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Medicine in Cardio-Cerebrovascular Diseases Background: We established a novel diethylnitrosamine (DEN) -induced
Control and Prevention and Clinical Research . . .

Center for Cardio-Cerebrovascular Diseases, mouse model that reflected the progression of cholangiocarcinoma (CCA)

the First Affiliated Hospital of Guangxi Medical f tvpical tic h lasi
University, Nanning, Guangxi, China. rom atypical cystic hyperplasia.

Email: yangxi@sr.gxmu.edu.cn Methods: BALB/c mice were administered DEN by oral gavage. Cells iso-
lated from livers were analyzed for expression of CSNK2A1, MAX and MAX-
interacting proteins. Human CCA cell lines (MzChA-1, HuCCT1), normal

Abbreviations: Ab, antibodies; ACT1, actin1 gene; ALT, alanine transaminase; a-SMA, alpha-smooth muscle actin; ALDH2, aldehyde dehydrogenase 2; Arg1,
arginase1; ARPC4, actin related protein 2/3 complex subunit 4; ASS1, argininosuccinate synthetase; AST, aspartate transaminase; BCL9, B-cell ymphoma 9; Bhmt-
ps1, betaine-homocysteine methyltransferase, pseudogene 1; CAPA1, calpain 1; CCA, cholangiocarcinoma; CCl4, carbon tetrachloride; Chol-CCA, cholangiocytes
from CCA liver tissues; Chol-Nor, cholangiocytes from normal liver tissues; CHX, cycloheximide; COX4l1, cytochrome c oxidase subunit 411; COX6B1, cytochrome c
oxidase subunit 6B1; CPS1, carbamoyl phosphate synthetase 1; CTNNB1, catenin beta-1; D, DMSO; DEN, diethylnitrosamine; DMN, dimethylnitrosamine; eCCA,
extrahepatic CCA; EFS, embryonal Fyn-associated substrate; EV, empty vector; FGA, fibrinogen alpha chain; FGB, fibrinogen beta chain; FGG, fibrinogen gamma
chain; GSTP1, glutathione S-transferase Pi; GO; gene ontology; hCCA, hilar cholangiocarcinoma; HMGB1, high-mobility group box-1; H69, human normal chol-
angiocyte H69 cells; HUCCT1, human intrahepatic CCA cells; iCCA, intrahepatic CCA; IHC, immunohistochemistry; IGH3(Ighg2b), immunoglobulin heavy constant
gamma 2B; IP, immunoprecipitation; KEGG, Kyoto Encyclopedia of Genes and Genomes; KIFAP3, KIF-associated protein 3; KRT18, keratin 18; LENG8, leukocyte
receptor cluster, member 8; MAX, MYC-associated factor X; Mrgpra8, MAS-related GPR member A8; MU, E-box element CACGTG mutation into CACGGG in =298/
+1 HMGB1 promoter; MzChA-1, human biliary adenocarcinoma; N, sample number; NBEC, normal biliary epithelial cells; NDMA, N-nitrosodimethylamine; NHL,
normal human liver; NT, nontumor bile duct; NTBD, nontumor bile duct; OV, overexpressed; p, phospho S11 MAX antibody; PBDL, partial bile duct ligation; PCNA,
proliferating cell nuclear Ag; PIGR, polymeric immunoglobulin receptor; PSC, primary sclerosing cholangitis; SC, scramble siRNA; Seq-ChlP, sequencing chromatin
immunoprecipitation; SOX5, SRY-box transcription factor 5; TAA, thioacetamide; TMOD3, tropomodulin 3; TPM1, Tropomyosin alpha-1 chain; VIL1, Villin 1; V1ra8,
vomeronasal 1 receptor, A8; W1, week 1; W3, week 3; W6, week 6; W9, week 9; W11, week 11; W13, week 13; WT, -298/+1 wild-type HMGB1.
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INTRODUCTION

human cholangiocyte (H69), human hepatic stellate cells (LX-2), macro-
phages (RAW 264.7), and primary hepatic cells were used for cellular and
molecular biology assays.

Results: Expression of MAX, CSNK2A1, C-MYC, p-catenin, HMGB1, and
IL-6 was upregulated in hepatic cells from CCA liver tissue. The half-life of
MAX is higher in CCA cells, and this favors their proliferation. Over-
expression of MAX increased growth, migration, and invasion of MzChA-1,
whereas silencing of MAX had the opposite effect. MAX positively regulated
IL-6 and HMGB1 through paracrine signaling in HepG2, LX2, and RAW cells
and autocrine signaling in MzChA-1 cells. CSNK2A1-mediated MAX phos-
phorylation shifts MAX-MAX homodimer to C-MYC-MAX and f-catenin-MAX
heterodimers and increases the HMGB1 and IL-6 promoter activities.
Increase of MAX phosphorylation promotes cell proliferation, migration,
invasion, and cholangiocarcinogenesis. The casein kinase 2 inhibitor CX-
4945 induces cell cycle arrest and inhibits cell proliferation, migration,
invasion, and carcinogenesis in MzChA-1 cells through the downregulation
of CSNK2A1, MAX, and MAX-interaction proteins.

Conclusion: C-MYC-MAX and p-catenin-MAX binding to E-box site or
B-catenin-MAX bound to TCFs/LEF1 enhanced HMGB1 or IL-6 promoter
activities, respectively. IL-6 and HMGB1 secreted by hepatocytes, HSCs, and
KCs exert paracrine effects on cholangiocytes to promote cell growth,
migration, and invasion and lead to the progression of cholangiocarcino-
genesis. CX-4945 provides perspectives on therapeutic strategies to attenu-
ate progression from atypical cystic hyperplasia to cholangiocarcinogenesis.

Protein kinase CK2 (known as CSNK2) is a highly
conserved serine/threonine kinase that regulates cell

Cholangiocarcinoma (CCA) is a common invasive cancer
of the intrahepatic and extrahepatic bile ducts. According
to the anatomical location, it is divided into 3 subtypes:
intrahepatic CCA (iCCA), perihilar CCA, and distal
CCA.l'l Patients not suitable for surgery receive systemic
chemotherapy with gemcitabine and cisplatin in addition
to standard care and have a median overall survival of
<1 year.128 Recent research has shown that checkpoint
inhibitors may be an emerging cornerstone to CCA
therapy.”! Animal models of CCA allow us to study both
the pathobiology of disease and treatment responses.?!
The chemotoxic-induced model, responsible for inducing
genotoxicity and promoting CCA formation, is a classic
animal model of CCA.6.71 These chemotoxic substances
include diethylnitrosamine (DEN) and N-nitrosodimethyl-
amine (NDMA), nitrosamine, furan, thioacetamide (TAA),
and carbon tetrachloride (CCL4).58 Previously, we
reported that chronic cholestasis accelerated DEN-
mediated CCA formation.”®! Here, we established a novel
mouse model recapitulating the progression from atypical
cystic hyperplasia to CCA with DEN treatment.

proliferation, cell cycle progression, invasiveness, and
tumorigenesis.®l  CSNK2a1 (CSNK2A1 and CK2a)
plays a crucial role in cancer progression through
MYC and Wnt/p-catenin pathways.®! Furthermore,
CSNK2A1 can also induce phosphorylation of various
molecules.[%

B-catenin plays a crucial role in tumorigenesis as an
intracellular signaling molecule in the WNT signaling
pathway.['"l High-mobility group box-1 (HMGB1) regu-
lates apoptosis, autophagy, and gene transcription and
is a critical protein in the pathogenesis of acute liver
injury and chronic liver diseases.l'2'31 HMGB1 knock-
down has been shown to inhibit proliferation and
promote apoptosis and autophagy in CCA cell lines
HuB28 and HuCCT1.['l |t is established that proin-
flammatory cytokines, such as IL-6, enhance the
pathogenesis of chronic inflammation-induced CCA.
IL-6 released by cancer-associated fibroblasts has
been shown to promote carcinogenesis.'®! Elevated
IL-6 has been considered a poor prognostic marker in
patients with CCA.['9]
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C-MYC is a basic helix-loop-helix leucine zipper
transcription factor that forms a heterodimeric complex
with MAX (MY C-associated factor X) and binds with the
E-box sequence to activate transcription of target
genes.Bl We previously reported the importance of
C-MYC in the murine model of CCA.B It has been
established that MAX acts as a tumor suppressor and
rewires metabolism in small-cell lung cancer.['®! Para-
doxically, MAX deletion destabilizes MYC protein and
abrogates Eu-MYC lymphoma development.['”! The role
of MAX in CCA development remains largely unknown.

