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Background

Bile duct cancer, known as cholangiocarcinoma (CCA), is a rare but highly
aggressive cancer with a 3% incident in all gastrointestinal cancers; in primary hepatic
cancers, incidence is 10-30% [1, 2, 4]. The only known curative treatment for CCA is
surgical resection at an early stage, however, CCA is usually asymptomatic until
advanced local or metastatic stages where surgical resection may not be considered
curative or possible therapy [2, 7, 9]. Clinical trials are being evaluated for treatment
with a combination of two or more chemotherapeutic agents such as doxorubicin (DOX),
5-fluorouracil, cisplatin and gemcitabine (GCB) but results lack any significant difference

in overall survival.

Cholangiocytes are the epithelial tissues of the bile duct. Their primary function
is to control bile secretion and regulate bile flow. The hepatic bile duct capillaries are
comprised of small cholangiocytes where as the main, or common, bile duct and
tributaries are lined with

large cholangiocytes.
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proliferation [3]. In fact, only 10% of CCA are intrahepatic cholagiocarcinomas (ICC). The
majority of CCA occurs in common bile duct and categorized as extrahepatic
cholangiocarcinoma (ECC) (Figure 1.) [5, 6, 8]. This disparity also reflects our
understanding of the disease. While ECC research has made progress in the
understanding of the disease and its mechanisms, as well as treatment options, there is

limited understanding on the pathogenesis of ICC and effective therapies [2, 7].

ICC can be further classified based on its gene expression signature. An increase
in cytokine expression and activation of STAT3 and inflammatory signaling pathways are
properties of the inflammation class ICC [7. 8]. The proliferation class ICC is
characterized by the activation of oncogenic signaling pathways, mutations, deletions,

and copy number variants of genes, including KRAS and BRAF [7]. A comparison
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of the proliferation class ICC Figure 2. Inflammation and proliferation class in ICC prognosis.
Kaplan-Meier plot highlights the differences in OS and recurrence

had shorter overall survival between classes. Median survival was 24.3 months for proliferation
class vs 47.2 months for inflammation class. Median time to
recurrence also had proliferation class shorter at 15 months vs 37

and time to recurrence months in the inflammation class [7].

(Figure 2) [7].



Among altered genes, Aspartate-B-hydroxylase (ASPH), a type 2 transmembrane
protein, is frequently found to be upregulated in primary hepatic cancers, including ICC
of the proliferation class [7]. In fact, the prevalence of ASPH in ICC can be as high as
92%, with significant influence on tumor size, infiltration, aggression, and invasion. It has

also been linked to poorer prognoses [10, 11].

Fe(ll) and 2-oxoglutarate (2-OG) are co-substrates of 2-OG-dependent
dioxygenases, which includes ASPH. These enzymes catalyze a myriad of oxygenation
reactions such as protein modification, hydroxylation, demethylation, and DNA repair
[12]. The function of ASPH is to catalyze the Asp and Asn residues in proteins with
epidermal growth factor (EGF)—like domains and proteins within the notch1 family [13,
14, 15]. These hydroxylation targets are known cancer progression and metastasis
mediators [16, 17, 18, 19]. In our previous studies in hepatocellular carcinoma (HCC),
knockdown of ASPH substantially increased DNA damage, whereas overexpression of

ASPH reduced it [24].

H2aX is nuclear protein FOCUs
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phosphorylation of H2AX, these kinases also participate with yH2AX to recruit other
members of DNA repair including the MRN complex [29]. This complex consists of 3
proteins, Mrell, Rad50 and Nbs1, and serves as a detector for DSB, a cell-cycle
checkpoint, and the DSB repair mechanism. When the number of DSBs is too great, the
expression of yH2aX will remain high, and the MRN complex can initiate apoptosis [25,
29]. This makes yH2aX a good biomarker that signifies the activation of the DNA repair
mechanism meaning that an increase in yH2aX is indicative of an increase in DNA

damage [20, 26, 29]. Iwagami et al. demonstrated challenging cells with a DNA damage
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Figure 4. Induced senescence in HCC. shRNA inhibition of ASPH stained with senescence-associated 8-galactosidase
(SA-B6-Gal). Cells in senescence are stained blue. **P<0.01 [24].

inducer, CPT, in knockdown ASPH cells induced yH2aX expression [24]. The physiological

effects of an increase in yH2aX protein expression is an inhibition of growth, or induced

senescence and apoptosis.

