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Abstract

Cholangiocarcinoma (CCA) is a highly lethal and aggressive disease. Recently, IDH1/2 mutations
have been identified in approximately 20% of CCAs which suggests an involvement of 2-
oxoglutarate (2-OG) -dependent dioxygenases in oncogenesis. We investigated if the 2-OG
dependent dioxygenase, aspartate beta-hydroxylase (ASPH) was important in tumor development
and growth. Immunoassays were used to clarify how ASPH modulates CCA progression by
promoting phosphorylation of the retinoblastoma protein (RB1). A xenograft model was employed
to determine the role of ASPH on CCA growth. Knockdown of ASPH expression inhibited CCA
development and growth by reducing RB1 phosphorylation. Expression of ASPH promoted direct
protein interaction between RB1, cyclin-dependent kinases, and cyclins. Treatment with 2-OG-
dependent dioxygenase and ASPH inhibitors suppressed the interaction between RB1 and CDK4
as well as RB1 phosphorylation. Knockdown of ASPH expression inhibited CCA progression and
RB1 phosphorylation /in vivo and they were found to be highly expressed in human CCAs.
Knockdown of ASPH expression altered CCA development by modulating RB1 phosphorylation,
as one of the major factors regulating the growth of these tumors.
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1. Introduction

Cholangiocarcinoma (CCA) is a devastating disease with a poor prognosis [1]. The 5-year
survival rate is only 2% with disease spread outside the liver. Thus, there is a need to
develop novel therapeutic targets for these tumors. Recent studies using whole genome
sequencing have identified IDH1/2 mutations in about 20 % of CCAs [2, 3] and suggest that
targeting such mutations with small molecule inhibitors may be a potential treatment for this
disease [4]. The IDH1/2 mutations generate an oncometabolite, (R)2-hydroxyglutarate
((R)2-HG) in the Krebs cycle rather than the intermediate molecule, 2-oxoglutarate (2-OG)
[5]. The (R)2-HG has been shown to promote tumorigenesis by modulating epigenetic
modification and altering functions of 2-OG-dependent dioxygenases [6-8]. This
phenomenon raises the possibility of targeting tumors harboring IDH1/2 mutations by
inhibiting (R)2-HG production. Specific inhibitors for IDH1/2 mutations have been
developed and exhibit promising therapeutic effects in preclinical models involving gliomas
and leukemias [9, 10]. However, a recent study concluded that the inhibitors for IDH1/2
mutations had no suppressive effects on growth of CCA cell lines [11]. Nevertheless, there
has been no new therapeutic approach proposed for CCAs with IDH1/2 wildtype genes. It is
of interest that clinical studies have demonstrated that CCAs with IDH1/2 mutations have a
better prognosis than those with wildtype sequences [12, 13], indicating that 2-OG-
dependent dioxygenases could be important for CCA development and growth.

Aspartate beta-hydroxylase (ASPH) is a 2-OG-dependent dioxygenase that functions by
hydroxylating aspartyl and asparaginy! residues in EGF-like domains of certain proteins,
including Notchl which has been shown to participate in CCA development and progression
[14]. 1t has been shown to be highly expressed in human CCAs by IHC [15] and knockdown
of ASPH substantially inhibits CCA progression by modulating Notchl1-mediated cyclin D1
expression [16]. These findings suggest an important role for ASPH in CCA growth.
Considering the idea that other 2-OG-dependent dioxygenases also may be required for
tumor development and ASPH, as an example, appears to be involved in CCA progression,
we sought to clarify how ASPH modulates CCA tumor growth with IDH1/2 wildtype
sequences that may yield new targets for therapy. It was hypothesized that the 2-OG-
dependent dioxygenase, ASPH may be required for the development and growth of CCAs.

2. Material and Methods

2.1 Animal studies

Six-week-old nude mice were purchased from Charles River Laboratories (Wilmington,
MA\). The human H1 CCA cells (2x10%) were transduced with shRNA-luciferase or sShRNA-
ASPH and subcutaneously implanted under the right flank of nude mice. The animals were
monitored for 2 weeks and the tumor volumes calculated by the formula (width? x
Length/2). The mice were euthanized with CO» following cervical dislocation. Tumors were
removed and dissected for further analysis. All protocols were approved by the Institutional
Animal Care and Use Committee of Rhode Island Hospital.
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2.2 Cell lines and reagents