We developed a novel mouse model that progresses
from atypical cystic hyperplasia to CCA. Compared with
previously reported models, this model has a shorter
CCA development time, more evident pathological
manifestations, and a closer resemblance to the develop-
ment of CCA in humans. Furthermore, using this model,
we found that MAX and MAX-interacting proteins are
targetable master regulators of CCA progression.

METHODS
Materials

N-nitrosodiethylamine (DEN, CAS Number: 55-18-5)
and CX-4945 (Cat#: HY-50855B) were purchased from
Sigma-Aldrich (St. Louis, MO) and Medchemexpress
(Monmouth Junction, NJ), respectively. Other reagents
were obtained from commercial sources.

Additional methods

All other methods used are described in detail in the
Supplemental Methods section of the Supplemental
Materials.

RESULTS

Establishment of a novel model of
cholangiocarcinogenesis

Some chemically induced CCA models are suboptimal due
to high mortality, low incidence, and the need for surgical
procedures (Supplemental Table S1, http:/links.lww.com/
HC9/A362).'5 At first, the effects of DEN treatment were
assessed on biliary proliferation and development of atypical
cystic hyperplasia, cholangiomas, and CCA. The intra-
hepatic bile ducts were confined to the portal space at week
1 (Figure 1A; Supplemental Figure S1A, http:/links.lww.
com/HC9/A350). Proliferating cholangiocytes formed a well-
defined lumen at week 3 and resembled bile duct ligation at
day 3 (Figure 1A and Supplemental Figure S1B, http:/links.
Iww.com/HC9/A350). Biliary proliferation increased rapidly
from weeks 3 to 6 (Figure 1A; Supplemental Figure S1C,

http:/links.lmw.com/HC9/A350). Atypical cystic hyperplasia
appeared 9 weeks after the administration of DEN. The
proliferation of intrahepatic bile ducts extended to the
periportal area along the sinusoid and adjacent liver
parenchyma (Figure 1A; Supplemental Figure S2A, http:/
links.lww.com/HC9/A351) and instead were associated with
inflammatory cell infiltration (Supplemental Figure S2B,
http:/links.mw.com/HC9/A351). The papillary proliferation
of the atypical biliary epithelium showed multilayering of the
nuclei, loss of cell polarity, and nuclear hyperchromasia
within the bile ducts at week 13 (Figure 1A). Sinusoidal
invasion and portal vein invasion are considered the most
frequent modes of iICCA spread in humans; in our mouse
model, we also found that tumor cells invaded sinusoids
(Supplemental Figure S2C, http:/links.ww.com/HC9/A351)
and portal veins (Supplemental Figure S2D, http:/links.lww.
com/HC9/A351) at week 13. These pathological features
demonstrate that the DEN-treated mouse model mimics
human CCA progression well and is therefore an attractive
model for studying biliary proliferation, atypical cystic hyper-
plasia, cholangiomas, and CCA progression.

Mice treated with DEN had 16% mortality at 11 and 13
weeks (Figure 1B). Significantly higher liver/body weight
ratio (Figure 1C) and lower overall body weight (Figure 1D)
were observed in the DEN-fed mice compared with control
mice beginning 6 weeks after treatment. Significantly
higher liver weights were found in the DEN-fed mice than
in the control mice at week 13 (Figure 1E).

We examined changes in the hepatobiliary system
over time after DEN treatment and found that bilirubin
levels in mice treated with DEN increased sharply at
week 3 and remained high up to week 13 (Figure 1F).
An acute increase in alanine transaminase (ALT) and
aspartate transaminase (AST) levels occurred after 1
week of oral gavage with DEN and steadily increased
thereafter (Figure 1G, H).

CK19 was used to measure cholangiocyte proliferation.
We found proliferating cholangiocytes (CK19 positive) at
week 1 that increased dramatically from weeks 3 to 9 and
plateaued around weeks 11 and 13 in the DEN group
(Figure 11; Supplemental Figure S3A, http:/links.lww.com/
HC9/A352). Hepatic macrophages are often referred
to as KCs, since KCs represent the main fraction
of liver macrophages. Mouse KCs are identified by F4/80
staining. We observed a significant increase in the number
of F4/80-positive cells in mice livers treated with DEN at
week 1, and levels continued to increase up to week 13
(Figure 1J; Supplemental Figure S3B, http:/links.lww.com/
HC9/A352).