Senescence is a desirable outcome for cancer treatments as this would mean
tumor proliferation has been halted. Senescence can be induced by one of many factors
including truncation of telomeres, certain oncogene expressions, oxidative damage,
chromosomal perturbations and DNA damage [21, 22]. However, these factors can also
be oncogenic and tumors frequently have altered signaling pathways to bypass

senescence and apoptosis [23]. Our previous study in HCC demonstrated that induced
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senescence was possible by targeting ASPH. This was achieved using two methods; by
targeting ASPH with a small molecule inhibitor (SMI), MO-I-1151 in conjunction with the
chemotherapeutic agent DOX and by inhibiting ASPH expression with the use of short

hairpin RNA (shRNA) (Figure 4) [24].

While HCC and CCA originate in close proximity to one another there are still
numerous differences between them. In this study we sought to explore and expand the
potential therapeutic target ASPH in a different cancer, CCA. Additionally, we aim to
elucidate the mechanisms of ASPH with respect to DNA damage and the DNA repair

mechanism.
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Materials and Methods

Lentivirus production

HEK-293T cells were used to produce lentivirus by transfection with TransIT®-LT1
Reagent (Mirus Bio LLC, Madison, WI, USA). Lentivirus plasmids, pLKO.1-shRNA-
luciferase and pLKO.1-shRNA-ASPH, were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The ASPH plasmid was constructed in house based off of PCDH.puro database.
Viruses were produced using 15 ug of lentivirus plasmid, 8.5 ug of psPAX2 (containing
GAG, POL) and 5 pg of pMD2.G (containing VSVg) in a 10 cm dish. Virus containing
medium was collected after 48 hours and filtered through a 0.45 um filter followed by

infection of target cells.

Cell lines

H1 and HuccT1 cell lines were derived from intrahepatic cholangiocarcinoma.
Cell lines were maintained in Roswell Park Memorial Institute medium supplemented
with 10% fetal bovine serum, 2mM L-glutamine and 1% of Penicillin-Streptomycin

solution in a humidified 37°C incubator with 5% CO..

OUMS29 is an immortalized hepatocyte cell line and HEK-293T was derived from
human embryonic kidney cells. These cell lines were maintained in Dulbecco's Modified

Eagle Medium with the same supplements and incubator conditions as above.

Cytoplasmic and nuclear fraction extraction

12



Nuclear and cytoplasmic extraction was done using the NE-PER™ extraction kit
(Thermo Fisher; 78833). Cells were detached using trypsin then centrifuged at 500 rpm
to pellet. Medium was removed and cell pellet washed with PBS by centrifugation at
500 rpm. Once PBS was removed the cells were subject to nuclear and cytoplasmic
extraction according to the manufacturer protocol. In brief, CER | was added to the
pellet to resuspend cells by vortexing followed by incubation on ice for 10 minutes. CER
Il was then added and samples vortexed for 5 seconds on high, incubated on ice for 1
minute then vortexed again before centrifuged at 14000 rpm for 5 minutes. The
supernatant containing the cytoplasmic fraction was removed and the pellet was
resuspended using ice-cold NER. Solution was then vortexed for 15 seconds every 10
minutes for a total of 40 minutes then centrifuged at 14000 rpm for 10 minutes.

Supernatant containing the nuclear fraction was removed immediately.

Protein lysate

Cells were washed with 7.4 pH PBS and lysed with RIPA buffer (Alfa Aesar;
162524) with addition of phosphate and phosphatase inhibitor (Thermo Fisher; 78428,

78430. Plates were shaken at 4°C for 20 minutes then collected and centrifuged at 14,000 rpm

for 15 minutes. Protein lysate was transferred to a new tube. Cell debris was discarded.

Animal tissues were cut then lysed using a 5mm tungsten bead (Qiagen: 69997) and
shaken at 20 Hz for 3 minutes. Lysate was incubated on ice for 20 minutes then centrifuged at
14,000 rpm for 15 minutes. Protein lysate was transferred to a new tube. Cell debris was

discarded. Tungsten bead was collected for reuse after it is autoclaved.
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Protein concentration was measured by BCA assay (Thermo Fisher; 23225) per

. . 1x
manufacturer protocol. Protein quantity was calculated based on v = — — where x
ﬁﬂ_;l concentration

is the desired ug of protein, adj concentration is the adjusted measured absorbance of the

sample, and y is the pl of sample for x ug of protein.

