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Abstract

Hyperactivation of Wnt/B-catenin signaling has been reported in hepatocellular carcinoma (HCC).
However, the mechanisms underlying the hyperactivation of Wnt/B-catenin signaling are incompletely
understood. In this study, Pantothenate kinase 1 (PANKI) is shown to be a negative regulator of
Wht/B-catenin signaling. Downregulation of PANKI in HCC correlates with clinical features.
Knockdown of PANKI promotes the proliferation, growth and invasion of HCC cells, while
overexpression of PANKI inhibits the proliferation, growth, invasion and tumorigenicity of HCC cells.
Mechanistically, PANKI1 binds to CKIq, exerts protein kinase activity and cooperates with CKla to
phosphorylate N-terminal serine and threonine residues in [3-catenin both in vitro and in vivo.
Additionally, the expression levels of PANK1 and -catenin can be used to predict the prognosis of HCC.
Collectively, the results of this study highlight the crucial roles of PANKI protein kinase activity in
inhibiting Wnt/B-catenin signaling, suggesting that PANKI is a potential therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is one of the
most common malignancies [1]. Its occurrence is
related to environmental factors [2], dietary factors
and hereditary changes [3]. Liver cirrhosis, hepatitis
virus infection, and aflatoxin exposure are risk factors
for liver cancer [4-6]. The occurrence and progression

of liver cancer are characterized by significant familial
aggregation [7], suggesting that hereditary changes
play an important role.

The Wnt/p-catenin signaling pathway is
abnormally activated in HCC [8]. B-catenin is the core
molecule in this signaling pathway. In the Wnt-OFF
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state, the [P-catenin destruction complex in the
cytoplasm controls B-catenin stability. The B-catenin
destruction complex is composed of Axin, APC, CKla
and GSK3p, and is responsible for phosphorylating
the N-terminal serine and threonine residues of
B-catenin [9]. Phosphorylated p-catenin is ubiquiti-
nated after being recognized by B-TrCP, and is then
degraded via the proteasome pathway. After the Wnt
ligand binds to the cell membrane receptors LRP5/6
and Frizzled, a conformational change in the
C-terminus of Frizzled takes place, triggering the
recruitment of DVL. Then, DVL recruits Axin through
their DIX domain, thereby causing disintegration of
the pP-catenin destruction complex. As a result,
[-catenin accumulates in the cytoplasm and is then
translocated into the nucleus, activating the
transcription of downstream genes (e.g., Axin2,
c-Myc, and CCND1) [10]. Activation of the
Wnt/p-catenin signaling pathway promotes the
proliferation, invasion, and metastasis of HCC cells
[11, 12]. In addition, the Wnt/p-catenin signaling
pathway promotes glutamine synthesis and activates
the mTOR signaling pathway in HCC [13].

Approximately 20-30% of HCC patients harbor
constitutively activating mutations in pB-catenin, and
Axin was deleted in approximately 15-20% of patients
[14]. However, Axin and P-catenin mutations are
insufficient to explain why the Wnt/p-catenin
signaling pathway is abnormally activated in 70% of
HCC patients [15]. Therefore, other mechanisms
underlying the activation of the Wnt/[-catenin
signaling pathway in HCC exist. To reveal the
mechanisms by which the Wnt/p-catenin signaling
pathway is activated and identify new targets in this
pathway, a siRNA library targeting 720 human
kinases was screened [16], and the results suggested
that pantothenate kinase (PANK1) is one of the
potential negative regulator in the Wnt/B-catenin
signaling pathway.

The PANK family has four members: PANK1,
PANK?2, PANK3 and PANK4 [17]. PANK1, which is
the rate-limiting enzyme in de novo synthesis of
coenzyme A  (CoA), is responsible for
phosphorylating pantothenic acid. PANK1 controls
the synthesis of CoA, thereby controlling the ratio of
CoA to acetyl-CoA and exerting an important effect
on global metabolism [18]. Systemic knockout of
PANKI1 followed by knockout of PANK2 in neurons
was found to result in a decrease in the content of
short-chain acyl-CoA [19]. In Leptin knockout mice,
hyperglycemia and hyperinsulinemia can be
alleviated by further knockout of PANK1 expression
[18]. PANKT1, whose expression is induced by P53 and
PPARa, is an important molecule mediating the
metabolic regulatory function of P53 [20]. Bezafibrate,

an agonist of PPARa, induces the expression of
PANKT1 [21]. The enzymatic activity of PANKI can be
inhibited by acetyl-CoA, malonyl-CoA, and long
chain acetyl-CoA [22]. At present, there are very few
reports on the role of PANK1 in tumors. Acute
myeloid leukemia patients with high expression of
pantothenate kinase have longer survival times [17].

In the present study, the expression pattern and
functions of PANK1 in HCC were investigated, and
the regulation of the Wnt/p-catenin signaling
pathway by PANK1 was studied.