Biliary proliferation and ductal fibrosis are commonly
seen in CCA. alpha-smooth muscle actin (a«-SMA)-positive
staining increased gradually from week 1 to week 13 in
mice livers treated with DEN (Supplemental Figure S3C,
http:/links.lww.com/HC9/A352). Proliferating cell nuclear
Ag (PCNA) staining was used to measure cholangiocyte
proliferation.’). We found PCNA-positive cholangiocytes
gradually increased from week 1 to week 13 after treatment
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FIGURE 1 Pathological and biochemical changes in DEN-treated mice. (A) Representative livers showing cholangiocyte proliferation of bile
duct in the portal area (weeks 1 and 3, denoted by arrow), atypical proliferation from portal areas to the periportal area along sinusoid and in the
adjacent liver parenchyma with the formation of irregular and tortuous ductular structures (week 6, denoted by arrow), atypical cystic hyperplasia
(week 9, denoted by arrow), cholangiomas showing neoplastic cells in small cords and the stroma extends around the reactive ductulus (week 11,
denoted by arrow), and CCA showing the papillary proliferation of the atypical biliary epithelium with a multilayering of nuclei, loss of cell polarity,
and nuclear hyperchromasia within the bile ducts (week 13, donated by arrow). Magnifications are x20 for the images on the left; areas indicated
by arrows are further magnified on the right for each. H&E representative pictures are shown from n=3. (B) Survival curves, % of saline in different
groups of mice. Blue represents the DEN group and orange represents the control group. Liver/Body weight (C), body weight (D), and liver weight
(E) of the mice, % of saline. Total serum was extracted from the treated groups to assess the serum bilirubin (umol/L) (F), alanine amino-
transferase (ALT, U/L) (G), and aspartate aminotransferase (AST, U/L) (H) levels. Analysis of CK19-positive area/total area (l), F4/80 positive
number, % of saline (J), and hydroxyproline (ug/g liver) (K). Twelve samples from the DEN treatment groups and 6 samples from the control
groups were used in the above assays. Control group vs. DEN treatment groups, *p < 0.05, **p < 0.01, ****p <0.001, and ****p <0.0001.
Abbreviations: W1, week 1; W3, week 3; W6, week 6; W9, week 9; W11, week 11; W13, week 13.
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with DEN (Supplemental Figure S4A, http://links.lww.com/
HCO9/A353). We also detected the tumor malignity by
carbohydrate Ag 19-9 (CA19-9) and carcinoembryonic
Ag (CEA). Interestingly, intense cytoplasmic staining for
CA19-9 (Supplemental Figure S4B, http:/links.lww.com/
HC9/A353) and CEA (Supplemental Figure S4C, http:/
links.lww.com/HC9/A353) was found in liver tissues with
CCA. Sirius Red staining showed that collagen was present
around the portal tracts and increased steadily from week 1
to week 13 (Supplemental Figure S6A, http://links.lww.com/
HC9/A355). Cholangiomas showed the proliferating biliary
structures are lined by a single layer of relatively uniform
cuboidal epithelium (Supplemental Figure S5A, http://links.
Iww.com/HC9/A354). The discrete nodular growths were
comprised of large acini lined by cuboidal epithelium with
occasional papillary projections into the lumen (Supple-
mental Figure S5A, http:/links.lww.com/HC9/A354). This
cholangiomas has connective tissue stroma between acini
(Supplemental Figure S5A, http://links.lww.com/HC9/
A354). Cholangiocarcinoma showed the nuclear crowding
(Supplemental Figure S5B, http://links.lww.com/HC9/
A354). The tumors are composed of cuboidal to low
columnar tumor cells (Supplemental Figure S5B, http:/
links.lww.com/HC9/A354). The liver hydroxyproline content
(Figure 1K) increased beginning after 1 week in the DEN-
treated group. Atypical cystic hyperplasia was observed in
83% of mice. The incidence rates of cholangiomas by
weeks 11 and 13 were 66% and 75%, respectively. The
incidence rate of CCA was 8% at week 11 and 33% at
week 13 (Supplemental Figure S6B, http:/links.lww.com/
HC9/A355). The incidence rates of small nodular hepato-
cellular hyperplasia by weeks 11 and 13 were 8% and 16%,
respectively (Supplemental Figure S6B, C, http://links.lww.
com/HC9/A355). The combined incidence rates of small
nodular cholangiocellular and hepatocellular hyperplasia
were 8% for week 11 and 16% for week 13 (Supplemental
Figure S6B, D, http://links.lww.com/HC9/A355).

MAX expression and effect on cell growth,
migration, invasion, and tumorigenesis

MAX has both favorable and unfavorable consequences
in tumorigenesis.[6.18-201 We focused on MAX because
we found higher human MAX protein and mRNA levels in
PSC and CCA compared with normal liver, especially in
the nucleus of human and mouse CCA (Figure 2A, B and
Supplemental Figure S7A, B, http:/links.lww.com/HC9/
A356). MAX mRNA levels are higher in iCCA compared
with adjacent nontumor liver tissue (GSE76297) (Sup-
plemental Figure S8A, http://links.lww.com/HC9/A357)
and iCCA compared with normal human biliary epithelial
cells (GSE32225) (Supplemental Figure S8B, http:/links.
lww.com/HC9/A357). Moreover, the GEPIA database
shows that MAX mRNA significantly increases in CCA
compared with normal liver tissues (Supplemental Figure
S8C, http://links.lww.com/HC9/A357). MAX protein levels

in the cytoplasm and nucleus were higher in human CCA
compared with normal liver tissues (Figure 2C). One
possible explanation is that MAX affects cellular stability.
To investigate this possibility, we performed a chase
assay using cycloheximide and observed that the half-life
of MAX was ~24 hours in MzChA-1 cells, 48 hours in
cholangiocytes isolated from mouse liver with CCA, and
12 hours in cholangiocytes isolated from control mice
(Figure 2D, E). Therefore, the stability of MAX from
normal cholangiocytes was lower than that of MzChA-1-
and CCA-derived cholangiocytes (Figure 2E). The
enhanced stability of MAX in cancer cells led us to
examine whether it regulated cell proliferation. Compared
with scramble siRNA, MAX siRNA inhibited MAX protein
by 69% (Figure 2F). In contrast, overexpression of MAX
led to a 2.2-fold increase in its protein level (Figure 2F).
We found that silencing MAX suppressed MzChA-1
migration (Figure 2G), cell growth (Figure 2H), and
invasion (Figure 2I).

MAX knockdown of MzChA-1 cells increased G1
fraction and decreased the G2 fraction relative to cells
transduced with control siRNA (Figure 2J, K), indicating
inhibited cell cycle progression. MAX overexpression in
MzChA-1 cells decreased G1 fraction and increased the
G2 fraction relative to cells transduced with empty
vector (Figure 2J, K), indicating promoted cell cycle
progression. Overexpression of MAX had a profound
promotion of anchorage-independent growth, whereas
MAX silencing has the opposite effect (Supplemental
Figure S9, http://links.lww.com/HC9/A358).

To confirm their effects in vivo, we established
MzChA-1 cell lines that either stably overexpress MAX
or have reduced expression of MAX using CRISPR as
described?!! (Figure 2L). These cells were implanted
into the left lobe of the liver, and their growth was
examined in this orthotopic model. Figure 2M (top)
shows the tumor at the site of injection after 30 days.
CCA cells overexpressing MAX resulted in much larger
tumor sizes as compared with respective controls. In
contrast, CCA cells overexpressing CRISPR targeting
MAX had much smaller tumor sizes (Figure 2M).
Figure 2M (middle) shows H&E staining of the tumors
and the aggressive histological features of the MAX
overexpressing or the MAX knocked-down CCAs.
Consistently, PCNA staining is highest for tumor
overexpressing MAX, and the opposite is true for MAX
knockdown (Figure 2M, bottom).

HMGB1, WNT5B, C-MYC, g-catenin, and IL-
6 are interacting proteins of MAX in CCA

To define the MAX interactome, we performed
immunoprecipitation (IP) with an anti-MAX antibody
using liver lysates from CCA and saline control mice.
Proteins were identified using mass spectrometry
(Figure 3A).


http://links.lww.com/HC9/A353
http://links.lww.com/HC9/A353
http://links.lww.com/HC9/A353
http://links.lww.com/HC9/A353
http://links.lww.com/HC9/A353
http://links.lww.com/HC9/A353
http://links.lww.com/HC9/A355
http://links.lww.com/HC9/A355
http://links.lww.com/HC9/A354
http://links.lww.com/HC9/A354
http://links.lww.com/HC9/A354
http://links.lww.com/HC9/A354
http://links.lww.com/HC9/A354
http://links.lww.com/HC9/A354
http://links.lww.com/HC9/A354
http://links.lww.com/HC9/A354
http://links.lww.com/HC9/A354
http://links.lww.com/HC9/A355
http://links.lww.com/HC9/A355
http://links.lww.com/HC9/A355
http://links.lww.com/HC9/A355
http://links.lww.com/HC9/A355
http://links.lww.com/HC9/A356
http://links.lww.com/HC9/A356
http://links.lww.com/HC9/A357
http://links.lww.com/HC9/A357
http://links.lww.com/HC9/A357
http://links.lww.com/HC9/A357
http://links.lww.com/HC9/A358