Protein lysates were added to protein sample buffer then denatured at 96°C for 5

minutes and rapidly cooled on ice for an additional 5 minutes for use in western blot.
Western blot analysis

Cell lysates were separated by SDS-PAGE at 80 V then wet transferred to a PVDF
membrane at 100 V for 2 hours. Membrane was blocked with 5% milk for a minimum of
1 hour then incubated with appropriate primary antibody overnight at 4°C. HRP-
conjugated secondary antibody in 2.5% milk were added and incubated for 1 hour

followed by washing with 0.5% TBST for 10 minutes x 5 times.

Images were taken using SuperSignal West Dura Extended Duration Substrate
(Thermo Fisher; 34075). Experiments were all triplicated, densitometric analysis was

done using Image J (NIH).

Primary antibodies used and their source are listed below. Dilutions used were

1:1000 TBST unless otherwise specified.
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Table 1. Antibodies used in Western blot

Antibody Source

Polyclonal ASPH In house

Myc Cell Signaling #2276
HA Santa Cruz sc-7392

a-tubulin ~ 1:3000 | Sigma Aldrich T5168

GAPDH 1:5000 | Santa Cruz sc-32233

yH2aX Cell Signaling #9718
ATM/ATR substrate | Cell Signaling #6966
Mrell Cell Signaling #4895
ATM Sigma Aldrich A1106
Rad50 Cell Signaling #3427
Nbsl Cell Signaling #14956
H3 Cell Signaling #9715

Co-Immunoprecipitation

Protein lysates were subjected to IP with either HA or ATM antibody overnight at
4°C. Normal mouse IgG (Santa Cruz, sc-2025) and normal rabbit IgG (Santa Cruz, sc-
2027) were used as negative controls. Antibody probes were coupled to Protein A/G
PLUS-Agarose (Santa Cruz, sc-2003) for 1 hour then washed with RIPA for 5 minutes and
centrifuged at 3000 rpm for 2 minutes x 4 times. Supernatant was removed and protein
sample buffer was added then heated to 96°C for 5 minutes to detach and denature IP

conjugate from agarose. Analysis was completed by Western Blot.

Cellular proliferation assay

Cell proliferation assay, or MTT was performed using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT; Sigma-Aldrich). Cells were seeded in 96 well

plates at a concentration of 1x10* to 3x10* cells/ml. MTT powder was dissolved in

15



sterilized 7.4 pH PBS at a concentration of 5 mg/ml. MTT solution was mixed with
medium at a ratio of 1:10 then added to the wells and incubated at 37°C for 1 hour.
MTT solution was then replaced with DMSO and cells shaken for 30 minutes at room

temperature and read for absorbance at 465 nm wavelength.

Numbers of plates were determined by the number of time points to be
collected, plus one for day O control. The experimental design dictates MTT to be done
ondays 0,1, 3,5, 7 or consecutive days 0, 1, 2, 3. Treatments and compounds were

added the following day after seeding at day 0.

Soft agar colony formation assay

Cells were seeded at a density of 2.5 x 103 cells/well on a 6 well plate in
complete medium containing 0.4% Noble agar (Sigma-Aldrich; A5431) and treatment
compounds. This soft agar layer was laid over a 0.8% Noble agar containing medium and
treatment compounds. Cells were grown for 21 days with medium change twice a week.
Colonies after 21 days were stained with 10% Giemsa solution, counted and analyzed

using Image J.

Senescence-associated B-galactosidase staining

Senescence was measured using a senescence detection kit (BioVision; K320-
250) and conducted per manufacturer protocol. Cells were seeded at a density of
2x10°cells/well then treated with DMSO or 5mM DOX in 12 well plates for 24 hours
before staining with B- galactosidase. Number of blue stained cells and total cells were
counted to determine the percentage of SA-B-gal activity. Quantification was performed

16



by taking 4 randomly selected microscope fields and averaging the number of cells that

were stained blue.
Cell Viability Assay

Cells were seeded at a density of 1x10° cells/well in a 6 well plate. Wells were
treated with either DMSO or 0.5mM DOX for 3 days. The medium was then removed
and washed with PBS then cells stained with crystal violet (Sigma-Aldrich) solution (0.5%
crystal violet, 30% ethanol, 3% formaldehyde) and washed with PBS 5 times then dried.

