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Abstract

Background & Aims—Aspartate -hydroxylase (ASPH) is an enzyme overexpressed in human
hepatocellular carcinoma (HCC) tumors and participates in the malignant transformation process.
We determined if ASPH was a therapeutic target by exerting effects on cellular senescence to
retard HCC progression.

Methods—ASPH knockdown or knockout was achieved by sShRNAs or CRISPR/Cas9 system,
respectively, whereas enzymatic inhibition was rendered by a potent 2" generation small
molecule inhibitor (SMI) of ASPH. Alterations of cell proliferation, colony formation and cellular
senescence were evaluated in human HCC cell lines. The potential mechanisms for activating
cellular senescence were explored using murine subcutaneous and orthotopic xenograft models.

Results—Inhibition of ASPH expression and enzymatic activity significantly reduced cell
proliferation and colony formation, but induced tumor cell senescence. Following inhibition of
ASPH activity, phosphorylation of GSK3p and p16 expression were increased to promote
senescence whereas cyclin D1 and PCNA were decreased to reduce cell proliferation. The
mechanisms involved demonstrate that ASPH binds to GSK3p and inhibits its subsequent
interactions with AKT and p38 upstream kinases as shown by co-immunoprecipitation. In vivo
experiments demonstrated that the SMI treatment of HCC bearing mice resulted in significant
dose-dependent reduced tumor growth, induced phosphorylation of GSK3p, enhanced p16
expression in tumor cells and promoted cellular senescence.
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Conclusions—We have identified a new mechanism that promotes HCC growth and
progression by modulating senescence of tumor cells. These findings suggest that ASPH
enzymatic activity is a novel therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most common tumor and the third leading cause
of cancer mortality worldwide. (1) During the past two decades, the incidence of HCC has
tripled whereas its 5-year survival rate has remained <12%. (2) Successful surgical resection
helps to improve the overall survival; however, >80% of HCC tumors are unresectable at
diagnosis and there are very limited therapeutic options for those patients. (3) Therefore, it is
essential to explore the molecular mechanisms of HCC growth and progression in order to
identify new targets for therapy.

Aspartate B-hydroxylase (ASPH) is a ~86-kDa type Il transmembrane protein that belongs to
the a-ketoglutarate-dependent dioxygenase family. (4) ASPH catalyzes the hydroxylation of
aspartyl and asparaginyl residues in the epidermal growth factor (EGF)-like repeats in a
variety of proteins, such as Notch receptors and ligands. (5) It was originally described as
overexpressed in HCC and cholangiocellular carcinoma (CCC). (6) Currently, ASPH has
been found upregulated in more than 20 tumor types, such as HCC, CCC, pancreatic, colon,
breast and non-small cell lung cancer. (7-11) Interestingly, ASPH is overexpressed in 85—
90% of human HCC, but not in dysplastic nodules and normal liver (7); it is rarely expressed
in normal adult tissues except the placenta. (6) These findings support the hypothesis that
ASPH is a necessary component for transformation of normal cells to a malignant
phenotype. (12) Moreover, ASPH can be considered as a potential therapeutic target since it
is expressed on the tumor cell surface where the catalytic site in the C-terminal region may
be available for drug targeting. Recently, we have demonstrated that small molecule
inhibitors (SMIs) of ASPH, which fit into the pocket of the catalytic site and inhibit
enzymatic activity, produce anti-tumor effects in HCC and pancreatic ductal
adenocarcinoma. (7, 8) The biologic activity of SMIs was partially mediated through
inhibition of Notch signaling. (7, 8) However, there may be other biologic functions of
ASPH, when overexpressed, that contribute to the generation of malignant phenotypes.

Cellular senescence is a phenomenon that normal cells have a limited ability to proliferate in
culture. (13) The senescent phenotype may be induced by multiple stimuli, such as telomere
shortening, chromosomal perturbation, oxidative damage and activation of oncogenes. (14)
Some of these senescence-inducing stimuli are potentially oncogenic. During malignant
transformation, tumor cells will acquire mutations that allow them to bypass and avoid
senescence. (15) Thus, cellular senescence is considered to be a potent tumor-suppressor
mechanism, which blocks incipient cancer cells from proliferating. (16, 17)

Inhibition of ASPH expression and activity may be a therapeutic intervention by guiding
HCC cells to senescence. In this study, it was observed that sShRNAs-mediated knockdown
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and CRISPR/Cas9-mediated knockout as well as enzymatic inhibition of ASPH successfully
trapped human HCC cells into senescence. It was further revealed that inhibition of ASPH
activity induced cellular senescence through phosphorylation of the glycogen synthase
kinase 3 (GSK3p). Mechanistically, ASPH inhibits phosphorylation of GSK3p through
direct binding to GSK3p and blocking the action of its upstream kinases and downstream
targets.