HEPATOLOGY COMMUNICATIONS

(B) 400
< % % %k *+*
2Z 200
[
=€
0
NHL CCA NHL PSC
(D)
M
< 0 1 3 6 12 24 36 48 60 (CHX(hr)
(glc—u—--u--—u__..—..-- MAX
b ———
£5| — Juax
o Of| Ey— — —|B-actin
-é sll———‘————-— = |MAX
o = | B-actin
(F) SC MAX si

Sr—
B-actin (K)

EV MAX OV

[ ———vax 400

(© E NHL hCCA

%. e — — = AX

8 10016 22811

3 | B-actin

SI— == MAX

S 100+19 4102107

E | | H3
(E) 100

g 80 Cho-CCA

O-

= 60

o ) §

240 Cho-N

E 20 O-Nor ®

© - =

T o

%G1:43
%S:38 6004

100x15 31613 %G2:15
— e | B-actin 300
o 4004
(G) 2001 @
S MAX OV
“ﬁﬁ " ™
[
2 0 0 oY =
f 100K 200K 100K 200K 100K 200K 100K 200K
O
< 100£15 51+8** 100£14 216+13**
(H) - (L) crRISPRCon EV  MAX OV CRISPR MAX
. 200 s es—E— | mAx
§ 100 Sk B-actin
© | C e—— . —— ——— s |
=
s SC MAXsi EV  MAX

ov

—

MAX si EV MAX OV

% of invasion ~
S
,1
'x

'd’

ol

o3
(J) Percentage of cells (%) 5 5
200 | sk _

uG1 <
s 5
o
G2

SC MAX OV EV MAX Si

Co-IP of HMGB1, WNT5B, C-MYC, B-catenin, and
IL-6 with MAX was enhanced in CCA liver tissues
compared with controls (Figure 3A, Supplemental
Tables S2, http://links.lww.com/HC9/A363 S3, http://
links.lww.com/HC9/A364). By bioinformatics analysis,
we found these proteins to be correlated with cancer
pathways. The correlation of these proteins with
cancer pathways was evaluated using DAVID

CRISPR Con CRISPR MAX

Bioinformatics Resources (https://davidncifcrf.gov),
KEGG pathway, and GO terms. C-MYC, CTNNB1,
and IL-6 were strongly associated with “pathways of
cancer” (Supplemental Figure S10A, http://links.lww.
com/HC9/A359). MYC and CTNNB1 were also linked
to “pathways in tumor progression” (Supplemental
Figure S10B, http://links.lww.com/HC9/A359). HMGB1
was involved in “positive regulation of cell migration
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FIGURE 2 Expression and stability of MAX and its role in MzChA-1 growth, migration, invasion, and tumorigenicity. (A) MAX strongly
stained in the proliferated bile duct of primary sclerosing cholangitis (PSC) and cholangiocarcinoma (CCA). H&E stains are shown in the top
(x10), and IHCs are shown in the bottom (x20). Local magnification of boxed areas is shown right for each IHC. IHC representative pictures
are shown from n=3. (B) MAX mRNA levels in NHL, CCA and PSC from 2-way ANOVA assay. Results are mean % + SEM of NHL.
tttp < 0.001, ***p < 0.0001 vs. NHL. (C) MAX protein level in cytoplasm and nucleus from NHL and CCA was measured by Western
blotting (n=3 each) were normalized to housekeeping control p-actin (cytoplasm) or nucleus (Histone H3). Densitometric values are sum-
marized below the blots, expressed as mean% of normal liver + SEM. **p < 0.01, ***P <0.001 vs. normal liver. (D) MzChA-1 and chol-
angiocytes isolated from mouse liver tissues with CCA and control livers were cultured at 24 hours, and then CHX treatment and Western
blotting (top) were conducted. The MAX band intensity was normalized to p-actin and then normalized to the t=0 controls. Graph showing
relative level of MAX below western blotting. Data are shown as mean + SEM, in 3 different experiments (n=3) (bottom). (E) The half-life of
MAX in cholangiocytes from CCA (above) and normal tissue (mid) and MzChA-1 (below), *p <0.05 in 2-way ANOVA assays. (F) Protein levels
of MAX were measured in MzChA-1 and normalized to housekeeping p-actin to determine the efficiency of MAX silence (MAX Si) and
overexpression (MAX OV). Numbers below the blots represent mean + SEM densitometric changes, expressed as % of scramble siRNA
(SC) or empty vector (EV). ** p <0.01, *** p <0.001. Data are shown as mean + SEM. in 3 different experiments by 2-way ANOVA assays
(n=3). (G-I) MzChA-1 cells were transfected with MAX siRNA, MAX overexpressed vector, SC, or EV for 24 hours. Results are expressed as
mean % of control + SEM from 3 experiments done, ** p <0.01, ***p <0.001 vs. SC or EV. Migration (G), MTT (H), and invasion (I) assays
were done in MzChA-1 cells after treatment with MAX siRNA or MAX overexpressed vector for 24 hours. Results are shown as mean% of SC
or EV + SEM from 3 independent experiments done. MTT statistic assays were done by 2-way ANOVA. **p <0.01, ****p < 0.0001 vs. SC or
EV. 1111P <0.0001. (J and K) The effect of MAX OV or siRNA on cell cycle progression in the MzChA-1 cell line. (J) Distribution of the
MzChA-1 cells in different phases of the cell cycle were determined by flow cytometry and analyzed with FCS Express 5 Flow software to
determine the percentage of cells in each phase of the cell cycle. (K) Flow cytometry was done for fraction of MzChA-1 cells in the G1, S, and
G2 phases in MAX OV or siRNA. **** p <0.0001 G1 or S phase vs. G2 phase. (L) Protein levels of MAX OV and CRISPR MAX were measured
in the MzChA-1 cell. (M) Morphological changes of liver after CRISPR MAX and MAX OV treatment. Arrow points to tumor (top). H&E staining
is shown in the middle, and PCNA staining is shown in the bottom. PCNA-positive cells are shown as mean % in tumor tissues. Abbreviations:
CHX, cycloheximide; Chol-CCA, cholangiocytes from CCA liver tissues; Chol-Nor, cholangiocytes from normal liver tissues; eCCA, extra-
hepatic CCA; EV, empty vector; iCCA, intrahepatic CCA; NBEC, normal biliary epithelial cells; NHL, normal human liver; N, sample number;

NT, nontumor bile duct; NTBD, nontumor bile duct; OV, overexpressed; SC, scramble siRNA.

and invasion” (Supplemental Figure S10C, http://links.
Iww.com/HC9/A359). Meanwhile, C-MYC and
CTNNB1 were the most relevant MAX-interacting
proteins in “proteoglycans in cancer” pathways in
CCA, with no reference in normal tissues (Supple-
mental Figure S10D, http:/links.lww.com/HC9/A359).
Some proteins such as Bcl9, TBC1d2b, and kifap3
also had higher scores as MAX-interacting proteins
but were not related to cancer pathways. Hence,
HMGB1, WNT5B, C-MYC, B-catenin, and IL-6 were
considered as possible important MAX-interacting
proteins in CCA by bioinformatics analysis. Further-
more, analysis of these partners in GEPIA human
CCA database showed that IL-6, CTNNB1, HMGBH1,
and C-MYC exhibited a positive correlation with MAX
mRNA levels (Supplemental Figure S10E-H, http://
links.lww.com/HC9/A359).