DMSO was added to dissolve crystal violet. Absorbance was measured at 550nm.
In vivo study

Eight week-old nu/nu nude mice (Charles River Laboratories, Wilmington, MA)
were kept in a clean room and had access to standard food and sterilized water. H1 CCA
cells ( 2x10°) suspended in 50 pl of serum-free medium and 50 pl of Matrigel (Becton,
Dickinson, Franklin Lakes, NJ) were injected into the liver parenchyma. After 4 days
incubation, treatment began by intraperitoneal injection of MO-I-1151 twice a week at
25 mg/kg and DOX 3 times a week at 2mg/kg. Treatment continued for 3 full weeks then

animals euthanized. Tumors dimensions were measured by calipers. Tumor volume was
. (w)? . . .
determined by the formula V = “T, where /is the combined length and w is the

combined width of all tumors. Statistics were calculated using one-way ANOVA.

Eight week old rats (Charles River) were fed with a standard diet and given free

access to water. shLuc or shASPH transfected BDE-NEU cells (2x108 )suspended in 50 pl

17



of serum-free medium, and 50 pl of Matrigel were inoculated into the liver parenchyma.
After 4 days incubation period, treatment started with an injection of DOX at 2mg/kg by
intraperitoneal injection 3 times a week for a total of 18 days. The rats were then

euthanized. Tumors were weighed. Statistics was done by student t test.
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Results

ASPH upregulation suppressed DNA damage but its downregulation stimulates it.

To determine if ASPH is involved in chemotherapy associated DNA damages in
CCA tumors, we used CCA cell lines SSP25 and HuCCT1, both are high in ASPH
expression. If ASPH-mediated DNA damage is universal, knockdown of ASPH in these cell
lines combined with chemotherapy should induce greater DNA damage than the
control. Immunoblotting for ASPH in SSP25 and HuCCT1 depicted an increase in yH2aX
protein expression when treated with chemotherapeutic agents Camptothecin (CPT) and
DOX. yH2aX was further increase when cells were targeted with shRNA-ASPH (shASPH)
to knockdown ASPH expression (Figure 5A, B). Ectopic expression of ASPH done in two
different cell lines, OUMS29 and HEK-293T, with the same experimental conditions
yielded a reduction in yH2aX expression when compared to WT cells treated with CPT
(Figure 5C, D). This diminishing phenotype of yH2aX expression in the presence of ASPH
was lost when cells were transfected with an enzymatically dead version of ASPH named

ASPHV3 (Figure 5E).
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Figure 5. ASPH negatively regulates DNA damage. yH2aX expression was determined to quantify DNA damage in CCA
cell lines (A) SSP25 and (B) Hucctl. ASPH was knocked down using shASPH with shLuc as a control. Cells were
challenged with either 2.5uM DOX or 20uM CPT for 2 hours. yH2aX was also determined in (C) OUMS29 and (D) HEK-
293T cells transfected with ASPH and challenged with the same conditions as in A and B. yH2aX expression was
determined in two forms of ASPH, full length and variant 3, in (E) HEK-293T cells with the same conditions above.
Variant 3 form lack the catalytic domain.

2-0G suppressed chemotherapeutic response

The effects of chemotherapy on DNA damage were reduced in the presence of
ASPH and knockdown of ASPH enhanced it. The substrate 2-OG is believed to influence
ASPH activity on its targets, including DNA damage. Thus, we treated HEK-293T cells
with 2-OG to check whether it can alleviate the insufficient expression of ASPH in

reducing DNA damage. HEK-293T was pretreated with increasing concentrations of 2-
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OG then challenged with 20uM CPT for 2 hours before collecting the protein lysates and
analyzing by western blot. ASPH was checked to confirm the transfection of ASPH with
a-tubulin as an internal control. DNA damage was discovered to decrease with respect
to an increase in 2-OG concentration. However, this effect is masked by ASPH when its
expression was sufficient (Figure 6A). MTT assay using CCA cell line H1 pretreated with
2-0G then exposed to DOX demonstrated an improvement in growth rate with

increasing concentrations of 2-OG compared to DMSO control (Figure 6B).
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Figure 6. 2-0G attenuates DNA damage from chemotherapy. (A) HEK-293T cells pretreated with increasing
concentrations of 2-OG for 24hours then challenged with 20uM CPT for 2 hours. yH2aX expression was determined by
western blot. Relative growth rate of (B) H1 cells in MMT assay with 0, 25 or 50 uM 2-0OG addition in 1.25uM DOX at
Day 2. **, p<0.01 by ANOVA analysis