Materials and Methods

Cell culture and tissue samples

HCC cell lines (Huh7, QGY-7701, 7404,
MHCC97, and HepG2), normal liver cells (HHL-5)
and 293T were all obtained from the Cell Bank of the
Chinese Academy of Sciences. The PVTT cells were
established as described previously [23]. The
QGY-7701 and 7404 HCC cells were cultured in 1640
medium, while the others were cultured in DMEM.
10% fetal bovine serum (FBS) and antibiotics (100
U/mL of penicillin and 100 pg/ml of streptomycin)
were added to all media. All cells were cultured in an
incubator (5% CO,, 37°C). Cell transfection was
performed using Lipofectamine 8000 according to the
manual. The Wnt3a conditional medium was
prepared from the L-Wnt3a cells according to the
method from the ATCC.

The HCC tissues and paired adjacent tissues
came from the Shanghai Eastern Hepatobiliary
Surgery Hospital, Second Military Medical
University. All tissue samples were collected with the
informed consent of the patients, and were used to
study the expression level of PANK1. The clinical
features of 72 HCC patients were listed in Table S1.
This study was approved by the Ethics Committee of
the Second Military Medical University.

Plasmid and transfection

The CDS sequence of PANKI was inserted into
the pLVX-IRES-puro vector. The shRNA targeting
PANK1 was designed with reference to the
information on the Sigma website and cloned into the
pLKO.1-puro vector. The shRNA sequence was listed
in Table S2. The lentivirus was packaged in 293T cells
with the packaging vectors psPAX2 and pMD2.G.
After being concentrated at PEGS8000, the virus
solution was centrifuged (1600g, 4°C) for 1h. The
supernatant was removed, and dissolved in 2ml
DMEM. The cells were seeded into a 6-well plate at a
density of 50%-60%. The next day, 400ul of lentivirus
was added to and incubated with the cells in a
constant temperature incubator overnight. Two days
after infection with the lentivirus, the cells were
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cultured with puromycin (1 pg/mL) for 4 days. Then,
stable cell lines were pooled. The expression of
PANKT1 was detected by western blot.

qPCR

TRIzol (Invitrogen) was used to extract RNA,
and then 1pg of RNA was reversely transcribed into
cDNA using the PrimeScript™ RT kit (Takara)
according to the instructions. The SYBR Green kit and
CFX96 real-time fluorescent quantitative PCR
detection system (Bio-Rad, Richmond, CA, USA) were
used for qPCR. Taking 18S as internal reference, the
Ct (18S-PANK1) method was used to calculate the
expression of the target gene. See Supplementary
Table 2 for details on the primer sequence.

Western blotting

The cells were cleaned twice with PBS, and lysed
on ice in the RIPA Lysis buffer, which contained a
protease inhibitor and a phosphatase inhibitor. The
supernatant was collected after the cell lysis was
centrifuged. Then the protein concentration was
quantified using the BCA protein detection kit. Equal
amounts of protein were taken for SDS-PAGE. After
separation, the protein was transferred onto the PVDF
membrane and incubated with a primary antibody at
4°C overnight. Then, they were incubated with the
HRP-conjugated secondary antibody for 1-2h. The
immune signal was detected with a chemilumi-
nescence reagent (Millipore, WBKLS0050), and
analyzed with Image Lab software. The primary
antibodies used in this experiment were as follows:
PANK1 (Proteintech, 11768-1-AP, 1:1000), tubulin
(Santa Cruz Biotechnolog, sc-5286, 1:4000), GSK3p
(BD Transduction Laboratories™, 610202, 1:1000),
Flag (Sigma, F9291; 1:3000), Myc (Santa Cruz, sc-40,
1:2000), p-catenin (BD Transduction Laboratories™,
610154, 1:1000), Phospho-p-Catenin (Cell Signaling
Technology, 9561S, 1:1000), and  Ubiquitin
(Proteintech, 10201-2-AP, 1:1000), CK1a (Proteintech,
55192-1-AP, 1:1000).

Immunohistochemistry (IHC)

The tissue arrays were obtained from the
Shanghai Eastern Hepatobiliary Surgery Hospital,
Second Military Medical University. The clinical
features of the tissue array were listed in Table S3.
After dewaxing and rehydration, the tissue sections
were put in the EDTA solution, and antigen recovery
was performed at 100°C for 30min. After natural
cooling to room temperature, the activity of
endogenous peroxidase was blocked. After being
washed twice in PBS, the tissue sections were
incubated with the PANK1 antibody (Sigma,
SAB2700892, 1:100) and p-catenin antibody (BD
Transduction Laboratories™, 610154, 1:100) at 4°C

overnight. The next day, the sections were washed
twice in PBS and incubated with the secondary
antibody at room temperature for 1h. The
immunohistochemical signal was detected with
3,3,0-diaminobenzidine (DAB), and hematoxylin was
used for nuclear staining of all the sections. Both the
staining intensity and protein expression level were
automatically scored by the Vectra 2 system. The
PANKT1 scores less than 98.2 were identified as “low
expression of PANK1”; PANKT1 scores greater than or
equal to 98.2 were identified as “high expression of
PANK1”; [-catenin scores less than 27.8 were
identified as “low expression of P-catenin”; and
B-catenin scores greater than or equal to 27.8 were
identified as “high expression of B-catenin”. The
survival curve was drawn using the Kaplan-Meier
method, and the log-rank test was used for survival
analysis.