To validate these novel MAX interactors, we per-
formed Co-IP with an anti-MAX antibody followed by
western blotting from CCA and normal mouse liver
lysates. HMGB1, p-catenin, and C-MYC interacted with
MAX in the cytoplasm and nucleus (Figure 3B). We also
performed Co-IP with human CCA and normal human
liver lysates and found higher levels of MAX interaction
and more interaction with p-catenin in the cancer tissues
(Figure 3C). We next used recombinant MAX, B-catenin,
and specific antibodies immobilized to A/G beads and
found MAX and p-catenin can interact directly
(Figure 3D). We also found that DEN treatment
increased HMGBH1, p-catenin, C-MYC, and IL-6 protein
expression (Figure 3E) and mRNA levels (Figure 3F)
compared with control.

Cell-specific expression of MAX and MAX-
interacting proteins in liver tissues with
CCA

To determine the expression levels of MAX and MAX-
interacting proteins, hepatocytes, KCs, HSCs, and
cholangiocytes were isolated from liver with CCA and
normal control. We found that the protein expression
of MAX and HMGB1, p-catenin, C-MYC, and IL-6 was
elevated in cholangiocytes from CCA tissue compared
with control (Figure 4A). We further isolated
hepatocytes from mouse control and CCA livers and
assessed the expression of MAX and its interacting
proteins. The protein expression of HMGB1, p-catenin,
C-MYC, and IL-6 in CCA-derived hepatocytes was
2.67-, 2.48-, 1.86-, and 2.58-fold, respectively,
compared with control group (Figure 4B).

HMGB1 in KCs isolated from CCA liver tissues was
2-fold higher than controls (Figure 4C, left). Our results
also showed that the protein expression of p-catenin
was 1.64-fold higher in the CCA-derived KCs compared
with the control group (Figure 4C, left). IL-6 expression
in KCs isolated from CCA livers was 2.0-fold higher than
that of control mice.

It is well known that activated HSCs promote
cancer cell progression through paracrine or auto-
crine IL-6 signaling.?2! Our results showed that IL-6
levels were increased 1.55-fold in HSCs isolated from
CCA liver tissues compared with the control group.
HMGB1 expression in HSCs isolated from CCA liver
tissues was increased 1.82-fold, while C-MYC
and MAX were increased 2.24 and 1.85-fold,
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(A)
Potential MAX interacting proteins after co-IP tumor and control lysates with anti-MAX antibody followed
by mass spectrometry
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FIGURE 3 The analysis of MAX and potential MAX-interacting proteins. (A) Potential MAX-interacting proteins after coimmunoprecipitation
(Co-IP) of CCA and normal lysates with anti-MAX antibody followed by mass spectrometry. Three specimens per group were pooled for the IP. (B)
Verification of potential MAX-interacting proteins in the cytoplasm and nucleus isolated from liver tissues with CCA and normal control were
detected by MAX IP and western blotting. (C) MAX and p-catenin interaction in Con and hCCA were detected by Co-IP and western blotting. (D) In
vitro pull-down shows direct interaction between MAX and f-catenin using recombinant MAX and f-catenin proteins. Results represent 3
independent experiments done in duplicate. (E) Western blots show the time course of protein expression of HMGB1, p-catenin, WNT5B, C-MYC,
MAX, and IL-6 in liver tissue. Densitometric values are shown below the blots, expressed as mean% of Con + SEM from 3 experiments done, *p
< 0,05.*p < 0.01,**p < 0.001, ****p < 0.0001 vs. Con. (F) The mRNA level of HMGB1, CTNNB1, C-MYC, MAX, and IL-6 isolated from livers
between CCA and normal controls. Abbreviations: ACT1, actin1 gene; ALDHZ2, aldehyde dehydrogenase 2; Arg1, arginase1; ARPC4, actin related
protein 2/3 complex subunit 4; ASS1, argininosuccinate synthetase; BCL9, B-cell ymphoma 9; Bhmt-ps1, betaine-homocysteine methyl-
transferase, pseudogene 1; CAPA1, calpain 1; COX4l1, cytochrome c oxidase subunit 411; COX6B1, cytochrome ¢ oxidase subunit 6B1; CPS1,
carbamoyl phosphate synthetase 1; EFS, embryonal Fyn-associated substrate; FGA, fibrinogen alpha chain; FGB, fibrinogen beta chain; FGG,
fibrinogen gamma chain; GSTP1, Glutathione S-transferase Pi; hCCA, hilar cholangiocarcinoma; KIFAP3, KIF-associated protein 3; KRT18,
keratin 18; IGH3(Ighg2b), immunoglobulin heavy constant gamma 2B; LENGS, leukocyte receptor cluster, member 8; Mrgpra8, MAS-related GPR
member A8; PIGR, polymeric immunoglobulin receptor; SOX5, SRY-box transcription factor 5; TMOD3, tropomodulin 3; TPM1, Tropomyosin
alpha-1 chain; VIL1, Villin 1; V1ra8, vomeronasal 1 receptor, A8.
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FIGURE 4 The cell-specific expression of MAX and MAX-interaction proteins, and verification of interaction and cellular location. The protein
of HMGB1, p-catenin, C-MYC, MAX, CK19, and IL-6 in cholangiocytes (A). The protein of HMGB1, p-catenin, C-MYC, MAX, and IL-6 in
hepatocytes (B), KCs (C, left) or HSCs (C, right) isolated from livers with CCA and normal controls. (D) Verification for HMGB1, p-catenin, C-MYC
and MAX interaction for cholangiocytes isolated from CCA and control liver was detected by Co-IP and western blotting. (E) Immunofluorescence
(IF) of cholangiocytes from normal and CCA liver after transfections of HMGB1, p-catenin, C-MYC, MAX, and IL-6. The top row shows DAPI
staining. The second row shows the Ab staining. The third row merged DAPI, and Ab staining [original magnification, x630 (oil immersion)] and the
fourth row shows the magnified images of the regions. Abbreviations: Ab, antibodies; H69, human normal cholangiocyte H69 cells; HUCCT1,

human intrahepatic CCA cells; MzChA-1, human biliary adenocarcinoma.

respectively, in the CCA group compared with
controls (Figure 4C, right). Cholangiocytes derived
from CCA liver exhibited increased interaction of
HMGB1, p-catenin, and C-MYC with MAX compared
with control cholangiocytes (Figure 4D). Furthermore,

immunofluorescence showed that the expression of
HMGB1, C-MYC, and B-catenin in cholangiocytes
from CCA liver was higher than normal liver in the
cytoplasm and nucleus while IL-6 increased just in
cytoplasm (Figure 4E).
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experiments (n=3).
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CSNK2A1-mediated MAX phosphorylation
increased C-MYC and p-catenin binding
and regulated HMGB1 promoter activity
through E-BOX