Knockdown of ASPH promoted chemotherapeutic response in CCA cells

To measure the antitumor effect of targeting ASPH in combination with
chemotherapy, H1 cells were transduced with shLuc as a control or shASPH via a
lentiviral system. Cell viability, MTT, soft agar colony formation, and senescence assays
were performed in the transfected H1 cells. Cell viability using crystal violet
demonstrated a significant decrease in the number of viable H1 cells in the well after

exposure to 0.5uM DOX for 3 days. Quantification by absorbance revealed shASPH-H1
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cells had poorer viability overall than shLu-H1 cells with shASPH-DOX inhibiting cell
viability the greatest (Figure 7A). MTT assay challenged with 0.63uM DOX was measured
at days 0, 1, 2, and 3. A similar conclusion resulted with shASPH-DOX having the greatest
inhibition in cell proliferation with shLuc-DOX and shASPH-DMSO having partial effects
in cell proliferation inhibition compared to shLuc-DMSO control (Figure 7B). Knockdown
of ASPH significantly reduced colony formation in soft agar with the addition of 0.5uM
DOX reducing colony count as well as colony size. As expected, the combination of
shASPH-DOX had the fewest number of countable colonies as well as smaller colonies
overall compared to control shLuc-DMSO (Figure 7C). The number of induced senescent
cells after 24 hour exposure to 5uM DOX and staining with SA-B-gal was greater in
shASPH-DOX compare to all other groups (Figure 7D). These findings suggest targeting
ASPH in combination with chemotherapy has a synergistic effect in reducing cell
proliferation in CCA as well. Additionally, any remaining cells as found in shASPH-DOX
group in colony formation may not be viable cells or may be in an induced senescent

state effectively halting tumor progression.
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Figure 7. Synergistic reduction in malignant progression in CCA cells by targeting ASPH and treatment with DOX. (A)
Cell viability of shLuc-H1 control and shASPH-H1 challenged with DMSO or 0.5uM DOX for 3 days. Left panel:
representative photographs of crystal violet staining (x200), Right panel: quantification of crystal violet staining (n=3).
(B)Relative growth of shLuc-H1 control and shASPH-H1 challenged with DMSO or 0.63uM DOX for 3 consecutive days.
(C) Left panel: Representative image of shLuc-H1 control and shASPH-H1 challenged with DMSO or 0.5uM DOX at 21
days in soft agar. Right panel: number of colonies quantification. (D) Left panel: representative image of senescence-
associated (SA) b-gal staining in shLuc-H1 control and shASPH-H1 challenged with DMSO or 5uM DOX for 24 hours.
Right panel: quantification of SA b-gal staining activity. *p<0.05.

Synergistic anti-tumor effect of targeting ASPH and chemotherapy in vivo.

To evaluate the synergistic effects of ASPH and chemotherapy, two in vivo
orthotropic xenograft models were established. BDE-NEU cells transfected with either
shLuc or shASPH was inoculated into the rat liver parenchyma and treated with PBS as
control or DOX 3 times a week for 18 days. In this rat model, mean tumor weight was
significantly lower in shASPH-DOX group compared to PBS treated control and shASPH
group. DOX treatment in shLuc group had an undesirable effect in mean tumor weight

with an observed no change or increase in tumor weight (Figure 8A and B). The second
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model using immunocompromised nu/nu nude mice were orthotopically inoculated
with H1 cells. These H1-grenerated tumors were treated with ASPH inhibitor MO-1-1151,
a second generation compound with improved solubility, binding affinity and enhanced
ASPH inhibition compared to first generation MO-I-1100 [27, 28]. Additionally these
mice were also treated with DOX. The combination of MO-I-1151 and DOX was given for
3 weeks every other day. Tumor size reported was based on volume calculations as
described above. The combination of inhibiting ASPH and treating with DOX had the
greatest effect in reducing total tumor volume compared to control and DOX treatment