Human H1, RBE, SSP25, NEC, and ETK1 CCA cell lines were kindly provided by Dr.
Munenori Enjoji at Kyushu University in Japan [17]. TFK1 was purchased from RIKEN cell
bank (Japan). The RB1 mutated plasmids including 416 pSG5L HA RB1 del22 (Plasmid
#10721), 413 pSG5L HA RB1 (Plasmid #10720), 608 pSG5L HA RB1 del ex4 (Plasmid
#10730), and 409 pSG5L HA RB1 (379-928) (Plasmid # 10734) were obtained from
Addgene [18]. IDH1 and IDH1R132H associated plasmids were kind gifts from Dr. Yue
Xiong [19]. Inducible pSLIK-IDH1-FLAG and pSLIK-IDH1RI32H.FLAG were gifts from
Christian Metallo (addgene)[20]. IDH1 antibody and ASPH variants were purchased from
OriGene Technologies (Rockville, MD) and ASPH variants were reconstructed in pCDH-
puro lentivrial vector in our lab. ASPH polyclonal antibody was made as previously
described [21]. pRB15780, pRB15698 pRB15807 myc-tag, and flag-tag antibodies used for
immunoblotting experiments were from Cell Signaling Technology (Danvers, MA).
pRB15780 and pRB15608 antibodies used for immunohistochemistry staining as well as
trimethylated histone 3 lysine 9 (H3K9Me2), dimethylated-histone 3 lysine 4 (H3K4Me3),
and H3 antibodies were from Abcam (Cambridge, MA). Tubulin antibody and iron chelator
deferoxamine mesylate salt (DFO) were from Sigma-Aldrich (St. Louis, MO). CDK2,
CDK4, CDKB, cyclin D1, cyclin E, RB1, GAPDH antibodies, normal 1gG, and protein
agarose A/G were purchased from Santa Cruz Biotechnology (Dallas, Texas). The 2-OG
antagonist, Dimethyloxallyl Glycine (DMOG) was purchased from Cayman Chemical (Ann
Arbor, Michigan).

2.3 Human samples (supplemental information)

2.4 Immunoblotting (supplemental information)

2.5 Immunofluorescence (supplemental information)
2.6 Immunohistochemistry (supplemental information)
2.7 Cell cycle assays (supplemental information)

2.8 Cell growth assay (supplemental information)

2.9 Senescence assay (supplemental information)

2.10 Statistical analysis (supplemental information)

3. Results

3.1 Targeting 2-OG-dependent dioxygenases by an antagonist, an iron chelator, and (R)2-
HG reduced CCA cell growth with wildtype IDH1/2

To investigate if targeting of 2-OG-dependent dioxygenases may inhibit CCA IDH1/2
wildtype tumor growth, we used three different strategies that include a 2-OG antagonist, an
iron chelator, and (R)2-HG to suppress the endogenous 2-OG-dependent dioxygenases
activity. The IDH1 and IDH2 genotypes were determined in several CCA cell lines by
genomic sequencing and the available databases (The Cancer Cell Line Encyclopedia,
https://portals.broadinstitute.org/ccle/home). It was found that several CCA cell lines have
the IDH1/2 wildtype sequence (Fig. 1A). The IDH1/2 mutated (IDH1/2M4%) plasmids and the
genomic DNA of HEK293T cells were used as positive and negative controls, respectively.
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When H1 and SSP25 CCA cells were challenged with the 2-OG antagonist (DMOG) or the
iron chelator (DFO), their cell growth rates were substantially reduced (Fig. 1B and sFig. 1).
To evaluate if inhibiting 2-OG-dependent dioxygenases by the oncometabolite generated by
the IDH1 mutation would reduce CCA cell growth, we challenged different CCA cell lines
with (R)2-HG and found treatment significantly decreased cell growth as well [22] (Fig.
1C). These results imply that targeting 2-OG-dependent dioxygenases inhibits cell growth of
CCA cells with wild type IDH1/2 sequences.