Experimental Procedures

Characterization of SMls for ASPH

We developed, characterized and evaluated novel SMIs for ASPH B-hydroxylase activity as
described previously. (7, 8) Based on the crystal structure of the ASPH catalytic site,
computer generated drug design was performed, leading to the synthesis of a series of parent
compounds and derivatives likely to fit into the pocket of the catalytic site and inhibit its
enzymatic activity. The compound MO-1-1151 is a 2"d generation SMI chosen for study. It
has been characterized by the following features compared to a first generation SMI (MO-
1-1100) (7, 8): in that it 1) is more soluble; 2) has higher binding affinity to the ASPH
catalytic site; and 3) exhibits an enhanced inhibitory effect on f-hydroxylase activity. (7)

Cellular Proliferation Assay

The cellular proliferation rate was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO) assay. Cells were
seeded on a 96-well plate at a density of 1 x 10* and 5 x 102 cells/well for 24-hour and 5-
day assay, respectively. For the MTT assay, transfected cells were allowed to proliferate for
5 days; cells were incubated with several concentrations (ranging from 1.25 to 10 uM) of
MO-I1-1151 and examined at various time points. After re-incubation for 1 hour with MTT
solution, dimethyl sulfoxide (DMSO) was added to dissolve the resulting formazan crystals.
The absorbance was measured in a microplate reader at a wavelength of 595 nm with a
reference at 690-nm, and the results were expressed as a percent of absorbance relative to
that of control.

Soft Agar Colony Formation Assay

Cells were suspended in complete medium containing 0.4% Noble agar (Sigma-Aldrich, St.
Louis, MO, A5431) at the density of 2.5 x 103 cells/well and laid over a bottom agar
mixture consisting of complete medium with 0.8% Noble agar on a 6-well plate. Cells were
cultured for 3 weeks and treated twice a week in the absence or presence of different
concentrations of MO-1-1151. Following this incubation period, formed colonies were
stained with 10% giemsa solution and analyzed by Image J software (NIH, Bethesda, MD).

Senescence-associated p-galactosidase (SA-p-Gal) Staining

To detect senescent cells, a Detection Kit (K320-250, BioVision Inc, Milpitas, CA) was
used, and the staining was performed according to manufacturer’s instructions. Cultured
cells were seeded onto a 12-well plate at a density of 5-10 x 104, 1.5-3 x 10° and 1 x 10°
cells/well for FOCUS, Huh7 and HepG2 human HCC cell lines, respectively. After 24 hours
of incubation, SA-B-Gal staining was performed.
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To determine the effect of MO-1-1151, cells were exposed to DMSO or MO-I1-1151 (5 pM)
for 24 hours before staining. By counting the numbers of the blue-colored and total cells, the
percent of cells that stained blue reflected the number of senescence-associated cells.

For murine models, tumor tissue samples were dissected and frozen in OCT compound.
Seven micron sections were cut and SA-p-Gal staining was performed. For the
quantification of senescence activity, 4 microscopic fields were randomly selected at high
power magnification and the average number of blue-colored cells was determined.

Western Blot Analysis

The procedure and antibodies used for Western blot analysis are listed in the Supplementary
Material.

In Vivo Study

Results

Knockdown

Six-week-old female nu/nu nude mice (Charles River Laboratories, Wilmington, MA) were
kept under pathogen-free conditions, fed standard food, and given free access to sterilized
water. A subcutaneous xenograft model was used to analyze the dose-response efficacy of
MO-I-1151 in vivo, as described previously. (7) Briefly, 1 x 10’ FOCUS cells were
inoculated into the right dorsal flank. On day 3 after inoculation, each concentration of MO-
1-1151 (ranging from 0.1 to 10 mg/kg) prepared in DMSO was administered to mice by
intraperitoneal injection on 5 consecutive days per week. Tumor size was measured using
calipers twice per week, and tumor volumes were calculated as A x B2 x 0.5 (A, length; B,
width). An orthotopic xenograft model was created by direct intrahepatic inoculation of
FOCUS human HCC cells, as described previously. (7) Briefly, 5 x 108 FOCUS cells
suspended in 50 pl of serum free medium and 50 ul of Matrigel (Becton, Dickinson and
Company, Franklin Lakes, NJ) were injected into the liver parenchyma. On day 3 after
inoculation, MO-I1-1151 (10 mg/kg) or DMSO was administered to mice by intraperitoneal
injection on 5 consecutive days per week for 3 weeks. At the 4th week after initiation of
treatment, mice were sacrificed to assess the anti-tumor effects of MO-1-1151. All
procedures were approved by the institutional animal care and use committee of Rhode
Island Hospital (Providence, RI).