alone (Figure 8C and D).
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Figure 8. Targeting ASPH in conjunction with chemotherapy synergistically reduce CCA progression in vivo. BDE-NEU
rat CCA cells with transfected with shLuc or shASPH were inoculated into the rat’s liver. Treatment was given at
2mg/kg Dox treatment 3 times per week for 18 days. (A) Representative image of rat liver and corresponding
extracted tumors. (B) Quantification of tumor weight. *, p<0.05 by student t test. H1 CCA cells were inoculated into
nude mice livers and treated with 25mg/kg ASPH SMI, MO-I-1151 (1151) every other day and/or 2mg/kg Dox 3 times
per week for 3 weeks. (C) Representative image of nude mice liver and tumor morphology. (D) Quantification of total
tumor volume, n=6-8. *, p<0.05 by one way ANOVA.

ASPH interacted with ATM in DNA repair activity

The process of DNA repair involves the recruitment, activation and activity of a
number of enzymes and substrates. We have shown in this study that ASPH reduced
DNA damage in the presence of a DNA damage inducer (Figure 5). We evaluated the
DNA repair pathway in HEK-293T cells transfected with EV or shASPH and challenged
with CPT in a time course study. ASPH overexpression reduced ATM/ATR substrates but
no significant changes to ATM and MRN expression (Figure 9A and B). Although ASPH is

described as a type 2 transmembrane protein [13], ASPH seems to have influence on
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DNA damage response (Figure 5). This infers its presence within the cell is not exclusive
to the cell membrane and cytoplasm. A nuclear and cytoplasmic fraction extraction of
HEK-293T cells reveals an increase in Nbs1 expression when treated with DOX but no
change in the other proteins in the MRN complex. More importantly, ASPH was

detected in both cytoplasm and nucleoplasm fractions (Figure 9C).
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Figure 9. ATM expression in response to upregulation of ASPH. HEK-293T cells expressing EV or ASPH were challenged
with 10uM CPT in a time course study. (A) Short and long exposure images of ATM/ATR substrates were shown. Red
arrows indicate reduced ATM/ATR substrates in ASPH expressing HEK-293T cells. (B) ATM and MRN complex
expression of HEK293T cells challenged with 10uM CPT. (C) Cytoplasm and nucleoplasm fractions of HEK-293T cells
treated with or without DOX.

The presence of ASPH within the nucleus or nuclear membrane suggests
potential involvement with DNA damage response. Immunoprecipitation using anti-HA
demonstrated ASPH had binding to ATM. The MRN complex is a known interactor with
ATM thus detectable in both cytoplasmic and nuclear fractions (Figure 9C). Pull down
using anti-ATM was able to confirm this finding. ATM has physical interactions with
ASPH and the MRN complex (Figure 10A and B). Furthermore, challenging transfected

HEK-293T cells with DOX in an ATM pulldown revealed an increase in binding to NBS1 in
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ASPH overexpressed cells compared to EV control. DMSO controls lacked induced DNA

damage thus had significantly lower ATM expression and subsequently MRN binding

(Figure 10C).
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Figure 10. ASPH binds to ATM and the MRN complex. (A) HEK-293T expressing HA tagged ASPH was treated with
10uM CPT for 1 hour. Protein lysate was collected for IP and pulled down using HA antibody with IgG as the control.
ATM and MRN complex was observed to bind to ASPH. (B) Myc-ASPH expressing HEK-293T cells were challenged with
2.5uM DOX for 2 hours. Protein lysates were collected for IP and pulled down using ATM antibody with IgG as the
control. ASPH was observed to bind to ATM. (C) HEK-293T cells expressing EV or ASPH was challenged with either
DMSO or 2.5uM DOX for 2 hours. Protein lysates were collected for IP and pulled down using ATM antibody with IgG
as a control. DOX treated conditions has abundant ATM pulldown in comparison to DMSO groups. NBS1 binding to
ATM is increased in elevated levels of ASPH.