3.2 The 2-OG-dependent dioxygenase ASPH is involved in CCA growth, progression and
induction of cell senescence

The IDH1™U produced (R)2-HG and this phenomenon has been linked to malignant
transformation by regulating several 2-OG-dependent dioxygenases, including the Ten
Eleven Translocation family proteins, as well as HIF, prolyl 4-hydroxylases and JumonjiC
(JmjC)-domain—containing histone demethylases [6-8, 13, 23]. However, there has been no
previous investigation clarifying how inhibiting 2-OG-dependent dioxygenases by IDH1
mutant protein or (R)2-HG suppresses tumor progression. In this context, ASPH is one of
the 2-OG-dependent dioxygenase where overexpression has been shown to participate in
malignant transformation of CCA cells [24]. To determine the role of ASPH in this regard,
we evaluated the cellular effects by knockdown experiments in the H1, SSP25, and RBE
with IDH1™MUt phenotype. Knockdown of ASPH substantially suppressed cell proliferation of
CCA:s independent of the genotype of IDH1 (Fig. 2A). As the IDH1™Ut has been suggested
to induce senescence of glioma cells [25], we evaluated the effect of knocking down ASPH
levels on induction of cell senescence. It was observed that knockdown of ASPH promoted
development of senescence in H1, SSP25, and to a lesser extent in RBE CCA cells (Fig.
2B). Since cell proliferation and senescence are both regulated by the cell cycle, we
investigated if knockdown of ASPH influences these events. Knockdown of ASPH
significantly altered cell cycle progression by accumulating CCA cells in the GO/G1 phase
to retard their entering into S phase (Fig. 2C).

3.3 ASPH expression modulates phosphorylation of RB1

Cell proliferation, senescence, and cell cycle progression are mediated by multiple
molecular signaling pathways [26—28]. Among the most important, the RB1 cascade has
been shown to be one of the main driving factors for cell cycle progression from G0/G1 to S
phase [27]. Additionally, RB1 has been demonstrated to be critically involved in the
generation of cell senescence [26]. Therefore, RB1 expression was assessed in three CCA
cell lines, including H1, SSP25, and RBE transduced with control (shLuc) or ShASPH.
Knockdown of ASPH did not affect total RB1 protein expression in these cells (Fig. 3A).
We also ectopically expressed ASPH in HEK-293T cells to determine if expression of ASPH
increases the RB1 level. Expression of ASPH did not increase total RB1 protein levels but
enhanced the expression of phosphorylated RB1 (Fig. 3B). Since phosphorylation of RB1 is
one of the most extensively investigated post-translational modifications which inactivate the
tumor suppressor functions of RB1, it is a formal possibility that ASPH may suppress RB1
phosphorylation as a mechanism to inhibit CCA growth and progression. Thus, we further
analyzed different RB1 phosphorylation sites, including pRB15780, pRB15698, and pRB15807
in human CCA cell lines following ASPH knockdown. The results revealed that knockdown
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of ASPH suppressed phosphorylation of RB1 at all these sites (Fig. 3A). A similar result
illustrating that ASPH enhanced pRB15780 was obtained in HEK-293T cells following
ectopic expression of ASPH (Fig. 3B). As RB1 modulates cell cycle progression mainly by
controlling E2F1 transcriptional activity, the E2F1 target gene, cdc2, expression level was
determined in to the context of ASPH expression. It was determined that cdc2 was down-
regulated with knockdown of ASPH in CCA cells (sFig.2).

3.4 ASPH affects RB1 phosphorylation by interaction with cyclin-dependent kinases

The protein complex composed of cyclin D1, CDK4, and CDK®6 as well as CDK2/cyclin E
protein complexes have been demonstrated to be important factors affecting phosphorylation
of RB1 [27]. To determine if ASPH modulates RB1 phosphorylation by altering the
expression of these proteins, we evaluated levels in three CCA cell lines with ASPH
knockdown as well as in HEK-293T cells with ectopic over-expression of ASPH. As shown
in Fig. 3, altering ASPH expression levels did not influence the concentrations of these
proteins, suggesting that other mechanisms may be involved in the regulation of RB1
phosphorylation by ASPH.

The ASPH protein has been previously shown to modulate phosphorylation of GSK3p
through interactions between GSK3p and AKT [29] and suggest that ASPH may directly
bind to RB1 as well. To determine if ASPH and RB1 interact, we transiently transfected
RB1 and ASPH expression plasmids into HEK-293T cells and monitored cellular
localization by immunofluorescence experiments. Indeed, it was found that ASPH and RB1
co-localize to the nucleus (Fig. 4A). This observation was also observed in human CCA
tissue samples. In this context, ASPH and pRB15780 co-localize in tumors as indicated by
the blue arrow heads (Fig. 4B). This phenotype was validated by examining ASPH and RB1
in the cytoplasm and nuclear fractions.

