/hydroxylase activity which activates Notch
signaling [16,45]. Previous studies showed that large fold-increases in ASPH expression
were not required to confer increased cell motility, and that catalytic activity was most
important [45]. Therefore, it was important to interpret the effects of the phosphorylation
site mutations in the context of ASPH’s catalytic activity. Using the 14CO, capture assay to
quantify 14C-labeled CO, released with hydroxylase activity [41], we demonstrated
significantly increased levels of catalytic activity in WT Myc-ASPH transfected cells
relative to EV. The effects of single or multiple phosphorylation site mutations on catalytic
activity varied. Six of the mutant cDNAs produced mean levels of catalytic activity that were
similar to WT, two (M2+M7 and M2+M7+M124+M15) had higher than EV but lower than
WT levels of catalytic activity, and three (M2, M17, M2+M7+M14) were similar to EV and
reduced relative to WT. It is noteworthy that the 3 cDNASs in which catalytic activity was not
increased above control also had similar levels of Myc-ASPH relative to EV. mutated
cDNAs. Although the other discordances are not readily explained, the aggregate results
could be interpreted to indicate that catalytic activity is saturable and therefore rate-limited.
However, with sustained higher levels of ASPH protein expression, effects on cell motility
may be longer sustained as suggested by the findings in directional motility assays. In
conclusion, these studies support the hypothesis that phosphorylation of ASPH protein
regulates expression and function. The findings suggest an important mechanistic
consideration related to phosphorylation- dependent conformational changes in ASPH
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protein that may alter its expression, sub- cellular distribution, and catalytic activity. Further
studies are needed to address this question.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Proposed mechanisms of ASPH phosphorylation and strategy for generating site-directed

mutants with the WT N-Myc-ASPH construct: (A) Diagram of insulin/IGF-1 regulation of
ASPH. Insulin/IGF-1 stimulation of PI3K-Akt inhibits GSK-3f, whereas inhibition of
insulin/IGF-1 signaling or increased oxidative stress increases GSK- 3p activity and
phosphorylation of ASPH (direct). Increased GSK-3p activity can activate other kinases that
phosphorylate ASPH (indirect). Depending on the positions and nature of ASPH
phosphorylation, ASPH’s protein levels can either increase (enhanced stability) or decrease
(enhanced cleavage and degradation). Increased ASPH protein expression and hydroxylation
of Notch protein causes Notch to cleave, activating Notch networks. Notch’s intracellular
domain translocates to the nucleus where it promotes transcription of genes that increase cell
adhesion, motility, and invasion. (B) Diagram displaying the relative positions of predicted
phosphorylation sites on ASPH. Most of sites correspond to GSK-3 and are distributed in
the N-terminus of the protein. CK2, PKA, and PKC also can phosphorylate ASPH. The
H675 residue is critical for hydroxylase activity. Ser/Thr residues within predicted
phosphorylation sites were mutated to Ala using the Quick- Change Site-Directed
mutagenesis kit and primer pairs listed in S-Table 1.
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Effects of S/T—A mutations on ASPH protein expression: PNET2 cells were transfected
with wildtype (WT) or point-mutated (M#:S/T—A) ASPH cDNAs in which a Myc tag was
fused in-frame (N-Myc-ASPH); See Table 1 for mutations map. Gene expression was under
the control of a CMV promoter. Myc-empty vector (EV) served as a negative control. 24
hours after transfection, the cells were harvested and subjected to Western blot analysis
using antibodies to mouse monoclonal Myc or A85G6-ASPH. The blots were stripped and

re-probed with rabbit polyclonal antibodies to p85-PI3K as a sample loading control.
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Figure 3.
Directional motility and adhesion assays: PNET2 cells transfected with EV, WT N-Myc

ASPH, or point-mutated N-Myc-ASPH were used in an ATP luminescence-based Boyden-
chamber type directional motility and adhesion assay in which 1% FBS in culture medium
was supplied as the trophic factor in the lower chamber (see Methods). Graphs depict mean
(= S.D.) percentages of (A) all motile, (B) matileadherent, and (C) motile non-adherent cells
(see Methods). Four replicate cultures from independent transfections were analyzed
simultaneously. Inter-group comparisons were made by one-way ANOVA with post-hoc
Fisher LSD tests. *P<0.0001 for comparisons with WT (S-Table 2).
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..
Figure 4.