CK2a inhibits the DNA-binding activity of MAX-MAX
homodimers but not MYC-MAX heterodimers.[2% CK2/
CSNK2A1 is involved in cancer progression by phos-
phorylating various signaling molecules.®! We therefore
hypothesized that the switch of MAX-MAX homodimeri-
zation to MYC-MAX or p-catenin-MAX heterodimeriza-
tion may regulate HMGB1 promoter activity through the
E-box. MAX contains one important canonical SXXE/D
motif of CK2[24! at S11. CSNK2A1 was predicted to bind
the SXXE/D motif of MAX at the S11 phospho-site
(Figure 5A). We also found that CSNK2A1 and MAX S11
expression was increased in cholangiocytes from liver
tissue with CCA compared with controls (Figure 5B).
Available CCA data sets showed that CSNK2A1 mRNA
levels are higher in iCCA compared with adjacent
nontumor liver tissue (GSE76297) (Supplemental
Figure S8F, http://links.lww.com/HC9/A357) and iCCA
compared with normal human biliary epithelial cells
(GSE32225) (Supplemental Figure S8G, http://links.
Iww.com/HC9/A357). Moreover, the GEPIA database
shows that CSNK2A1 mRNA significantly increases in
CCA compared with normal liver tissues (Supplemental
Figure S8D, http://links.lww.com/HC9/A357), and the
mRNA of CSNK2A1 and MAX are positively correlated
with each other (Supplemental Figure S8E, http:/links.
lww.com/HC9/A357). Even though overexpression or
knockdown of MAX positively or negatively regulated
HMGBH1, B-catenin, C-MYC, and IL-6 protein expression
and mRNA levels in MzChA-1 (Figure 5C-F) and
HuCCT1 (Supplemental Figure S11A-D, http://links.
lww.com/HC9/A360), MAX modulation did not alter
CSNK2A1 protein expression (Figure 5C, E).
Compared with MzChA-1 cells that had high CSNK2A1
levels, HB9 cells have very low CSKN2A1 expression
(Figure 5G). We found that the expression of HMGB1,
p-catenin, C-MYC, and IL-6 in H69 cell line could
not be altered by overexpressing or silencing MAX
(Figure 5H, 1). The overall data indicate that MAX's
effects on C-MYC, p-catenin, HMGB1, and IL-6 may be
dependent on the cellular level of CSNK2A1.

To further assess the role of CSNK2A in regulating
MAX’s function, we used the specific and selective CK2
ATP competitive inhibitor (CX-4945, Silmitasertib) that
has been administered in human trials as an anticancer
drug. We found that CX-4945 could inhibit mMRNA and
protein expression of basal and MAX OV-induced
C-MYC, p-catenin, HMGB1, and IL-6 in MzChA-1
(Figure 5J, K). Since there is low expression of
CSNK2A1 and phospho-max in H69 (Figure 5G), it is
possible that CX-4945 may not work there in inhibiting
MAX targets (Supplemental Figure S10E, F, http://links.
lww.com/HC9/A359).

MAX phosphorylation is involved in
upregulation of HMGB1 and IL-6 promoter
activity

The HMGB1 promoter region (—298/+1) (Supplemental
Figure S12, http://links.lww.com/HC9/A361) was assessed
for its responsiveness to MAX overexpression in MzChA-1
cells. MAX knockdown lowered HMGB1 promoter-driven
luciferase activity, whereas MAX OV had the reverse effect
(Figure 6A, B). To evaluate whether the effect of MAX on
the HMGB1 promoter was through E-box region, we
mutated the E-box-binding site in the promoter. Mutation at
the E-box-binding site lowered HMGB1 promoter activity
by about 50% (Figure 6A, B). CX-4945 decreased HMGB1
promoter activity, but this was attenuated with E-box
mutation (Figure 6A, B). To determine whether
phosphorylation of MAX is involved in HMGB1 promoter
activities, ChIP and gPCR analysis were performed by
spanning the E-box region in MzChA-1 cells using MAX
and phospho S11 MAX antibodies. ChIP assays showed
MAX knockdown lowered MAX binding to E-box region of
the HMGB1 promoter. MAX overexpression increased
MAX binding to E-Box region. There was more binding to
the E-box in phosphorous S11 MAX compared with
nonphosphorous MAX. Interestingly, CX-4945 treatments
enhanced the effect of MAX siRNA knockdown
and overexpression (Figure 6C). It explains MAX
phosphorylation mediates HMGB1 promoter activities.
MAX phosphorylation may increase combination of
phosphorylated MAX with C-MYC or p-catenin. Seg-
ChIP and gPCR analysis was performed using C-MYC
antibody after ChlP of MAX and phospho S11 MAX
antibodies. Results showed that MAX knockdown or
overexpress lowered or increased C-MYC binding to
E-box region of the HMGB1 promoter, respectively.
Furthermore, there was more binding to the E-box in
phosphorous S11 MAX compared with nonphosphorous
MAX. Moreover, CX-4945 treatments enhanced the
effect of MAX siRNA knockdown and overexpression
(Figure 6D, E). Immunofluorescence in cholangiocytes
after MAX OV treatments showed that MAX staining
(including antibodies of MAX and phospho S11 MAX)
increases in cytoplasm and nucleus. Phospho-MAX
staining of nucleus increases markedly in MAX OV+
phosphor S11 MAX antibody compared to MAX OV+
MAX antibody. CX-4945 treatment inhibits nuclear
immunofluorescence staining of MAX (Figure G6F).
Intrigued by the MAX-, C-MYC-, and f-catenin—
mediated regulation of HMGB1 reporter activity, we
examined whether MAX, C-MYC, and p-catenin can bind
to the E-box element using nuclear proteins from H69,
normal human liver, MzChA-1, and human CCA liver.
Figure 6G shows that MAX, C-MYC, and p-catenin can
bind to the E-box element (Shift bands, Figure 6G).
Interestingly, p-catenin can heterodimerize with MAX to
bind to the E-box element (Figure 6G). This suggests that
MAX’s inductive effect may be, in part, by increasing
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B-catenin’s expression and binding to the E-box element.
Meanwhile, these results suggested that phospho S11
MAX may positively regulate the promoter activities by
interacting with and enhancing the binding of C-MYC and
p-catenin to the E-box element, which positively
regulated HMGB1 transcription.

Furthermore, we also assessed IL-6 promoter activities
using MAX knockdown and overexpression in MzChA-1
cells. MAX knockdown and overexpression decreased and
increased IL-6 promoter-driven luciferase activity, respec-
tively (Figure 7A, B). To explore the regulatory site of MAX
on the IL-6 promoter, we mutated the TCFs/LEF1-binding

site in the IL-6 promoter. Mutations in the TCFs/LEF1-
binding site and CX-4945 both reduced IL-6 promoter
activity. Interestingly, the effect of CX-4945 on reducing IL-6
promoter activity was attenuated by TCFs/LEF1 mutations
(Figure 7A, B). However, it was uncertain whether the
phosphorylation of MAX was involved in the regulation of
IL-6 promoter activity. We performed Seq-ChIP assays
using MAX and phosphor S11 MAX antibodies after -
catenin ChIP by spanning the TCFs/LEF1 region in
MzChA-1 cells. The results showed that MAX knockdown
and CX-4945 reduced the binding of p-catenin binding to
the TCFs/LEF1 region of the IL-6 promoter, whereas MAX