The RB1 was mainly localized in the nucleoplasm, but ASPH was found both in the
cytoplasm and nucleoplasm fractions (sFig. 3A). We transiently transfecting HA-tagged
RB1 and Myc-tagged ASPH in HEK-293T cells, and used HA-tagged antibody to pull down
the RB1 protein complex; ASPH was detected in the RB1 protein complex by a Myc-tagged
antibody. The results of input protein concentration demonstrate successful transfection and
immunoprecipitation (IP) following pull-down of the RB1 protein complex and revealed
ASPH in the RB1 protein complex (Fig. 4C). Consistently, the IP results performed on the
nucleoplasm fraction further verified the interaction of ASPH and RB1 in the nucleus of
CCA cells (sFig. 3B). These observations suggest a direct protein-protein interaction
between ASPH and RB1. This event was able to be inhibited in the human RBE CCA cell
line which has high endogenous levels of ASPH and RB1 (Fig. 4D).

Experiments were performed to determine which protein regions were responsible for the
interaction between RB1 and ASPH. The RB1 protein has N-terminal (RB1N), pocket, and
C-terminal Core domains (RB1CC°'®) (Fig. 4E). We transfected ASPH in combination with
different mutated HA-tagged RB1 plasmids expressed into HEK-293T cells and performed
IP experiments with HA-tagged antibodies to pull down different RB1 protein complexes. It
was noteworthy that ASPH protein was detectable in all different RB1 protein complexes
(Fig. 4F), suggesting that ASPH has a direct interaction with all mutated RB1 proteins
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studied thus far. By peptide mapping, we suggest that the potential protein motif of RB1 for
ASPH binding may be located within the region between the pocket and RB1C®°"™ domains
(Fig. 4E, red line). To determine the protein domain of ASPH responsible for this protein
interaction, Myc-tagged ASPH variant forms and HA-tagged RB1 were transfected in
HEK-293T cells and the RB1 containing protein complex was pulled down by a HA-tag
antibody. Similarly, all ASPH variant forms could be detected in the RB1 protein complex
(Fig. 4H), suggesting that RB1 physically interacted with ASPH. The protein motif of ASPH
likely to be responsible for RB1 binding appeared to be located within the ASPH variant
form 4 (Fig. 4G, red line).

3.5 The protein interaction between RB1 and the CDK complexes is modulated by ASPH

expression

The protein interactions between RB1 and the CDK complexes were investigated by
transiently transfecting HA-tagged RB1 and Myc-tagged ASPH in HEK-293T cells. As
determined by co-IP experiments, expression of ASPH resulted in increased protein-protein
interaction between RB1, CDK2, and CDK4 as well as RB1, cyclin D1, and cyclin E (Fig.
5A and B), which in turn led to enhanced RB1 phosphorylation. In contrast, the expression
of ASPH variant form 3 without the enzymatic domain of ASPH did not promote this
interaction between RB1 and CDK4 (Fig. 5C). As the enzymatic activity of ASPH is critical
for its transforming function, we determined if using a mutant ASPH with 20% of original
enzymatic activity [30] would inhibit the protein interactions between RB1 and the CDK
complexes. Interestingly, expression of ASPH consistently increased the protein interaction
between RB1 and CDK4 in HEK-293T cells, but expression of the mutant forms of ASPH
with low enzymatic activity lost this property (Fig. 5D), suggesting that the enzymatic
activity of ASPH was required for modulating RB1 phosphorylation. Since ASPH is a 2-
OG-dependent dioxygenase, general inhibitors for 2-OG-dependent dioxygenases were
useful to confirm this observation. As expected, DMOG and DFO treatments suppressed the
effect of ASPH on this protein-protein interaction (Fig. 5E). We also evaluated if another
specific and direct ASPH inhibitor (MO-1-1151), kindly provided by Dr. Mark Olsen [16],
may alter the ASPH-mediated protein-protein interaction with CDK4. This ASPH inhibitor,
which also reduces its enzymatic activity by 90% [16], suppressed the protein interaction
between RB1 and CDK4 as well (Fig. 5E).