Immunoprecipitation

In order to measure the interaction between
exogenous PANK1 and CKl1a, the tagged PANK1 and
CKla plasmids were transferred into 293T cells. 48h
after transfection, the cells were lysed with an IP lysis
buffer (50mM Tris-HCl, pH 8.0, 150mM NaCl,
1%NP-40, protease and phosphatase inhibitor). The
supernatant was collected after centrifugation.
Flag-beads (Sigma, A2220) or Myc-beads (Bimake,
B62301) were added to the supernatant for incubation
overnight at 4°C. The next day, the beads were
washed 3 times in wash buffer (50mM Tris-HCl (pH
8.0), 150mM NaCl, 1% NP-40), with 1xloading buffer
added, and heated at 100°C for 5 min. Then, the
supernatant was taken for western blot analysis.

To detect whether there was any interaction
between the endogenously expressed PANK1 and
CKla in the HCC cells, after the cells were treated, an
IP lysis buffer containing protease and phosphatase
inhibitor was used for lysis. Equal amounts of protein
were taken, and 0.25pg of PANKI1 antibody was
added for incubation overnight at 4°C. The next day,
40pL of Protein A/G beads (bimake, B23202) was
added for incubation overnight at 4°C. The beads
were washed 3 times in the wash buffer, then
1xloading buffer was added for western blotting
analysis.

Luciferase reporter assay

Cells with 50% confluence were seeded into a
12-well  plate. Then, the cells underwent
co-transfection with 0.1pg of expression vector, 0.05pg
of reporter plasmid, and 0.02pg of Renilla luciferase.
24h after the transfection, the cells were incubated
with lithium chloride (LiCl) or Wnt3a for 8h. Then, the
dual-luciferase reporter assay system (Beyotime,
RGO088M) was used to test the reporter gene activity.
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The experiment was repeated three times.

In vitro kinase reaction assay

Flag-PANK1 and HA-GSK3p were transfected
into PVTT cells. 48h later, Flag-PANK1 and
HA-GSK33, were purified by CO-IP, and
competitively eluted with Flag-tag polypeptide,
obtaining Flag-PANK1 and HA-GSK3p protein. IPTG
was used to induce the expression of GST-f-catenin
(N-terminus) and GST-CK1a. Briefly, the E. Coli were
collected, and the IP lysis buffer was used for
resuspension and lysis. Then, they were sonicated at
20% power for 9s, and treated in an ice bath for 1min.
The operation was repeated 3 times. Then, the
solution was centrifuged (4°C, 14000rpm) for 10min,
and the supernatant was collected. 20pL of GST beads
(GE Healthcare, 17-0756-01) was added and incubated
with the supernatant at 4°C for 2 hours. The beads
were then washed 3 times in the wash buffer. 10 mM
ATP (Cell Signaling Technology, 9804S), 10xkinase
buffers (Cell Signaling Technology, 9802S),
Flag-PANK1 and HA-GSK3p were added, followed
by the reaction at 32°C for 45 min. At the end of the
reaction, the loading buffer was added, and the
western blot analysis was performed.

Ubiquitination analysis

The stable cell line was treated with MG132 at a
final concentration of 20uM for 10 hours. The cells
were lysed in an IP lysis buffer, the supernatant was
collected and then 0.5pg of B-catenin antibody was
added for incubation overnight at 4°C. The next day,
40pL of Protein A/G beads (bimake, B23202) was
added and incubated with the supernatant for 4 hours
at 4°C. The beads were washed 3 times in the wash
buffer, and then 1xloading buffer was added for 5min
of heating at 100°C. The supernatant was taken for
western blot analysis.

Tumorigenesis in nude mice

All work related to animals was approved by the
Animal Ethics Committee of the Central South
University. Nude mice aged 4-6 weeks were used,
with 4 in each group. 4x10¢ control cells and Huh?
cells with overexpressed PANK1 were injected
subcutaneously at each point. The tumor volume was
calculated according to the following formula:
volume = (lengthxwidth?)/2. The mice were killed in
the 7th week after the start of the experiment to
harvest the tumors.

Soft agar

When the confluence reached 60-70%, the cells
were digested, and a cell suspension was prepared.
Lower-layer gel (20% FBS, 40% 2xRPMI1640 (Basal
Medium Eagle) 40% 1.25% Agar) was prepared.

400pL of gel was added to each well in the 24-well
plate. The gel was placed in an incubator at 37°C. The
gel was solidified for later use. Upper-layer gel (25%
FBS, 37.5% 2xRPMI1640, 37.5% 1% Agar, 0.8% 2mM
L-glutamine) was prepared and mixed evenly with
the cell suspension. 400pl (containing 4x10° cells) was
added to each well and placed in a constant
temperature incubator (37°C, 5% CO,) for 10-14d. 5
fields of view were selected randomly under the
microscope for colony counting.