or Knockout of ASPH Induces Cellular Senescence in Human HCC Cell Lines

ASPH expression is critically involved in HCC growth and progression. (12) FOCUS, Huh7
and HepG2 cells have high levels of ASPH protein as described previously. (7) To
characterize the effects of manipulated ASPH levels on the HCC phenotype, we performed
shRNA-mediated knockdown and CRISPR/Cas9-mediated knockout (18) of ASPH in those
human HCC cell lines. A significant reduction of ASPH protein expression using ShRNA-
mediated knockdown of ASPH (shASPH) was demonstrated in FOCUS and Huh?7 cells.
CRISPR/Cas9-mediated knockout of ASPH (KO ASPH) was observed in HepG2 cells
(Figure 1A). MTT assay demonstrated a significant reduction in cell proliferation following
knockdown (shASPH) or knockout of ASPH (KO ASPH) compared with shRNA-luciferase
(shLuc) or empty vector (EV) control, respectively (Figure 1A). Additionally, anchorage-
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independent colony formation assays revealed that knockdown and knockout of ASPH
significantly reduced (Figure 1B) colony formation in soft agar as one of reliable tests for
assessing malignant stemness potential. (12) Cellular senescence was evaluated using SA-B-
gal staining (Figure 1C). Transfection of the control construct (shLuc or EV) produced little
blue staining. In contrast, knockdown or knockout of ASPH, caused substantial increase in
[-gal staining as a marker for the cells undergoing senescence. Furthermore, senescence-
associated secretory phenotypes (SASPs) (19, 20) were up-regulated (Supplementary Figure
1), and yH2AX (as the marker of DNA damage) and intracellular reactive oxygen species
(ROS) levels tended to be induced (21) (Supplementary Figure 2 and 3); which are all
associated with a senescent cell phenotype; following knockdown or knockout of ASPH
expression compared with control.

The B-hydroxylase Inhibitor Induces Cellular Senescence in Human HCC Cell Lines

The SMIs were characterized using FOCUS cells in a 24-hour MTT assay. The results
suggested that the biological activity of MO-I-1151 was more potent at lower concentrations
than the 15t generation parent molecule MO-1-1100. Compared to several other SMIs, MO-
I-1151 had the most robust anti-tumor effects on HCC cell proliferation (Figure 2A). To
analyze the effects of this f-hydroxylase inhibitor on the HCC phenotype, MTT, anchorage-
independent colony formation and SA-B-gal staining reaction of human HCC cell lines were
performed. The MTT results revealed that MO-1-1151 significantly reduced cell
proliferation in a dose-dependent manner over 5 days (Figure 2B). After 3-week exposure of
MO-I1-1151, anchorage-independent colony numbers were found to be significantly reduced
in a dose-dependent manner (Figure 2C). The SA-B-gal staining revealed that senescent
tumor cells were significantly induced by MO-1-1151 treatment compared with DMSO
(Figure 2D). Taken together, these findings suggest that enzymatic inhibition of ASPH
reduces human HCC cell proliferation through induction of cellular senescence.

Specificity of MO-I-1151 for ASPH B-hydroxylase activity

To analyze whether the anti-tumor effect of MO-1-1151 was specific to ASPH rather than
other B-hydroxylases, we performed MTT and SA-B-gal staining reactions with sShRNA-
mediated knockdown and CRISPR/Cas9-mediated knockout of ASPH in the human HCC
cell lines. MTT assays demonstrated significantly inhibitory effects of MO-1-1151 on cell
proliferation at each concentration employed in human HCC cells with prior knockdown or
knockout of ASPH compared with the control (shLuc or EV) after 24 hours (Figure 3A). As
expected, the SMI exerted reduced but not complete inhibition of cell growth when ASPH
expression was significantly altered to suggest that there might be ASPH independent
effects as well. Additionally, MO-1-1151 treatment significantly induced the expression of
SA-B-gal positive cells in the control (shLuc or EV) cells; in contrast, induction of cellular
senescence was substantially blocked in response to knockdown or knockout of ASPH
(Figure 3B). These findings imply that MO-1-1151 does not have biologic activity under
conditions of reduced or absent ASPH expression in HCC. More importantly, these findings
suggest that MO-1-1151 is a specific enzymatic inhibitor of ASPH.
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ASPH Modulates Phosphorylation of GSK3B and Expression of Cell Cycle Regulators

The potential molecular pathways involved in cellular senescence induction were explored
under conditions of ASPH knockdown (shASPH) and ASPH inhibition by MO-1-1151. We
found a significant increase of phospho-GSK3p (inactivated form) with equal protein
expression of GSK3B when comparing the shASPH to the shLuc control. Glycogen synthase
(GS) expression increased whereas phospho-GS (p-GS) remained unchanged. Furthermore,
p16, which is a cyclin-dependent kinase inhibitor, was increased, whereas cyclin D1 and
PCNA levels were decreased (as cell proliferation markers) in response to shASPH (Figure
4A). In addition, GSK3p activity was inhibited after MO-1-1151 treatment similar to effects
observed with knockdown of ASPH since phospho-GSK3p increased whereas total GSK3[3
protein levels did not change. Moreover, p16 increased whereas cyclin D1 and PCNA levels
decreased in a dose-dependent manner (Figure 4B). Furthermore, SMI treatment increased
p15 and p21 protein levels, as another senescence marker, in a dose dependent manner
(Supplementary Figure 4). These findings indicate that changes in the levels of cell cycle
regulators are important as potential mechanisms to induce senescence following inhibition
of ASPH activity.