3.6 Targeting ASPH suppresses RB1 phosphorylation without significant impact on
histone methylation

As knockdown of ASPH substantially suppressed development and progression of CCAs as
well as RB1 phosphorylation, it would be important to determine if targeting ASPH by other
inhibitors may exert a similar effect. Targeting ASPH by DFO and DMOG significantly
inhibited CCA cell proliferation (Fig. 1B). Targeting ASPH with MO-1-1151 also
suppressed CCA growth (sFig. 4). To further investigate whether targeting ASPH by these
compounds may modulate CCA progression by affecting RB1 phosphorylation, we
determined the effects of IDH1 mutation, DFO, DMOG, and MO-1-1151 on RB1
phosphorylation. The results suggested that DMOG, DFO, and MO-I-1151 significantly
inhibited RB1 phosphorylation in the H1 CCA cell line (Fig. 6A and B). Similarly,
transfection with IDH1™Ut expression plasmid in HEK-293T cells suppressed RB1
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phosphorylation (Fig. 6C). Considering the possibility that IDH1 mutation may promote
cellular transformation by affecting histone methylation [8, 23], we investigated whether
inhibiting ASPH enzymatic activity by the IDH1 mutation, DFO, DMOG, and MO-I1-1151
influences histone methylation.

Importantly, it was found that targeting ASPH by shRNA knockdown and MO-I-1151, an
inhibitor of enzymatic activity [16], did not affect histone methylation of H3K9Me3 and
H3K4Me2 (Fig. 6D and E). However, treatment with DMOG, DFO, and IDH1 mutation all
led to increased histone methylation of H3K9Me2 and H3K4Me3 (Fig. 6F), consistent with
previous observations [21, 23]. These results suggest reduced ASPH enzymatic activity
results in decreased protein-protein interaction between RB1 and the CDK complexes,
which was associated with reduced RB1 phosphorylation and subsequently leads to
diminished CCA proliferation and cell cycle progression, as well as induction of cellular
senescence; the postulated signaling pathways that may be involved are described in Fig.
6H.

3.7 Overexpression of CDK2 and CDK4 does not reverse the effect of ASPH knockdown on
RB1 phosphorylation and CCA cell growth

Although we have identified that knockdown of ASPH modulates CCA progression by
affecting RB1 phosphorylation, the consequent signal transduction pathways were not
completely defined. As the CDKs are major kinases for RB1 phosphorylation and
expression of ASPH promotes the interaction between RB1 and CDK4, overexpression of
CDKs may reverse the effects of ASPH knockdown on CCA progression. To determine the
rescue effects of CDKs on CCA development and growth, Myc-tagged CDK2 and CDK4
were transduced into H1 CCA cells treated with shLuc (control) or shASPH via lentiviral
transfection system. Overexpression of CDK2 and CDK4 were verified by CDK2, CDK4
and Myc-tag antibodies (Fig. 7B). Overexpression of CDK2 and CDK4 did not reverse the
inhibition effect of ASPH knockdown on CCA cell growth (Fig. 7A and sFig. 5A).
Furthermore, overexpression of CDK2 and CDK4 did not rescue RB1 phosphorylation at
pRB15780 and pRB1698 sites (Fig. 7B and sFig. 5B). This finding supports the hypothesis
(Fig. 6H) of the importance of ASPH in CCA development and growth by the mechanisms
proposed.

3.8 Expression of ASPH is correlated with RB1 phosphorylation in vivo

To determine whether targeting ASPH inhibits CCA progression, the shLuc-treated and
shASPH-treated H1 cells were subcutaneously implanted into nude mice; the ASPH
knockdown substantially inhibited CCA growth and progression /n vivo (Fig. 7C). As ASPH
appears to modulate CCA progression by affecting RB1 phosphorylation, the tumor tissue
samples were used to examine the effect of ASPH knockdown on RB1 phosphorylation /n
vivo. ASPH knockdown was validated using immunoblotting (Fig. 7D); reduced expression
consistently suppressed RB1 phosphorylation at pRB15780 and pRB1%698 /7 vivo. To further
evaluate if ASPH expression was correlated with generation of pRB15780 and pRB1%608 in
human CCA, 163 human tumor samples were examined using IHC. ASPH was detectable in
most CCA tumors (95.7%) (Fig. 7E and F). In addition, these CCA tumors also stained
positive for pRB15780 and pRB15698 as shown by the representative examples displayed in
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Fig. 7E. Consistently, the expression of ASPH was highly correlated with either pRB15780
(p<0.01) or pRB15608 (p<0.05), suggesting that ASPH participates in CCA progression by
regulating RB1 phosphorylation in human disease.