Effects of S/T—A mutations on ASPH protein expression and subcellular localization:
PNET?2 cells were transiently transfected with wildtype (WT) or a pointmutated (M#:S/
T—A) N-Myc-ASPH cDNA. Myc-empty vector (EV) served as a negative control. The
M19-H675Q mutant, disrupting ASPH’s catalytic activity, served as a positive control.
Representative results obtained by immunofluorescence staining and confocal imaging of
cells transfected with (A) WT, (B) M7-S24A, (C) M18-T748A, (D) M19-H675Q, or (E) EV
and stained by immunofluorescence with anti-Myc. Immunoreactivity was detected with
biotinylated secondary antibody and Streptavidin-conjugated Dylight 547 (red). Cells were
counterstained with DAPI (blue). (Merged images: 600x magnification, 2x digital zoom).
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Figure5.
Effects of WT N-Myc-ASPH Over-expression on ASPH and Notch Pathway Protein

Immunoreactivity: PNET2 cells transfected with recombinant plasmids carrying full-length
cDNAs encoding (A, D, G, J) WT-ASPH, (B, E, H, K) GFP, or (C, F, I, L) Humbug
(truncated form of ASPH) were harvested after 48 hours to generate cytospin preparations
for immunofluorescence assays. Formalin-fixed, permeabilized cells were incubated with
(A-C) A85G6-ASPH, (D-F) FB50-ASPH/Humbug, (G-1) Notch-1, or (J-L) Jagged-1
monoclonal antibodies. Immunoreactivity was detected with biotinylated secondary antibody
and Streptavidin-conjugated Dylight 547 (green) or Dylight 647 (red). Cells were
counterstained with 4”,6-diamidino-2-phenylindole (DAPI; blue). Panels depict merged
confocal microscopy images. (600x original magnification, 2x digitalzoom).
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Figure 6.
Effects of WT and point mutated ASPH on Notch signaling genes: PNET?2 cells transfected

with WT or point-mutated N-Myc-ASPH cDNAs were used in duplex gRT-PCR assays to
measure (A) Notch-1, (B) Jagged-1, (C) HES-1, and (D) HEY-1 expression. Data were
normalized to HPRT measured simultaneously in the same reactions. EV-transfected cells
served as negative controls, whereas M19-HOQ transfected cells served as positive controls
for inhibiting Notch signaling due to loss of catalytic activity. Graph depict relative mean (£
S.D.) levels of target gene (MRNA) expression. Inter-group comparisons were made by one-
way ANOVA with the post-hoc Fisher LSD test. *P<0.05; **P<0.01; ***P<0.001;
****p<0.0001 for comparisons with EV (S-Table 3).

Cell Biol (Henderson, NV). Author manuscript; available in PMC 2018 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Tong et al.

Page 22
A oa * B oo
E . b [+4
a 0.3 = - 2 o015
--:':-.. - * —
- x -
= 0.2 x g 0010
%) 5
o 04 = 3 9.00s
z = <
i SIEIEE RIS - 8o AEL R R B B
SLEPERIIEES® S PP SIS

Y Mk

4 0.6
C D
&3 &
o a 04
z, g
@, & 02
X T
0 R Bl et b IR le 0.0 P AEa e n
O R R R R

Figure7.
Additive ASPH point mutation effects in PNET2 cells on Myc and ASPH immunoreactivity.

PNET2 cells were transfected with ASPH cDNAs carrying from 0 (WT) to 6 point
mutations (M#:S/TOA). The Myc tag was fused in-frame (N-Myc-ASPH) and gene
expression was under the control of a CMV promoter. Myc-empty vector (EV) and GFP-
transfected cells served as negative controls. 48 hours after transfection, the cells were
harvested and subjected to Western blot analysis using antibodies to mouse monoclonal Myc
or A85G6-ASPH. The blots were stripped and re-probed with rabbit polyclonal antibodies to
p85-PI3K as a sample loading control.
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Figure 8.
Effects of single versus multiple ASPH point mutations on Myc and ASPH

immunoreactivity and catalytic activity. PNET2 cells were transfected with ASPH cDNAs
carrying from 0 (WT) to 6 point mutations (M#:S/TOA). Myc tag was fused in-frame
(NMyc- ASPH). Gene expression was under the control of a CMV promoter. Myc-empty
vector (EV) served as a negative control. 48 hours after transfection, the cells were harvested
and subjected to duplex ELISA tests of (A) Myc and (B) A85G6-ASPH protein expression,
with results normalized to RPLPO. Three independently transfected cultures were assayed
with 4 technical replicates. (C) ASPH hydroxylase activity was measured with the 14C0O2
capture assay using recombinant EGF peptide as the substrate. Released 14CO, was
measured with a Phosphor-Imager. The graph depicts the mean (+ S.E.M.) levels of released
14CO2 (cpm)/ug protein. Graph depict mean (x S.D.) levels of immunoreactivity or catalytic
activity. Inter-group comparisons were made by one-way repeated measures ANOVA with
the post-hoc Fisher LSD test. A, B- *P<0.0001 for comparisons with EV; € P<0.0001 for
comparisons with WT. C- *P<0.05; **P<0.01 relative to EV (S-Table 4).
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