ASPH Modulates Cellular Senescence through GSK3g activity

To explore how ASPH modulates cellular senescence, we applied a constitutive active (CA)-
GSK3p in Huh7 cells. The efficacy of transient transfection was evaluated using a plasmid
encoding for green fluorescent protein (GFP). After a 48-hour transfection, < 5% of FOCUS
(Supplementary Figure 5A) cells were positive; in contrast, > 95% of Huh7 cells were
transfected (Supplementary Figure 5B), which was used for subsequent experiments. The
MTT and anchorage-independent colony formation assays indicated that overexpression of
CA-GSK3p induced proliferation significantly in ASPH knockdown (shASPH) cells, but not
in the control (shLuc) cells (Figure 4C and 4D). SA-B-gal staining revealed that senescent
HCC cells were significantly induced following knockdown of ASPH (shASPH). Moreover,
this phenomenon was reversed by overexpression of CA-GSK3p as compared to no change
in the control (shLuc) (Figure 4E). We also evaluated if overexpression of CA-GSK3p
influences the expression of several key cell cycle regulators related to senescence. High
level expression of GS was found only in knockdown of ASPH (shASPH); overexpression
of CA-GSK3p significantly reduced GS; whereas phospho-GS levels remained unchanged.
These findings supported the concept that GSK3p activity was inhibited in knockdown of
ASPH and the subsequent phenotype could be reversed by overexpression of CA-GSK3p,
compared to the shLuc transfected control. Furthermore, p16 was significantly decreased,
but cyclin D1 and PCNA were increased following knockdown of ASPH in the context of
overexpression of CA-GSK3p (Figure 4F). Taken together, these results suggest that
inhibitory effects of ASPH on cellular senescence were mediated through GSK3p activity.

ASPH Directly Binds to GSK3p and Inhibits Its Phosphorylation by the Upstream Kinases

GSK3p is a serine/threonine kinase that has critical functions in numerous signaling
pathways. Unlike most other protein kinases, GSK3p activity is inhibited by
phosphorylation on serine (Ser9) by the actions of at least three pathways: 1) protein kinase
B (AKT); 2) mitogen-activated protein kinases (MAPKS) including p38, extracellular signal-
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regulated kinase (ERK) and c-Jun N-terminal kinase (JNK); and 3) ribosomal protein S6
kinase (S6K) signaling. (22) To determine which pathway is activated in response to
knockdown of ASPH in human HCC cells, we evaluated the expression of the upstream
kinases of GSK3p. However, AKT, p38, ERK, JNK and S6K levels were not changed
following knockdown of ASPH (Supplementary Figure 6A). To investigate how
phosphorylation of GSK3 is regulated, we used HEK?293 cells co-transfected with GSK3[3
vs. ASPH to analyze the potential contribution of protein-protein interaction. Protein
overexpression was confirmed in HEK293 cells after co-transfection with HA-tagged
ASPH, wild type (WT)-GSK3 or empty vector (EV) plasmids (Figure 5A). Direct protein-
protein interaction between GSK3p and ASPH was demonstrated by co-
immunoprecipitation (IP). Immunoblotting with anti-GSK3p revealed that GSK3p bound to
ASPH following co-transfection with WT-GSK3p and ASPH (Figure 5B). In addition, we
used overexpression of ASPH only in HEK293 cells and confirmed that overexpressed
ASPH and endogenous expressed GSK3p had a direct interaction after insulin treatment
(Supplementary Figure 7). Previous studies have indicated that insulin treatment up-
regulates ASPH expression. (23) Furthermore, we assessed protein-protein interactions
between GSK3p and its upstream kinases by co-IP. In HEK293 cells, co-transfection of WT-
GSK3p with either HA-tagged ASPH or EV (Figure 5C) revealed that the GSK3p upstream
kinase protein levels (AKT, p38) were unchanged in co-transfected HEK293 cells when
ASPH was overexpressed (Supplementary Figure 6B). Under these conditions,
immunoblotting with antibodies against the upstream kinases of GSK3p, in immunopurified
samples by anti-GSK3p, demonstrated that GSK3[ was able to bind strongly to AKT and
p38 (the binding to ERK, JNK and S6K were undetectable, data not shown) in the absence
of ASPH. When ASPH was overexpressed, GSK3p bound to ASPH, rather than AKT or p38
(Figure 5D). These observations suggest that ASPH directly binds to GSK3p (through
competing with AKT and p38) and thus inhibits the subsequent phosphorylation of GSK3
by its upstream kinases.