4. Discussion

Several investigations have identified IDH1/2 mutations in about 20% of CCA tumors [2, 3,
12]. As IDH1/2 mutations have been previously identified in gliomas (13); inhibitors have
been developed and currently are under clinical trials (9, 10). A recent study indicated that
an IDH1 inhibitor did not suppress the progression of CCAs having IDH1 mutation,
however, these investigations also screened several compounds and identified that CCA
having IDH1™Ut may be highly sensitive to treatment with a multi-kinase inhibitor, dasatinib
(11). Nevertheless, there are still approximately 80% of CCAs with wildtype IDH1/2 where
there is no effective therapy.

Several follow-up clinical studies have observed that patients with tumors harboring
IDH1/2™MUt have better prognosis than those having tumors with wildtype IDH1/2 [31, 32],
including CCA [12]. It has been proposed that IDH1/2 mutations promote tumor growth and
progression mainly by targeting 2-OG-dependent dioxygenases through generation of (R)2-
HG. Thus, (R)2-HG may inhibit other 2-OG-dependent enzymes one of which is highly
expressed in CCAs such as ASPH, and important in pathogenesis, since overexpression
promotes cell proliferation, migration, invasion and metastases. Indeed, a previous study has
found that ASPH was highly expressed in CCAs [15] and this finding has been confirmed in
the current study (95.7%) so that targeting ASPH may suppress development, growth and
progression of CCAs [16]. Since ASPH is one of the 2-OG-dependent enzymes, it is likely
that (R)2-HG may suppress CCA oncogenesis by targeting ASPH. Indeed, our findings
demonstrated that targeting ASPH with (R)2-HG, an iron chelator-DFO, and a 2-OG
antagonist DMOG all of which lead to reduced enzymatic activity and/or expression will
inhibit cell growth in CCAs with both IDH1™Ut or IDH1/2 wildtype phenotypes.

Additionally, knockdown of ASPH substantially suppressed cell proliferation, cell cycle
progression, and induced the development of senescence in CCAs with wildtype IDH1/2 but
to a lesser extent in CCA with IDH1Mt sequence. These results further support the
hypothesis that ASPH is highly associated with the progression of CCAs having IDH1/2
wildtype genes. The CCA cell line with IDH1™Ut shows less responsiveness to ASPH
knockdown, since it is grown under conditions of low ASPH enzymatic activity related to
high (R)2-HG production. However, knockdown of ASPH still significantly inhibits its
progression, suggesting that ASPH may be required for CCA tumorigenesis no matter what
are the genotypes of IDH1/2.

These tumors represent transformed bile duct epithelial cells and have subsequently
overcome the process of cell senescence [26, 33]. Given the observation that knockdown of
ASPH substantially suppresses cell growth, cell cycle progression, and elicits senescence,
this 2-OG enzyme may influence tumorigenesis by modulating senescence through
phosphorylation of RB1. Although a RB1 mutation has been rarely described in CCAs
(4.5%) [34], altered RB1 function by post-translational phosphorylation has been suspected
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to be involved in CCA progression [35]. Interestingly, our observations also indicate the
importance of RB1 function in CCA oncogenesis and reveal a novel molecular mechanism
by which ASPH modulates CCAs through influencing RB1 phosphorylation via affecting
the protein interaction between RB1 and CDK complexes. More important, this idea was
strengthened by suppressing ASPH enzymatic activity by using IDH1™Ut expressed protein,
DFO, DMOG, and a specific inhibitor (MO-1-1151) further suggesting the possible link
between ASPH and oncometabolite ((R)2-HG) of cancer metabolism.

Additionally, our study may partially explain why CCAs having IDH1™Ut phenotype may
have better prognosis than patients having solid tumors with IDH1 wildtype [12, 31, 32],
because IDH1™U, DFO, and DMOG treatments all result in reduced RB1 phosphorylation
by suppressing the protein interaction between RB1 and CDK complexes, mediated by the
2-OG-dependent ASPH enzyme; the net results may be CCA cell growth inhibition and a
better clinical prognosis.

Although the current study provides a hypothesis to partially explain how ASPH may be
involved in a better prognosis of CCA patients having IDH1/2™Ut by inhibiting function due
to over production of (R)-2HG, further experiments will be needed in order to clarify which
other, if any, 2-OG-dependent dioxygenase may participate in pathogenesis. Nevertheless,
the current study proposes a novel molecular mechanism by which ASPH promotes CCA
development, growth, and progression by modulating RB1 phosphorylation via affecting the
protein interaction between RB1 and CDK complexes. Indeed, clinical IHC studies on tumor
specimens collected from three cohorts in different areas of the world, including Asia and
two North America sites, further support the correlation between ASPH expression and RB1
phosphorylation in vivo and suggest that ASPH may be a potential therapeutic target in CCA
patients having the IDH1/2 wildtype genotype.