Discussion

During embryonic development the expression of ASPH is necessary for proper
development of the eyes and facial structures [32], however the expression of ASPH in
adult tissue is very low or negligible [33]. In cancer, ASPH re-emerges and has been
found to be up regulated in multiple types of cancers, including CCA [24, 27, 28, 30, 31].
ASPH has been shown to promote a malignant phenotype when overexpressed and the
targeting of ASPH had significant effects in reducing tumor morphology [24, 27, 28].
Intriguingly, we previously disclosed that targeting ASPH could significantly promote
DNA damage response in hepatocellular carcinoma [24]. Thus, we further investigated
how ASPH is involved in chemotherapy-associated DNA damage responses. The
expression of ASPH partially mitigated DNA damage while the knockdown of ASPH
synergistically enhanced DNA damage caused by chemotherapy (Figure 5). This effect
was only seen in wild-type ASPH, whereas mutant ASPH did not have this attribute as
seen in ASPH variant 3 lacking enzymatic function or domains. With this in mind, we
hypothesized that upstream substrates of ASPH can increase ASPH activity and suppress
DNA damage when exposed to chemotherapy. While 2-OG can partially suppress DNA
damage in a dose-dependent manner when ASPH is insufficient, the overexpression of
ASPH almost masks that effect (Figure 6A). Pre-treating ASPH expressing CCA cells, H1,
with 2-OG further improved cell growth rate in MTT assay (Figure 6B). This suggests
activation of ASPH by substrates, enzymes or a change in cellular condition can also

suppress DNA damage. Although targeting upstream ASPH substrates or enzymes might
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be an effective therapy for controlling ASPH activity, the consequences of such an
approach is too large as the substrates 2-OG and Fe(ll) are both essential components in
numerous enzymes [34]; thus targeting ASPH directly would be a better alternative,
especially since ASPH inhibitors such as MO-1-1151 are already developed and being

tested [27, 37].

Previous studies have demonstrated that the inhibition or knockdown of ASPH
induced senescence and impaired tumor growth in cancer cells [24, 31]. The
administration of MO-1-1151 to EV transfected cells yielded similar outcomes as shASPH
transfected cells for senescence and MTT assays [24]. In this study we challenged ASPH
knockdown shASPH with DOX and observed a further increase in senescence and
decrease in tumor growth (Figure 7). Upon further analysis, sShASPH-DMSO had similar
efficacy as shLuc-DOX in all 4 assays, suggesting that the presence of ASPH impedes
chemotherapy effects. Once ASPH activity is impaired, chemotherapies can be used to

greater effect in inducing DNA damage.

ASPH inhibitor MO-1-1151 has been previous described in studies for suppressing
ASPH activity [24, 30, 31, 37]. In patients, ASPH expression has been linked to poorer
prognoses [10, 11], in fact a Kaplan Meier graph of progression free survival and overall
survival clearly shows a separation between patient groups [11, 37]. To test the
physiological effects of ASPH in response to chemotherapy we created two xenograft
models. In both cases, tumors that expressed ASPH were more resistant to

chemotherapy and had tumors that were on average larger, and increased number of
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metastases compared low ASPH with DOX. Patient data also observed increased

metastasis and tumor size with high ASPH expression [11].

Following the detection of a DSB by MRN and the activation of ATM, H2aX is
phosphorylated and assists in the signaling for DNA damage repair [20]. The
involvement of ASPH in this process is unclear but ASPH is known bind with H2AX in the
mitochondrial DNA replication signaling pathway [20]. We have demonstrated ATM
interacts with ASPH and the increased expression of ASPH led to an increase in binding
between ATM and MRN when challenged with a DNA damage inducer (Figure 9). This
suggests ASPH may undergo a conformational change that induces ATM binding to MRN
thus increasing the rate of DNA repair and decreasing the phosphorylation of H2AX. It is
also possible ASPH-mediated hydroxylation of ATM will alter the activity or binding

affinity of ATM to MRN and promote DNA repair.

ASPH may play an influential role in the DNA damage response. This may explain
the clinical observations of patients with high ASPH expression resistance to
chemotherapy and shorter overall survival [10, 11, 37]. While an understanding for the
role of ASPH in DNA damage repair through ATM has been explored, further
investigation into ATR and DNApkcs is required to better picture of how expression of
ASPH results in a decrease in yH2aX expression; whether it is due to an inhibition of DNA
damage or promotion of DNA damage repair. A combination therapy that targets ASPH
with chemotherapy not only significantly increased DNA damage but also stunted tumor
growth and induced senescence. These findings suggest that ASPH is a good candidate

for a therapeutic target. The second-generation ASPH inhibitor is an effective antitumor
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agent when combined with chemotherapy for high ASPH expression tumors by

dramatically increasing DNA damage.
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