CCKs8

The cells were seeded into a 96-well plate, with
1x1083 cells in each well, and cultured in the incubator
(37°C, 5% CO»). The next day, the old medium was
replaced with a fresh medium containing 10% CCKS,
which was placed in the incubator for 2h of incubation
to measure its absorbance at 450nm. Tests were
performed on days 1, 3, 5 and 7.

EdU

The cells were seeded into a 96-well plate, with
1x10* cells in each well. The cells were measured
using the Cell-Light EAU Apollo567 In Vitro Kit
(RiboBio, C10310-1), while a fluorescent microscope
was used to take photographs for analysis.

Results

PANKI is downregulated in HCC.

In previous study [16], we have screened the
kinases targeting WNT/ B-catenin pathway using the
siRNA library, and we got 181 kinases with fold
change above 2.0. By co-analysis with TCGA
database, 47 differentially expressed kinases were
obtained in HCC. Further KEGG enrichment analysis
revealed that 8 out of 47 kinases were related to
metabolism. Of these 8 kinases, GALK1, PCK1 and
PANKI1 were highly expressed in normal liver tissues
and down-regulated in hepatocellular carcinoma
(HCC). Considering that the functions for PANKI1 in
the tumorigenesis were poorly understood, we chose
to study the roles of PANK1 in the regulation of
WNT/ B-catenin pathway in HCC (Figure S1A). To
study the expression pattern of PANKI1 in HCC, first,
the mRNA levels of PANKT1 in 72 pairs of HCC tissues
were measured, revealing the down-regulation of the
PANK1 mRNA level in HCC tissues (Figure 1A).
Further analysis showed that compared with that in
the normal adjacent tissues, the PANK1 mRNA level
was reduced in 63.9% of the HCC tissues (Figure 1B).
Then, western blotting was used to detect the PANK1
protein level in 6 HCC tissues and paired adjacent
tissues. The experimental results showed that the
PANK1 protein level was significantly down
regulated in HCC tissues (4/6) (Figure 1C). To further
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analyze the correlations between the PANKI protein
level and the clinical characteristics of HCC, the
protein levels of PANKT1 in tissue array containing 199
HCC tissues and paired adjacent tissues were
measured. Immunohistochemical staining of the array
showed that the PANKI1l protein level was
significantly decreased in the HCC tissues (Figure
1D-E) and that the levels of PANK1 protein were
significantly negatively correlated with tumor size
(Table 1). Moreover, the PANK1 protein level was
significantly ~positively correlated with overall
survival and progression-free survival in HCC
patients (Figure 1F), these results were consistent with
the data derived from the TCGA database and KM
plot database. In the TCGA database, the expression
of PANKI1 in HCC tissues was lower than that in the
adjacent tissues. Meanwhile, PANK1 expression was
positively correlated with survival of HCC patients.
In addition, the highest PANK1 expression was
observed in normal liver tissues according to The
Human Protein Atlas database (Figure S1B-D).
However, the levels of PANK1 protein were not
correlated with the serum bio-marks (Figure
S2A-S2M). Furthermore, expression of PANK1 was
downregulated in most HCC cell lines (Figure 1G). In
addition, in the mouse model of DEN-induced HCC,
the expression of PANK1 was downregulated in HCC
tissues (Figure 1H). In summary, the expression of
PANK1 is downregulated in HCC tissues, suggesting
that PANK1 may play an important role in the
occurrence and progression of HCC.

Overexpression of PANKI inhibits the
proliferation, growth, colony formation, and
invasion of HCC cells

To study the role of PANKT1 in the progression of
HCC, Flag-tagged PANKI1 was overexpressed in four
HCC cell lines (MHCC97H, Huh7, QGY-7701 and
PVTT) (Figure 2A). Cell growth, proliferation and
invasion were evaluated. The CCK8 assay showed
that PANK1 overexpression inhibited the growth of
PVTT and QGY-7701cells in liquid medium (Figure
2B). Furthermore, the EdU incorporation assay
showed that overexpression of PANK1 inhibited the
proliferation of HCC cells, suggesting that the growth
disadvantage of PVTT and QGY-7701 cells with
PANK1 overexpression was possibly due to
decreased proliferation (Figure 2C-D). Consistent
with this finding, the soft agar assay showed that
PANK1 overexpression inhibited the anchorage-
independent growth of PVTT, QGY-7701, MHCC97H
and Huh7 HCC cells (Figure 2E-F). In addition, the
Transwell assay showed that overexpression of
PANKI1 reduced the invasion ability of MHCC97H,
QGY-7701, and PVTT HCC cells (Figure 2G-H).

To study the role of endogenous PANK1 in HCC
cells, PANK1 expression was knocked down by
shRNA in Huh?7 and QGY-7701 cells (Figure 3A).
Consistent with the above results, knocking down the
expression of PANK1 in Huh7 and QGY-7701 cells
promoted the growth of these cells in liquid medium
(Figure 3B) and promoted the proliferation of HCC
cells (Figure 3C-D). Moreover, the soft agar assay
found that knocking down the expression of PANK1
increased the anchorage-independent growth of HCC
cells (Figure 3E-F). Furthermore, the Transwell assay
showed that knocking down the expression of
PANK1 promoted cell invasion (Figure 3G-H). In
summary, these assays show that PANK1 inhibits the
tumorigenesis of HCC.