MAX PHOSPHORYLATION MEDIATES CCA PROGRESSION | 13

FIGURE 6 CSNK2A1- and CX-4945-mediated MAX phosphorylation regulate HMGB1 promoter activity through E-box element. (A) MAX siRNA and
CX-4945 regulated HMGB1 promoter activity in MzChA-1 cells. Results are mean % of WT+SC+D + SEM from 3 experiments done, ****p < 0.0001 vs.
others, 11p <0.01.vs. WT+SC+D. The top diagram shows E-box element and its mutant in the human HMGB1 promoter. (B) MAX overexpression and CX-
4945 regulated HMGB1 promoter activity in MzChA-1 cells. Results are mean % of WT+EV+D + SEM from 3 experiments done, **p <0.01, ***p <0.001,
***p < 0.0001, t11p <0.001 vs. WT+MAX OV+D. (C) ChIP and gPCR analysis was performed by spanning E-box region of the HMIGB1 promoter in
MzChA-1 cells using MAX and phosphor S11 MAX antibodies. Results are mean % of input + SEM from 3 experiments done, *p <0.05, ***p <0.001, ***p
<0.0001 vs. SC+EV+D in MAX antibody, t1p <0.01 SC+EV+D vs. MAX si+EV+D, 1$fp <0.001 MAX si+EV+D vs. MAX si+EV+CX-4945, ##p < 0.01
MAX OV+SC+D vs. MAX OV+SC+CX-4945 in phosphor S11 MAX antibody. (D) Seg-ChIP and gPCR analysis was performed by spanning E-box region of
the HMGB1 promoter in MzChA-1 cells using C-MYC antibody after ChIP of MAX and phosphor S11 MAX antibodies. Results are mean % of input + SEM
from 3 experiments done, *p <0.05, ***p <0.001 vs. SC+EV+D in MAX antibody, t1p <0.01 SC+EV+D vs. MAX si+EV+D, $1p <0.01 MAX si+EV+D vs.
MAX si+EV+CX-4945, ###t#tp < 0.0001 MAX OV+SC+D vs. MAX OV+SC+CX-4945 in phosphor S11 antibody. (E) Seq-ChlP and gPCR analysis was
performed by spanning E-box region of the HMGB1 promoter in MzChA-1 cells using p—catenin antibody after ChIP of MAX and phosphor S11 MAX
antibodies. Results are mean % of input + SEM from 3 experiments done, *p <0.05, ****p <0.001 vs. SC+EV+D in MAX antibody, 1111p <0.0001 SC+EV
+D vs. MAX si+EV+D, 11p <0.01 MAX si+EV+D vs. MAX si+EV+CX-4945, ##Hp < 0.0001 MAX OV+SC+D vs. MAX OV+SC+CX-4945 in phosphor S11
antibody. (F) IF of MAX in cholangiocyte after transfections. The top row shows DAPI staining. The second row shows the MAX staining [including antibodies
of MAX and phosphor S11 MAX (p)]. The third row merged DAPI and MAX staining [original magnification, x630 (oil immersion)]. (G) EMSA analyses using
labeled probes containing 2 E-box elements of the HMIGB1 promoter were performed in H69 and MzChA-1 cells. Probe only and IgG served as controls.
Abbreviations: Ab, antibody; D, DMSO; EV, empty vector; MU, E-box element CACGTG mutation into CACGGG in —298/+1 HMGB1 promoter; p, phospho

S11 MAX antibody; SC, scramble siRNA; Seqg-ChlP, sequencing chromatin immunoprecipitation; WT, —298/+1 wild-type HMGB1.

QV had the opposite effect. CX-4945 reduced MAX OV-
mediated IL-6 promoter activities (Figure 7C). To determine
whether MAX phosphorylation increases p-catenin binding
to TEFs/LCF1 site, ChIP, Seqg-ChlP and qPCR were
performed using MAX and phospho S11 MAX antibodies.
Phospho-MAX staining of nucleus increases markedly in
MAX OV+ phosphor S11 MAX antibody compared to MAX
OV+ MAX antibody. CX-4945 treatment inhibits nuclear
immunofluorescence staining of MAX (Figure 6F). The
results showed that MAX knockdown or overexpression
decreased or increased the binding of MAX to the IL-6
promoter TCFs/LEF1 region, respectively. In addition, there
was more binding to the E-box in phosphorus S11 MAX
compared with nonphosphorus MAX. CX-4945 treatment
enhanced the effect of MAX siRNA knockdown and
overexpression (Figure 7D). Impressed by the MAX and
B-catenin—mediated regulation of IL-6 reporter activity, we
examined whether MAX and p-catenin can bind to the
TEFs/LCF1 element using nuclear proteins from HG69,
normal human liver, MzChA-1, and human CCA liver.
Figure 7E shows that MAX and B-catenin can bind to the
TEFs/LCF1 element (Shift bands, Figure 7E). Even though
IL-6 promoter does not have E-box sites, p-catenin can
heterodimerize with MAX to bind to the TCFs/LCF1
element (Figure 7E). This suggests that MAX’s inductive
effect may increase f-catenin’s expression and bind to the
E-box element. Meanwhile, these results suggested that
phospho S11 MAX may positively regulate the promoter
activities by interacting with and enhancing the binding of p-
catenin to the TCFs/LCF1 element, which positively
regulated IL-6 transcription.

MAX promotes HMGB1 and IL-6 through
paracrine and autocrine mechanisms

To determine the role of overexpressed MAX on
HMGB1 and IL-6 secretion from HepG2, LX2, MzChA-
1, and RAW cells, we first analyzed the protein

expression of HMGB1 and IL-6 in the cell culture
medium. Of the 4 cell types examined, overexpression
of MAX increased IL-6 release maximally from RAW
cells, whereas HMGB1 release was the highest in LX2
cells (Figure 8A). Next, we investigated whether MAX
overexpression in HepG2, LX2, and RAW cells
promoted cell growth, migration, and invasion of
MzChA-1 cells. We found that coculturing MzChA-1
with MAX overexpressing HepG2, LX2, or RAW cells
markedly promoted cell growth (Figure 8B), migration
(Figure 8C), and invasion (Figure 8D) compared with
control (empty vector). Furthermore, media from
HepG2, LX2, and RAW cell overexpressing IL-6
(Figure 8E) and HMGB1 (Figure 8F) measurably
promoted MzChA-1 cell migration. In contrast,
silencing of IL-6 (Figure 8E) or HMGB1 (Figure 8F)
inhibited MzChA-1 cell migration.