Anti-tumor Effects of MO-1-1151 on Subcutaneous and Intrahepatic Xenograft HCC Tumor

Models

In order to evaluate the anti-tumor effects of MO-1-1151 on HCC growth and progression in
vivo, we established subcutaneous and orthotopic xenograft models of HCC. (7) The
compound MO-I1-1151 was administered to mice bearing FOCUS-generated tumors. On a
subcutaneous xenograft model, mean tumor volume in the MO-1-1151 treated group was
significantly reduced in a dose-dependent manner at the concentration ranging from 0.5 to
10 mg/kg compared to DMSO treated control (Figure 6A). On an orthotopic xenograft
model, animals were sacrificed at 4 weeks and HCC intrahepatic growth was measured.
Mean tumor weight in the MO-1-1151 treated group was significantly reduced compared to
DMSO treated control (Figure 6B). A significant increase in the phospho-GSK3p/GSK3f3
ratio and p16 expression was observed in tumor lysates derived from the MO-I-1151 treated
animals when compared to DMSO treated controls (Figure 6C). Furthermore, SA-B-gal
staining illustrated a significant induction of cellular senescence in MO-1-1151 treated
animals compared to the DMSO treated controls (Figure 6D). These findings suggest that
this 2nd generation SMI of B-hydroxylase activity reduces HCC growth in a dose-dependent
manner and promotes senescence in vivo.
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Discussion

ASPH is highly upregulated in HCC tumors, (6, 7, 24, 25) and lacks expression in dysplastic
regenerating nodules, suggesting its role in hepatic oncogenesis. (7) Some of the biological
functions of ASPH has been determined. Its overexpression promotes cell proliferation,
anchorage-independent colony formation, motility, migration, invasion and metastasis,
which are characteristics of the malignant phenotype. (7-9, 12) ASPH has been shown to
directly interact with Notchl and JAGL to activate Notch signaling in HCC cell lines. (25,
26) We have recently developed a first generation p-hydroxylase inhibitor and clarified that
the biological function of ASPH requires enzymatic activity. (7, 8) However, ASPH has the
potential to modify function of numerous proteins that have calcium dependent EGF-like
repeats by catalyzing the hydroxylation of aspartyl and asparaginyl residues that may also
contribute to the development of malignancy.

GSK3p is a multifunctional serine/threonine kinase that participates in numerous signaling
pathways involved in various physiological processes. GSK3B was initially described as a
key enzyme involved in glycogen metabolism (27); currently it is known to regulate diverse
functions, including cell division, apoptosis, microtubule interactions and cell fate
determination during embryonic development. (22) Dysregulation of GSK3p has been
implicated in various human diseases including cancer. (28) In this context, GSK3p had not
previously been considered to be a therapeutic target during tumorigenesis since inhibitors
may enhance aberrant canonical WNT/B-catenin signaling cascade, which is activated in a
variety of human tumors including HCC. (29, 30) Recent studies suggest, however, that
several types of tumors may be susceptible to GSK3p inhibitors, leading to significant
reduction in cell proliferation. (31-33)

The functional relationships of GSK3p with its target genes are cell context dependent. For
instance, inhibition of GSK3 promotes the dephosphorylation and stabilization of cyclin D1
in non-tumor cells (34); conversely, it decreases cyclin D1 expression in several types of
tumor cells (33, 35). In this study, we demonstrated that p16 was induced, while cyclin D1
and PCNA were reduced following phosphorylation of GSK3p in human HCC cell lines.
This phenomenon was related to the expression level of ASPH as shown by sShRNA-
mediated knockdown of this enzyme; enzymatic function was deemed to be important as
shown by treatment of HCC cells with a SMI of B-hydroxylase activity. In addition, we
determined that overexpression of a constitutive active GSK3p reversed p16, cyclin D1 and
PCNA expression patterns under knockdown conditions of ASPH in human HCC cell lines.
These results support the notion that changes of p16, cyclin D1 and PCNA, as modulated by
ASPH expression levels are likely to be transmitted through the GSK3p signaling cascade.

GSK3p is active in resting cells and functionally inactivated after phosphorylation by
various kinases in response to different cellular stimuli. Three different signaling pathways
are known to inactivate GSK3p; AKT, MAPKs and S6K. (22) We evaluated the total and
phosphorylated forms of AKT, p38/ERK/INK and S6K following knockdown of ASPH to
determine which pathway is activated. Surprisingly, none of these pathways was altered.
Furthermore, we demonstrated that ASPH expression remained the same following
overexpression of a constitutive active GSK3p. Thus aberrant expression of ASPH in HCC
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cells was not regulated by GSK3p activity. Taken together, we hypothesized that there exist
other functional interactions between ASPH and GSK3p, which contribute to the generation
of a malignant phenotype; and thus, we focused on protein-protein interactions between
GSK3p, ASPH and its upstream kinases. Interestingly, GSK3p physically bound to ASPH.
More important, this event led to reduced GSK3p-binding to AKT and p38 (upstream
kinases), and was directly influenced by the level of ASPH in cells. Therefore,
phosphorylation of GSK3p was blocked from its upstream kinases due to a physical
interaction with ASPH.