Supplementary Material
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Highlights

ASPH, a 2-OG dependent dioxygenease, is highly expressed in human
cholangiocarcinomas.

ASPH promotes phosphorylation of the RB1 protein /n vitroand /n vivo.

Overexpression of ASPH facilitates RB1 and cyclin dependent kinase
interactions.

The enzymatic activity of ASPH is necessary for RB1 phosphorylation.

Phosphorylation of RB1 enhances the growth and progression of
cholangiocarcinoma.
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Figure 1. The 2-OG-dependent dioxygenases are involved in cell growth of CCAs with wildtype
IDH1/2

(A) Genomic sequences of HEK-293T cells and CCA cell lines, including H1, SSP25,
ETK1, NEC, and TFKL1. (B) Treatments with an iron chelator (DFQO) and a 2-OG antagonist
(DMOG) inhibited cell growth of CCA cells with wildtype IDH1/2, including H1 and
SSP25. (C) Challenge with the IDH1™Ut oncometabolite, (R)2-HG reduced cell growth of

CCAs. *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 2. Targeting the 2-OG-dependent dioxygenase, ASPH, suppressed growth, cell cycle
progression and inhibited senescence of CCA cell lines

(A) Cell numbers were counted at day 4 in 3 CCA cell lines transduced with ShRNA-
luciferase (shLuc) or shRNA-ASPH (shASPH), including H1 and SSP25 as well as RBE
with the IDH1™Ut sequences. (B) Senescence associated B-gal expression and staining was
used to evaluate senescence in CCA cell lines treated as indicated. (C) Cell cycle
progression was analyzed in CCA cell lines 48 hours post sub-culture by using flow
cytometry. *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 3. Expression of ASPH is correlated with protein phosphorylation of RB1
(A) Immunoblotting blot (IB) results of ASPH, pRB1%8%7, pRB15698 pRB15780 RB1,

CDK2, CDK4, CDKS®, cyclin D1, cyclin E, and tubulin were determined in H1, SSP25, and
RBE CCA cells transduced with shLuc and shASPH. Knockdown of ASPH decreased RB1
phosphorylation. (B) Ectopic expression of ASPH for 48 hours promoted RB1

phosphorylation.
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Figure 4. ASPH co-localizes and directly interacts with RB1 protein
(A) Immunofluorescence staining of RB1 and ASPH in HEK-293T cells transfected with

myc-tagged ASPH and HA-tagged RB1 for 48 hours. Green fluorescence indicates the
ASPH signal, red fluorescence shows RB1 localization, and DAPI is used for nuclear
staining. (B) Immunohistochemical staining of ASPH and pRB$780 was performed in human
CCA tissue. The blue arrow heads indicate co-localization of ASPH and RB1. (C) IB results
of myc-tagged ASPH and HA-tagged RB1 were determined in the IP products of HEK-293T
cells 48 hours post transfection as indicated. HA-RB1, myc-ASPH, and tubulin were
determined in the whole cell lysate (WCL) for ensuring even protein loading of inputs. (D)
Knockdown of ASPH suppresses the interaction between RB1 and ASPH. ASPH, RB1, and
tubulin were evaluated in the WCL of RBE cells treated with shLuc or shASPH. (E)
Illustration of RB1 protein domains. (F) IB results of myc-tagged ASPH and HA-tagged
RBL1 in the IP products of HEK-293T cells transfected with different RB1 mutant plasmids.
(G) Mlustration of ASPH protein domains. (H) 1B results of myc-ASPH were determined in
the IP products of HEK-293T cells transfected as indicated. RB1, myc-ASPH, myc-ASPH
variant 3 (ASPHV3), myc-ASPH variant 4 (ASPHV4), and tubulin were measured in the
WCL.
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Figure 5. The enzymatic activity of ASPH is involved in the protein-protein interaction between

RB1 and CDK complexes

(A) IB results of CDK2, CDK4, and RB1 were determined in the IP products of HEK-293T
treated as indicated. CDK2, CDK4, and ASPH were measured in the WCL. (B) IB results of

cyclin D1, cyclin E, and RB1 were determined in HEK-293T cells treated as indicated.