Table 1. The correlation between PANKI expression and the
clinical features of HCC.

Characteristic ~ Total PANK1 Expression X2 P
Down-regulated Up-regulated
(n=100) (n=99)
Gender 0.167 0.432
Male 184 91 93
Female 15
Age (years) 0.042 0.838
<50 114 58 56
>50 85 42 43
BMI (kg/m2) 0.13 0.937
<185 9 5 4
18-25 127 64 63
225 63 31 32
Tumor size 4.756 0.029*
<11 170 80 90
>11 29 20
Tumor number 0.447 0.504
<1 174 89 85
>2 25 11 14
Paracancerous 0.472 0.492
microtumor
No 128 62 66
Yes 71 38 33
Intratumoral 0.007 0.933
hemangioma
No 116 58 58
Yes 83 42 41
Ascites 2133 0.144
No 181 88 93
Yes 18 12
Cirrhosis 0.439 0.565
-1 118 57 61
-1v 81 43 38
PVTT 0.447 0.529
No 174 89 85
Yes 25 11 14
Capsular 0.533 0.465
invasion
-1 140 68 72
1 59 32 27
Tumor grade 1.044 0.307
I-11 50 22 28
i 149 78 71
*, P<0.05
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Figure 2. PANKI inhibits proliferation, growth, and invasion of HCC cells. (A) PANKI was overexpressed in MHCC97H, Huh7, QGY-7701and PVTT cells.
MHCC97H, Huh7, QGY-7701 and PVTT cells were infected with a lentivirus with overexpressed Flag-PANKI. After puromycin screening, the expression of Flag-PANKI in the
surviving cells was measured by western blot using anti-Flag or anti-PANKI antibodies. (B) A CCK8 assay was performed to measure the effect of PANKI overexpression on
the growth of PVTT and QGY-7701 cells. (C-D) EdU assay was performed to examine the effect of PANKI expression on the proliferation of PVTT and QGY-7701 cells. The
positive cells were quantified and analyzed. (E-F) A soft agar colony formation assay was performed to examine the effect of PANKI expression on PVTT, MHCC97H,
QGY-7701 and Huh7 colonies. The colonies were quantified and analyzed. (G-H) Invasion assay using the Transwell was conducted to examine the effect of PANKI expression
on the invasion of PVTT, QGY-7701 and MHCC97H cells. The invasive cells were quantified and analyzed. The scale bars were indicated. *, P<0.05; **, P<0.01; *¥*¥, P<0.001; *¥¥*,

P<0.0001.
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Figure 3. Knocking down PANKI promotes proliferation, growth, colony formation, and invasion of HCC cells. (A) PANKI1 expression was knocked down in
Huh7 and QGY-7701 cells. The cells were infected with the shPANK lentivirus. After puromycin screening, expression of PANKI in the surviving cells was measured by western
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to quantify and analyze the effect of knocking down PANKI expression on the colony formation of Huh7 and QGY-7701 cells. (G-H) Invasion assay using the Transwell was
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Figure 4. PANKI inhibits the Wnt/B-catenin signaling pathway. (A) The Topflash reporter was used to detect the effect of PANKI on the transcriptional activity of
[B-catenin. After transfection, the cells were stimulated by lithium chloride or Wnt3a for 8h before the measurement of the reporter activity. (B) The effect of overexpression
of PANKI1 on the level of B-catenin protein in PVTT and QGY-7701 cells was measured. After the cells were stimulated by Wnt3a for different periods of time, the B-catenin
protein was measured by western blot. (C) The effect of knocked-down expression of PANKI on the level of B-catenin protein in Huh7 and QGY-7701 cells was measured.
After the cells were stimulated by Wnt3a for different periods of time, the B-catenin protein was measured by western blot. (D-E) The effect of overexpression of PANKI in
Huh7 and QGY-7701 cells on the half-life of B-catenin protein level was measured. After the cells were stimulated by CHX (50pg/ml) for different periods of time, the 3-catenin
protein was measured by western blot. The levels of 3-catenin protein were quantified and analyze. (F) The effect of PANK1 overexpression in PYTT and QGY-7701 cells on
the mRNA level of Axin2 was measured. After being stimulated by Wnt3a for different periods of time, the cells were collected to measure the mRNA level of Axin2. (G) The
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effect of knocked-down expression of PANKI in Huh7 and QGY-7701 cells on the mRNA levels of Axin2 was measured. After the cells were stimulated by Wnt3a for different
periods of time, they were collected to measure the mRNA level of Axin2. (H) RNA sequencing was performed on Huh7 cells with the knockdown of PANK expression, and
on control cells, obtaining a volcano plot. (I) Differential expression of target genes of the Wnt/B-catenin signaling pathway from RNA sequencing, shown as a heat map. (J) As
shown in the GEPIA database, PANKI expression is negatively correlated with expression of Axin and SOX9, the target genes of Wnt/B-catenin signaling pathway. **,

P<0.0001.