Recently, Favaro E, et al. demonstrated that inhibition of glycogen mobilization in cancer
cells leads to induction of senescence and impairs tumor growth. (36) Furthermore,
inhibitors of GSK3p have been shown to induce cellular senescence; which was
accompanied by enhanced glycogenesis and increased glycogen content. (37) In this study,
we did not observe a consistent change in the amount of glycogen storage by using Periodic
acid-Schiff staining (data not shown). However, changes in glycogen synthase activity was
observed along with induction of cellular senescence through phosphorylation of GSK3p.

Characteristics of senescent cells are growth arrest and altered gene expression, including
changes in cell-cycle inhibitors or activators. (14) Several markers can robustly identify
senescent cells; SA-B-gal is the most accepted and widely used cellular marker. (38) Cellular
senescence is triggered by a combination of at least three mechanisms: telomere shortening,
upregulation of the cyclin-dependent kinase inhibitor 2A (CDKN2A) locus (which encodes
p16'NK4A and p14ARF), and accumulation of DNA damage. (39) Recent studies have
disclosed a close correlation of senescence with pre-malignant stages of tumorigenesis (40),
but in the fully transformed malignant phenotype, this regulatory mechanism is lost. (40)
Accumulating evidence supports a key role for cellular senescence as a barrier to tumor
progression. Indeed, cellular senescence is prevalent in pre-malignant lesions, and
progression to neoplasia requires evading this regulatory process. A class of tumor
suppressors (for example p16!NK4A and p14ARF) monitors stress signals, and the activation
of these signals triggers cellular senescence. Their loss or inactivation may confer impaired
cellular senescence, unleashing malignant growth and progression. (41) In this study, we
demonstrated that SA-B-gal and p16 expression were induced through phosphorylation of
GSK3 in human HCC cell lines, by using shRNA-mediated knockdown of ASPH as well
as treatment with a f-hydroxylase inhibitor in vitro. We also demonstrated that a small
molecule B-hydroxylase inhibitor strongly induced p15 and p21 expression levels, as other
markers of cellular senescence. (14) In addition, we found that several markers associated
with the senescent cell phenotype, including SASPs (19, 20), yYH2AX and intracellular ROS
levels (21), were up-regulated or induced after knockdown or knockout of ASPH expression
in human HCC cell lines. Furthermore, overexpression of constitutive active GSK3f
reversed SA-p-gal and p16 changes when ASPH cellular level was reduced. Consistently,
when GSK3p activity was reduced, p16 expression and SA-B-gal activity was enhanced,
particularly after using a p-hydroxylase inhibitor treatment of HCC tumor bearing mice. Mai
W, et al. demonstrated that inhibition of GSK3p attenuated telomerase activity and increased
SA-B-gal-positive cells in colon cancer cell lines. (33) Usually the senescent cells have
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shortened telomere and decreased telomerase activity; thus, this report also supports the
finding that cellular senescence is mediated through phosphorylation of GSK3.

Tumorigenesis as a multistep process involves bypassing or inhibiting crucial mediators of
cellular senescence, but this phenomenon does not necessarily imply that malignant cells
have completely lost their capacity to undergo cellular senescence. (42) Recently, anti-tumor
efficacy was shown by restoring the tumor suppressive function of p53 using murine
models. (43) Moreover, tumor regression induced by cellular senescence was revealed to be
accompanied by the presence of tumor-infiltrating neutrophils, macrophages and natural
killer cells. (43) Recently, evidence has been presented that senescent cells can be
eliminated through a SASP-mediated immune response (44), and we observed that SASPs
were up-regulated after inhibition of ASPH in human HCC cell lines. So senescent tumor
cells may be eliminated by the immune system, resulting in tumor regression. Therefore,
senescence-inducing interventions could be a key platform for anti-tumor therapy.
Senescence-inducing agents like MO-1-1151, by attacking tumor cells directly may prove to
be effective alone or in combination with other therapeutic interventions. (42)

In conclusion, we have identified that ShARNA-mediated knockdown and CRISPR/Cas9-
mediated knockout of ASPH as well as enzymatic inhibition of ASPH guide human HCC
cells to undergo cellular senescence. Inhibition of ASPH activity induces senescence as
mediated through phosphorylation of GSK3p. In addition, ASPH binding to GSK3p inhibits
its phosphorylation (inactivation) and thus blocks the signal transduction from its upstream
kinases as shown by the proposed model presented in Figure 7. Our findings suggest that
ASPH can be a potential therapeutic target and a 2" generation f-hydroxylase inhibitor is
an effective anti-tumor agent against intrahepatic HCC growth and progression partially
through the induction of cellular senescence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ASPH aspartate p-hydroxylase