GAPDH, cyclin D1, cyclin E, and RB1 were measured in the WCL. (C) HA-RB1 and CDK4
were determined in the IP products of HEK-293T cells transfected with HA-RB1 in
combination with EV, myc-ASPH, or myc-ASPH variant 3 (Myc-ASPHY3) which does not

contain the enzymatic domain of ASPH. Myc tag, CDK4, and tubulin were measured in the
WCL. The WCL was collected from HEK-293T cells 48 hours post sub-culture. (D) ASPH,
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HA-RBL1, and CDK4 were analyzed in the IP products of HEK-293T cells transfected with
HA-RB1 in combination with myc-EV, myc-ASPH, or myc-ASPHH675R which only has

20 % of enzymatic activity. The WCL was collected 48 hours post transfection. (E) The
effects of DFO, DMOG, and specific ASPH inhibitor, MO-1-1151 on the protein interaction
between CDK4 and RB1. HA-RB1 and CDK4 were measured in the IP products of
HEK-293T transduced with myc-EV or myc-ASPH. HA-RB1 was transiently transfected in
the HEK-293T-EV or HEK-293T-ASPH for 48 hours, and the treated HEK-293T cells were
sub-cultured. 48 hours later, the WCL was collected from the treated HEK-293T cells which
were challenged with different concentrations of DMOG, DFO, and MO-1-1151 24 hours
before harvesting.
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Figure 6. The ASPH specific inhibitor, MO-1-1151 suppressed RB1 phosphorylation without
affecting histone methylation in contrast to other inhibitors of 2-OG-dependent dioxygenases

The pRB15780, RB1, and a-tubulin proteins were determined in serum starved H1 cells
which were harvested 4 hours post challenges with (A) 0.5mM, 1mM DMOG, 50uM,
100pM DFO, (B) 5uM, or 10uM MO-1-1151. (C) pRB15780, RB1, IDH1, flag-tag, and
GAPDH were measured in HEK-293T cells transfected with EV, flag-IDH1, flag-IDH1
mutated (IDH1MYY. (D) ASPH, H3K9Me2, H3K4Me3, and H3 were determined in H1 cells
transduced with shLuc or shASPH. The expression levels of H3K9Me2, H3K4Me3, and H3
were evaluated in H1 cells treated with (E) 5, 10 uM MO-1-1151, (F) 0.5, ImM DMOG, 50,
or 100uM DFO for 24 hours. (G) The results of H3K9Me2, H3K4Me3, flag-IDH1, and
GAPDH in HEK-293T cells transfected with EV, IDH1, or IDH1™t for 24 hours were
shown. (H) A cartoon illustrates the actions of targeting ASPH by different strategies in the
protein interaction between RB1 and CDK complexes (RB1°™) as well as RB1
phosphorylation.
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Figure 7. The correlations between ASPH, phosphorylated RB1, and CDKs in CCAs
(A) Relative cell growth rates were determined in H1-shLuc and H1-shASPH transduced

with plenti-myc-EV, plenti-myc-CDK2, or plenti-myc-CDK4 at days 0, 1, 3, and 5. (B)
ASPH, pRB15780, pRB1%608 RB1, CDK2, CDK4, myc, and a-tubulin were determined in
H1 cells treated as indicated. (C) Tumor growth of H1-shLuc and H1-shASPH was evaluated
in vivo by calculating tumor volumes of subcutaneous tumors implanted into nude mice. (D)
The representative 1B results of ASPH, pRBS780, pRBS608 and a.-tubulin were obtained in
the WCL harvested from the tumors of experimental nude mice. (E) The representative
images (100x and 400x) of ASPH, pRBS6%8, and pRBS780 are shown in 2 cases of human
patients with CCA tumors. (F) The intensities of nuclear ASPH, cytoplasmic ASPH, nuclear
pRB15780, cytoplasmic pRB1578%, nuclear pRB156%8, and cytoplasmic pRB156%8 were
determined in human CCA samples, n=163. *, p<0.05; **, p<0.01; ***, p<0.001. The
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student t test was used to analyze statistical difference for (A) and (B). The Kendall tau-b
rank test was used to evaluate if ASPH, pRB156%8 and pRB15780 have significant correlation
in human CCA tumors tested for (F).
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