PANKI1 inhibits the Wnt/B-catenin signaling
pathway in HCC cells

Since it was during kinase library screening that
PANK1 was discovered to be a potential kinase
effective in inhibiting the Wnt/p-catenin signaling
pathway, the regulation of PANK1l on the
Wnt/p-catenin signaling pathway was investigated.
Overexpression of PANK1 in 293T cells and Huh?
cells significantly inhibited the activation of the
Topflash reporter, suggesting that PANK1 inhibits the
transcriptional activity of [-catenin (Figure 4A).
Further study revealed that overexpression of PANK1
inhibited Wnt3a-induced accumulation of B-catenin
and that knockdown of PANK1 expression enhanced
Wnt3a-induced accumulation of [-catenin (Figure
4B-C). To further study the effect of PANKI1
expression on the stability of p-catenin, cells were
treated with CHX to determine the effect of PANK1
expression on the half-life of B-catenin. The results
showed that overexpression of PANK1 reduced the
half-life of P-catenin (Figure 4D-E). These findings
indicate that PANK1 inhibits the Wnt/p-catenin
signaling pathway by regulating the stability of
[-catenin.

Axin2 is a target gene of the Wnt/p-catenin
signaling pathway. PANK1 overexpression reduced
the mRNA level of Axin2, while the mRNA level of
Axin2 was increased by knocking down the
expression of PANK1 (Figure 4F-G). Next, RNA
sequencing was performed on control cells and Huh7
cells with knockdown of PANKI1, revealing
differences in the expression of 681 genes in Huh?7
cells with knockdown of PANK1, among which 240
genes were upregulated (Figure 4H). Some of these
upregulated genes were target genes of the
Wnt/p-catenin signaling pathway, for example,
Cyr6l, PTTG1, Tbx3, WNT5A, FRAT2, and Empl
(Figure 41I). These genes are widely involved in cell
growth and motility. In the GEPIA database, it was
also observed that the mRNA level of PANK1 was
negatively correlated with those of SOX9 and Axin
(Figure 4J). These findings indicate that PANK1
reduces the stability of B-catenin, thereby inhibiting
its transcriptional activity.

PANKI interacts with the B-catenin
destruction complex and phosphorylates the
N-terminal serine/threonine residues of
B-catenin

As discovered above, PANKT1 affects the stability

of B-catenin. Then, whether PANK1 expression
affected the degradation of p-catenin via the ubiquiti-
nation pathway was explored. Phosphorylation of the
N-terminal serine/threonine residues of {-catenin is
essential for its ubiquitination [24]. Therefore, the
effect of PANK1 expression on the phosphorylation of
the N-terminal serine/threonine residues of [-catenin
was valuated. Overexpression of PANK1 in
QGY-7701 cells promoted the phosphorylation of the
N-terminal serine/threonine residues of p-catenin;
while knocking down PANKI expression in Huh7
cells inhibited this phosphorylation (Figure 5A).
Consistently, PANK1 overexpression increased the
ubiquitination level of p-catenin, while the
ubiquitination level of P-catenin was reduced by
PANKT1 inhibition (Figure 5B). These results indicate
that PANK1 promotes [-catenin degradation by
promoting the phosphorylation of the N-terminal
serine/threonine residues of B-catenin.

Phosphorylation of the serine/threonine
residues at the N-terminus of [-catenin occurs in the
[-catenin destruction complex. Next, we examined
the interactions between PANK1 and the components
of the [-catenin destruction complex. Exogenous
Flag-PANK1 overexpressed in 293T cells interacted
with Myc-CKla (Figure 5C). However, no interaction
between PANK1 and other components in the
Wnt/p-catenin pathway (RNF43, AXIN1, LRP6,
B-catenin, DVL2 and GSK3p) was observed (Figure
S3A-F). The interaction between endogenously
expressed PANK1 and CKla was also detectable in
QGY-7701 and Huh? cells (Figure 5D). Moreover, the
interaction between PANK1 and CKla was regulated
by Wnt3a stimulation. Wnt3a stimulation weakened
the interaction between these proteins (Figure 5E).
Considering that PANK1 is a kinase and interacts
with the components of the [-catenin destruction
complex, we further confirmed whether PANK1
directly phosphorylates the serine/threonine residues
in the N-terminus of PB-catenin. The in vitro kinase
assay results showed that PANK1 did not
phosphorylate the residues alone, but instead
cooperated with CK1a to phosphorylate them (Figure
5F). The synergistic effect was equivalent to that of
GSK3p and CKla. This indicates that PANK1
promotes P-catenin degradation by phosphorylating
the N-terminal serine/threonine residues of B-catenin,
thereby inhibiting the Wnt/p-catenin signaling
pathway.
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Figure 5. PANKI1 phosphorylates the N-terminal serine and threonine residues of B-catenin. (A) The effect of knockdown or overexpression of PANKI in Huh7
and QGY-7701 cells on the phosphorylation level of B-catenin was measured. After the cells were stimulated by Wnt3a for different periods of time, the phosphorylation level
of B-catenin was measured by western blot. (B) Ubiquitin assay was performed to measure the effect of PANK1 expression on the ubiquitination level of B-catenin. After being
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for supernatant collection. The antibody against B-catenin was used for CO-IP. Then, a western blot assay was performed, and the antibody against ubiquitin was used for
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measurement. (C) The interaction between exogenously expressed CK1a (Myc-CK1a) and PANKI1 (Flag-PANK 1) was measured in 293T cells. The Myc-CK1a and Flag-PANK1
plasmids were transiently transfected into 293T cells. 48h later, CO-IP was performed with an antibody against Myc or the Flag tag. (D) The interaction between endogenous
CKlaand PANKI in Huh7 and QGY-7701 cells was measured. (E) The Wnt3a stimulation-dependent interaction between CK1a and PANK1 in QGY-7701 cells was measured.
After treatment with Wnt3a for different periods of time, the QGY-7701 cells with the overexpression PANKI were lysed and centrifuged for supernatant collection. The
antibody against Flag was used for CO-IP. (F) The phosphorylation of B-catenin by PANK was measured through the in vitro kinase reaction. See “Materials and Methods” for