CA constitutive active
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CXCL chemokine (C-X-C motif) ligand
DAPI 4’ 6-diamidino-2-phenylindole
DMSO dimethyl sulfoxide
EGF epidermal growth factor
ERK extracellular signal-regulated kinase
EV empty vector
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GFP green fluorescent protein
GS glycogen synthase
GSK3B glycogen synthase kinase 3
HBV hepatitis B virus
HCC hepatocellular carcinoma
IL interleukin
IP immunoprecipitation
JINK c-Jun N-terminal kinase
KO knockout
MAPK mitogen-activated protein kinase
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
ROS reactive oxygen species
SA-B-gal senescence-associated 3-galactosidase
SASP senescence-associated secretory phenotype
S.D. standard deviation
S.E.M. standard error of the mean
SMI small molecule inhibitor
S6K ribosomal protein S6 kinase
WT wild type
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Figure 1. Effects of knockdown and knockout of ASPH on cell proliferation, anchorage-
independent colony formation and cellular senescence in human HCC cell lines

The following assays were performed in human HCC cell lines expressing the control
(shLuc) vs. knockdown of ASPH (shASPH) (FOCUS and Huh?7), as well as control (EV) vs.
knockout of ASPH (KO ASPH) (HepG2). (A) Protein expressions of ASPH in human HCC
cell lines with knockdown (shASPH) or knockout of ASPH (KO ASPH) compared to the
control (shLuc or EV). MTT assays showed relative absorbance at each time point over 5
days. (B) Representative photographs of anchorage-independent colony formation (left
panel, 100x). The bar graphs indicated relative colony number (right panel). (C)
Representative photographs of SA-B-gal staining (left panel, 200x). Senescent cells
exhibited blue staining. Senescence under each condition was quantified and expressed as
percent of SA-B-gal-positive cells (right panels). Mean + S.D. of triplicate independent
experiments. *P < 0.05, **P < 0.01 compared to the control cells (shLuc or EV).
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Figure 2. Characterization and Evaluation of anti-tumor effects of a SMI of B-hydroxylase (MO-
1-1151) on the HCC phenotype

(A) MTT assays showed relative absorbance at each concentration (ranging from 1.25 to 10
uM) of MO-I-1151, MO-I1-1100 and other candidate 3-hydroxylase inhibitors (MO-1-1171,
1178, 1351, 2751, 5007, 5008, 5009, 5010, 5018 and 5019) which had no biologic activity.
The assay was performed after 24-hour’s exposure to DMSO or SMIs in FOCUS HCC cells.
[Blue line was MO-1-1000 (the first generation SMI). red line was MO-1-1151 (the second
generation SMI). Black lines represented other compounds that had no effect.] (B) MTT
assays showed relative absorbance at each time point exposed to DMSO or different
concentrations of MO-1-1151 (from 1.25 to 10 uM) for 5 days. (C) The bar graphs indicated
relative colony numbers after 3-week exposure to DMSO or MO-1-1151 (2.5 or 5 pM).
Representative photographs of anchorage-independent colony formation were shown. (D)
Representative photographs of SA-B-gal staining after 24-hour’s exposure to DMSO or MO-
1-1151 (5 uM) (left panel, 200x). The SA-B-gal activity was quantified and expressed as
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percent of SA-B-gal-positive cells (right panel). Mean + S.D. of triplicate independent
experiments. *P < 0.05, **P < 0.01 compared to DMSO treated cells.
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Figure 3. The B-hydroxylase inhibitor MO-1-1151 was specific for ASPH mediated biologic

activity

The following assays were performed in human HCC cell lines stably expressing the control
(shLuc) vs. knockdown of ASPH (shASPH) (FOCUS and Huh?7), as well as the control (EV)
vs. knockout of ASPH (KO ASPH) (HepG2). (A) MTT assays showed relative absorbance
after 24-hour exposure to each concentration (ranging from 1.25 to 10 uM) of MO-1-1151 or
DMSO. (B) SA-B-gal staining was performed after 24-hour exposure to DMSO or MO-
I-1151 (5 puM). Representative photographs of SA-B-gal staining (top, 200%). Senescence
under each condition was quantified and expressed as percentage of SA-p-gal-positive cells
(bottom). Mean + S.D. of triplicate independent experiments. **P < 0.01 compared to the
control cells (shLuc or EV) (A) or DMSO treated control cells (shLuc or EV) (B).
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Figure 4. ASPH-related cellular senescence was mediated through GSK3p in human HCC cells

(A, B) Protein expressions of ASPH, GSK3p, phosho-GSK3p, GS, phospho-GS, p16, cyclin

D1 and PCNA were evaluated by Western blot analysis. (A) In the control (shLuc) or
knockdown of ASPH (shASPH) human HCC cell lines (FOCUS and Huh7). (B) After 24-
hour exposure to DMSO or different concentrations of MO-1-1151 (from 1.25 to 5 uM) in

human HCC cell lines (FOCUS and Huh7). (C- F) The following assays were performed in

the control (shLuc) or knockdown of ASPH (shASPH) in Huh7 cells with or without
overexpression of CA-GSK3p. (C) MTT assay showed relative absorbance at each time

point over 5 days. (D) The bar graphs represented relative colony humbers (top).
Representative photographs of anchorage-independent colony formation are shown (bottom,