the details on the reaction.

PANKI inhibits the tumorigenicity of HCC via
Whnt/B-catenin signaling pathway

To explore the functions of PANK1 in the
tumorigenicity of HCC cells, the tumorigenicity of
Huh7 cells with the overexpression of PANK1 and
control cells was examined in the nude mice.
Overexpression of PANKT1 significantly impaired the
tumorigenicity of Huh7 cells, which was
demonstrated by size, growth curve and weight of the
xenograft (Figure 6A-C). Moreover, decreased levels
of B-catenin and Ki67 proteins were observed in the
tumors (Figure 6D-E), indicating PANKI1 inhibited the
tumorigenicity of HCC through negatively regulating
Wnt/ 3-catenin signaling pathway.

To further investigate whether PANKI1
suppresses the malignant phenotype of HCC cells by
inhibiting Wnt/p-catenin signaling, constitutively
active P-catenin (T41A) was overexpressed in cells
with overexpression of PANK1. As shown in Figure
6F, overexpression of constitutively active [-catenin
(T41A) overcame the inhibitory effect of PANK1 on
the expression of Axin2 (Figure 6F). Moreover,
overexpression of constitutively active p-catenin
(T41A) overcame the inhibitory effects of PANK1 on
the anchorage-independent growth (Figure 6G-H).
This indicates that PANKI1 inhibits the growth and
colony formation of HCC cells by negatively
regulating Wnt/ -catenin signaling.

The expression of 3-catenin and PANKI
predicts the prognosis of HCC patients

To further explore the correlation between the
expression of PANKI1 and [-catenin, the protein levels
of PANK1 and (-catenin in the HCC tissue array were
examined. In the HCC tissue array, the level of
[-catenin protein was increased in the HCC tissues, as
PANK1 expression was downregulated in the HCC
tissues (Figure 7A).

Subsequently, the effect of PANKI1 and p-catenin
expression on the prognosis of HCC patients was
analyzed. The results showed that among patients
with high expression of 3-catenin, the overall survival
times of those with high expression of PANK1 were
significantly longer than those of patients with low
PANKT1 expression (Figure 7B). Furthermore, analysis
of progression-free survival showed that among
patients with high expression of p-catenin, the
progression-free survival times of patients with high
expression of PANK1 were significantly longer than

those of patients with low PANK1 expression (Figure
7C). Additionally, in the mouse model of
DEN-induced HCC, PANKT1 expression was observed
to be significantly downregulated in HCC tissues
(Figure 7D-E), accompanying by the increase of
cytoplasmic and/or nuclear p-catenin. Taken
together, these data further support the role of
PANK1 in HCC and its negative regulatory effect on
the Wnt/ B-catenin pathway.

Discussion

PANK1 is the rate-limiting enzyme in the
synthesis of CoA [21]. By phosphorylating
pantothenic acid, it regulates de novo synthesis of
CoA and the ratio of acetyl-CoA to CoA in cells,
thereby exerting an important influence on the
acetylation modification of proteins and fatty acid
metabolism [21]. PANKT1 is the target gene of P53 [20].
Knockout of PANKI leads to impairment of fatty acid
B-oxidation and gluconeogenesis in mice [18]. The
role of PANKT1 in tumors has rarely been reported. As
observed in the present study, PANK1 expression is
downregulated in clinical HCC specimens, and its
expression level is significantly correlated with
prognosis. PANKI1 inhibits the growth, invasion, and
tumorigenic ability of HCC cells. As revealed in this
study, PANK1 phosphorylates the N-terminal serine
and threonine residues of p-catenin, promoting
degradation of P-catenin through the ubiquitination
pathway (Figure 7F). These findings reveal the effect
of PANK1 on tumor progression, increasing the
understanding of its biological functions.