100x). (E) Representative photographs of SA-B-gal staining (top, 200x). SA-B-gal activity
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was quantified and expressed as percent of SA--gal-positive cells (bottom). (F) Protein
expression of ASPH, GSK3p, phosho-GSK3p, GS, phospho-GS, p16, cyclin D1 and PCNA
were evaluated by Western blot after 48-hour of co-transfection in Huh7 cells. Mean + S.D.
of triplicate independent experiments. **P < 0.01 compared to shLuc + EV or sShASPH +
EV cells.
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Figure 5. ASPH inhibited phosphorylation of GSK3 from its upstream kinases by directly
binding to GSK3p

The following assays were performed in HEK293 cells after 48-hour co-transfection of (A,
B) HA-tagged ASPH with either WT-GSK3p or EV plasmids; as well as (C, D) WT-GSK3p
with either HA-tagged ASPH or EV plasmids. (A) Protein expressions of HA, ASPH and
GSK3p were confirmed by Western blot analysis, in co-transfected HEK293 cells with HA-

tagged ASPH and either WT-GSK3p or EV. Antibody against a-tubulin was used as a

loading control. (B) After co-immunoprecipitation using control 1gG or HA-probe,
immunoblotting with HA-probe and antibody against GSK3p were performed. (C) Protein
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expressions of HA, ASPH, GSK3p and phospho-GSK3p were confirmed by Western blot
analysis, in co-transfected HEK293 cells with WT-GSK3p and either HA-tagged ASPH or
EV. Antibody against a-tubulin was used as a loading control. (D) After co-
immunoprecipitation using control IgG or anti-GSK3p antibody, immunoblotting with HA-
probe and antibodies against AKT, p38 and GSK3 are shown.

Hepatology. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Iwagami et al.

Page 22
A
350 1 <pmso
--0.1 mg/kg
300 1 A
0-5makg | y10.1 1151
- —-1 mg/kg
£ 250 -<10 mg/kg
E
g 200
2
)
2 150
S
€
£ 100
50
0
B
1800
1600
5 1400
£ 1200 - .
_‘05; 1000
% 800
g 600
2 00
200
DMSO MO-1-1151
c EDMSO
DMSO MO-I-1151 OMO-I-1151
*
8
ooy [N 8 - :
Secl T TTTI
[a]
16 ’7.- 2
Fo eemgperMenglh |
Actin ¢,
0
p-GSK3pB/GSK3p p16/Actin
D *k
250
E 200
; £ ZE
| - V"*-‘: §E ito]
e = - . . Sar] = O
e A R EE 100
i 22
Y 0 7

DMSO MO-I-1151

Figure 6. Anti-tumor effects of targeting ASPH in subcutaneous and orthotopic xenograft
models generated by FOCUS HCC cells

(A) Mean tumor volume was measured and plotted twice per week in each concentration of
MO-I1-1151 treatment (ranging from 0.1 to 10 mg/kg), compared to DMSO (n = 8). (B)
Representative photographs of intrahepatic inoculated tumors 4 weeks after initiation of
MO-I1-1151 treatment, compared to DMSO as control (left panel). Mean tumor weight was
analyzed at 4 weeks after initiation of MO-1-1151 treatment, compared to DMSO (n = 5)
(right panel). (C) Protein expression of GSK3p, phospho-GSK3p and p16 in tumor lysates

Hepatology. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Iwagami et al.

Page 23

treated with MO-1-1151, compared to DMSO, was evaluated by Western blot (left panel).
Ratio of the relative density of p-GSK3B/GSK3p or p16/Actin ratio (right panel). (D)
Representative photographs of hematoxylin and eosin staining (top) and SA-B-gal staining
(bottom) performed in serial sections of frozen tumor tissue samples treated with MO-
I-1151, compared to DMSO (left panel, 400x). Senescence in the tumor sample was
quantified and expressed as average number of SA-B-gal-positive cells (right panel). Mean +
S.E.M. *P < 0.05, **P < 0.01, ***P < 0.005 compared to the DMSQO treated group.
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Figure 7. Hypothesis of how ASPH may mediate senescence of HCC cells
(A) ASPH overexpression is followed by binding to GSK3p (purple) and inhibits the

interaction and subsequent phosphorylation of GSK3p by AKT and p38 upstream kinases
(blue). This mechanism keeps GSK3p constitutive active (orange) and leads HCC
progression by promoting degradation of the cyclin-dependent kinase inhibitor p16 (yellow).
(B) Under conditions of Inhibition such as ASPH knockdown or modulation of enzymatic
activity by SMls (MO-I1-1151), AKT and p38 upstream kinases can now phosphorylate and
inactivate GSK3p function (gray). The net results are stabilization of p16, and promotion of

HCC cell senescence.
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