The serine/threonine kinase activity of PANK1
is one of the important findings of this study. Existing
reports show that PANKI1 uses pantothenic acid as
substrate, and catalyzes the rate-limiting reaction in
de novo synthesis of CoA [20]. The present study
found that PANK1 can synergize with CKla to
promote the phosphorylation of B-catenin, revealing a
new substrate of PANKI. It is often reported that
metabolic kinases function as protein kinase. Under
pathological conditions (including tumors), some
metabolic enzymes have been reported to have
nonclassical or even metabolism-irrelevant biological
functions (moonlighting functions) [25, 26]. Through
these functions, these enzymes participate in DNA
repair, cell proliferation, and remodeling of the tumor
microenvironment, thus promoting disease progres-
sion.
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Figure 6. PANKI1 impairs the tumorigenicity of HCC cells. (A) The morphology of the xenografts formed by the Huh7 cells with the overexpression of PANKI or the
control cells. See materials and methods for details. (B) Growth curve of xenograft tumors. Tumor volumes were measured at indicate time points. (n=4, Error bars represent
SEM, *P<0.05, paired t-test). (C) The weight of the xenografts was examined. * P<0.05, paired t-test. (D-E) Representative images of immunohistochemical (IHC) staining for
Flag-PANK 1, B-catenin and Ki67 in xenografts. Scale bar,100 pm. The H-Scores of (D) were analyzed. (F) qPCR assay was performed to measure the rescue effect of B-catenin
(T41A) on the mRNA level of Axin2 in QGY-7701 cells with overexpressed PANKI. (G-H) A soft agar assay was performed to measure the rescue effect of B-catenin (T41A)
on colony formation of QGY-7701 cells with overexpressed PANK . Colonies were counted and the analyzed. The scale bars were indicated. *, P<0.05; **, P<0.01; ***, P<0.001.
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proliferation marker Ki67 in DEN-induced HCC model mice. The expression of PANKI and B-catenin was scored and analyzed. (F) Model showing how PANKI inhibits the

Whnt/B-catenin signaling pathway. It interacts with CK1a, phosphorylating the N-terminal serine and threonine residues of B-catenin, thereby inhibiting the pathway. The scale
bars were indicated. ¥, P<0.05.
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For example, PGAMI1 interacts with the
phospholipase WIP1 and therefore retains it in the
cytoplasm to prevent it from dephosphorylating
ATM, thus promoting DNA repair [25]; in addition,
PKM2 directly phosphorylates Ser95 of SNAP23 to
promote the release of exosomes, thus remodeling the
tumor microenvironment [26]. Recently, it was
reported that the phosphoenolpyruvate carboxylase
PCK1 directly phosphorylates Ser207 of Insigl and
Serl51 of Insig2 to promote lipid metabolism [27].
These findings indicate that the moonlighting
functions of metabolic enzymes play very important
roles in promoting disease progression under
pathological  conditions. =~ The regulation of
Wnt/p-catenin signaling pathway by metabolic
kinases has already been reported. EGF stimulation
induces PKM2 to enter the nucleus, where it interacts
with B-catenin to promote the transcription of CCND1
and other downstream target genes of P-catenin [28].
The present study reveals that PANK1 inhibits the
progression of HCC via its protein kinase activity.

In the present study, the in vitro kinase assay
showed that PANK1 and CKla cooperate to
phosphorylate the N-terminal serine/threonine
residues of P-catenin. This effect is similar to the
synergistic effect of GSK3pB and CKla [29]. In the
Wnt/p-catenin signaling pathway, GSK3p can
localize in the p-catenin destruction complex to
phosphorylate  B-catenin  and  inhibit  the
Wnt/ pB-catenin signaling pathway; it can also localize
near the cell membrane to phosphorylate LRP6 and
activate the Wnt/ p-catenin signaling pathway. When
the Wnt ligand binds to the LRP6 receptor, GSK3p is
rapidly recruited into the signalosome near the cell
membrane [9, 30]. Owing to the presence of PANK1, a
buffering process exists for Wnt3a-induced activation
of B-catenin. Consistent with this observation, in the
coimmunoprecipitation (co-IP) assay, the interaction
between CKla and PANK1 was observed to slowly
weaken with Wnt3a stimulation. From this perspec-
tive, PANK1 is likely to have a “braking effect” on
Wnt/ p-catenin signaling pathway activation.

PANKT1 activity is inhibited by metabolites such
as CoASH, acetyl-CoA, malonyl-CoA and long-chain
acetyl-CoA [22]. Many studies have reported that the
levels of these metabolites are increased in obese
people [31, 32]. Obesity has been found to be a risk
factor for HCC [33, 34]. These metabolites are likely to
inhibit the activity of PANKI, thus activating the
Wnt/ B-catenin signaling pathway and promoting the
occurrence and progression of HCC. Thus, the
findings of the present study explain why obese
people have a higher risk of HCC.

In conclusion, the present study reveals that
PANKT1 expression is downregulated in HCC, which

promotes the progression of HCC by activating the
Wnt/[-catenin signaling pathway. This finding
suggests that HCC may also be treated by
enzymatically activating PANKI.
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