Effects of CX-4945 on CCA cell growth and
in vivo tumorigenicity

To determine the effects of CX-4945 on MzChA-1 cell
proliferation and invasion, we treated the cells at
10uM and examined the effect on cell growth. After
24h of treatment, CX-4945 reduced proliferation to
32% as compared with DMSO control group
(Figure 8G). CX-4945 at 10 uM significantly reduced
cell invasion to 39% as compared with DMSO control
group (Figure 8H). Meanwhile, CX-4945 significantly
inhibited cell migration (Figure 8l). To confirm their
effects in vivo, the orthotopic tumorigenicity used
injection of MzChA-1 cells into the left hepatic lobe as
described.?'l From day 3, these mice were treated
with CX-4945 or a vehicle orally at 100 mg/kg twice
daily for 27 days. The CX-4945-treated mice reduced
tumor site to 67% (Figure 8J). Interestingly, CX-4945
treatment lowered HMGB1, p-catenin, C-MYC,
phosphor-MAX, IL-6, and CSNK2A1 protein levels in
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FIGURE 7 CSNK2A1 and CX-4945-mediated MAX phosphorylation regulate IL-6 promoter activity through TCF1/LEF1 element. (A) MAX
siRNA and CX-4945 regulated IL-6 promoter activity in MzChA-1 cells. Results are mean % of WT+SC+D + SEM from 3 experiments done,
***n <0.001, **p < 0.0001 vs. others, t1tp <0.001.vs. WT+SC+D. The top diagram shows TCFs/LEF1 element and its mutant in the
human IL-6 promoter. (B) MAX overexpression and CX-4945 regulated IL-6 promoter activity in MzChA-1 cells. Results are mean % of WT
+EV+D + SEM from 3 experiments done, *p <0.05, **p <0.01, **p < 0.0001 vs. WT+EV+D, tttp <0.001 vs. WT+MAX OV+D, p <0.05
vs. WT+MAX OV+CX-4945. (C) ChIP and gqPCR analysis was performed by spanning TCFs/LEF1 region of the IL-6 promoter in MzChA-1
cells using p-catenin antibody. Results are mean % of input + SEM from 3 experiments done, ***p <0.001 vs. SC+EV+D in p-catenin
antibody, tp <0.05 vs. MAX si+EV+D, 1ffp <0.001 vs. MAX OV+SC+D. (D) Seg-ChIP and qPCR analysis was performed by spanning
TCFs/LEF1 region of the IL-6 promoter in MzChA-1 cells using MAX and phosphor S11 MAX antibodies after p-catenin antibody ChIP. Results
are mean % of input + SEM from 3 experiments done, *p <0.05, **p <0.001 vs. SC+EV+D in MAX antibody, 111p <0.01 vs. SC+EV+D, f1fp
<0.01 vs. MAX si+SC+D in phosphor S11 antibody. #### p <0.0001 vs. MAX OV+SC+D in phosphor S11 antibody (E) EMSA analyses using
probe containing double TCFs/LEF1 element of the IL-6 promoter were performed in H69 and MzChA-1 cells. Probe only and IgG served as
controls. Abbreviations: Ab, antibody; D, DMSO; EV, empty vector; MU, TCFs/LEF1 element CCTCCAACAAAGATT mutation to
CCTCCAACAGAGATT in —491/+1; SC, scramble siRNA; Seqg-ChlP, sequencing chromatin immunoprecipitation; WT, -491/+1 wild-type IL-6
promoter.
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MAX promotes paracrine or autocrine of HMGB1 or IL-6, and CX-4945 treatment shows therapeutic efficacy in tumor growth in
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*p <0.05, **p <0.01, ***p <0.001, and ****p < 0.0001 vs. EV. The coculture with overexpressed MAX in HepG2, LX2 and RAW cells were analyzed in
MzChA-1 cells with MTT (B), migration (C), and invasion (D). Results for MTT, migration and invasion are shown as mean% of EV + SEM; MTT:
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migration, *p < 0.05, *p < 0.01, ***p < 0.001. The proliferation (G), invasion (H), and migration (l) of MzChA-1 in vitro after CX-4945 treatment.
Results are mean % + SEMof EV. **p < 0.001.***p < 0.0.01. (J) Tumor was developed by injecting immunodeficient mice with MzChA-1 cells per
mouse through the left lobe of liver. Mice received vehicle or 100 mg/kg of CX-4945 through gavage twice daily from day 3 after injection MzChA-1 cells.
The arrows point to representative tumor. **** p < 0.0001. (K) The protein expression of HMGB1, -catenin, C-MYC, total MAX, phosphor-MAX S11,
IL-6, and CSNK2A1 in MzChA-1 isolated from mouse tumor tissues with CX-4945 (left) and vehicle treatment (right).
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tumor tissues in CX-4945 treatment as compared with
a vehicle (Figure 8K).

DISCUSSION

We originally developed a CCA mouse model by
combining the chemical carcinogen DEN with partial
duct ligation, which effectively simulates the multistep
pathological evolution of human CCA from biliary
proliferation to atypical hyperplasia, terminally develop-
ing into CCA. However, partial duct ligation is a relatively
demanding technique for the operator and vulnerable to
anesthetic and surgical risks. Long-term sustained furan
exposure stimulates hepatocyte differentiation and indu-
ces irreversible bile duct lesions at high concentrations,
or non-neoplastic bile duct lesions at lower concentra-
tions. The latency period of these models varies
(Supplemental Table S1, http:/links.lww.com/HC9/
A362).

The use of DEN in mice has become an attractive
model for developing liver cancer. TAA enhances the
carcinogenic effects of DEN-mediated tumorigenesis in
the context of precancerous lesions. However, this TAA
and DEN combination model has a low incidence of
CCA and a high incidence of HCC.2%l DEN admin-
istration results in the formation of multifocal biliary
cystic lesions in mice and induces CCA in mice when
combined with pentachlorophenol.?6! The formation of a
mixed CCA and HCC limits its applicability for studying
iCCA. In this model, we used DEN oral gavage at a
dose of 25 mg/kg (twice a week), which led to
progression from biliary proliferation, atypical cystic
hyperplasia, and cholangiomas to CCA. Moreover, this
novel DEN model well mimics the pathophysiological
features of CCA progression in humans.

CSNK2 is a highly conserved serine/threonine
kinase involved in tumor biology by regulating cell
proliferation, cell cycle progression, apoptosis, metab-
olism, and invasiveness.!!l' CSNK2A1 is highly
expressed in cancer tissues such as gastrointestinal
tract, head and neck, kidney, and prostate cancers.[ In
this work, we found that CSNK2A1 protein levels were
higher in hepatic cells from liver tissues with CCA.
CSNK2A1 contributes to cancer progression by induc-
ing phosphorylation of various molecules.l®10.271 We
observed a positive correlation between CSNK2A1 and
MAX phosphorylation. CSNK2A1 inhibitor CX-4945
also regulates the expression of more phosphor-MAX
(S11) nuclear location. CX-4954 treatment can reduce
the expression of MAX and MAX-interaction proteins
and regulates also HMGB1 (-298/+1) and II-6 (—491/+1)
construct activity. Especially, CX-4945 inhibited MAX
S11 phosphorylation and nuclear location. It is known
that phosphorylation of MAX inhibits the DNA-binding
activity of MAX homodimers but not C-MYC/MAX
heterodimers.24#28 Since we found that CSNK2A1

phosphorylates MAX, we believe this may cause
suppression of MAX-MAX homodimer and increase in
MAX-C-MYC or MAX-B-catenin heterodimers and fur-
ther upregulate HMGB1 and IL-6, favoring CCA
progression.

MAX plays a vital role in the transcriptional
regulation of MYC-targeted genes. We previously
reported that the MYC-MAX heterodimer binds to
E-box motifs and activates gene expression, whereas
the heterodimer between MAX and MNT promotes
transcriptional repression of cyclin D1.! In this work,
we discovered that MAX interacts with other proteins
such as p-catenin, IL-6, and HMGB1 in CCA liver
tissues, which in turn modulates transcription. C-MYC
and MNT proteins in liver tissues rapidly degrade
under normal conditions, with half-lives of 20 to 30 and
15 to 25 minutes, respectively.29 In contrast, MAX is a
highly stable protein with a half-life of 24 hours in
MzChA-1 cells and 48 hours in cholangiocytes isolated
from liver tissues with CCA. Many studies demon-
strated that protein phosphorylation affects its
stability.[3% Our experiment indicated that MAX phos-
phorylation may be associated with MAX stability since
the phenomenon coexists in cholangiocytes that are
isolated from CCA mice (Figures 2D, 5G). MAX
promotes the growth, migration, invasion, and cell
cycle progression of bile duct carcinoma cells. Even
though MAX does not regulate CSNK2A1 expression,
CSNK2A1 promotes MAX phosphorylation and
nuclear localization.

There are 2 binding motifs (A and B boxes) in
HMGB1, and the active cytokine domain of HMGB1 is
localized to box B.B'Y HMGB1 plays a role in virus-
induced biliary atresia pathogenesis and acts as a
target for therapeutic intervention in some patients with
biliary atresia and high HMGB1 expression.’2 We
found that higher HMGB1 expression persisted from
biliary proliferation, atypical cystic hyperplasia, and
cholangiomas to CCA. We also found that HMGB1
and MAX positively correlate with each other during
CCA and interact with each other. Of the interacting
proteins with MAX, HMGB1 is the primary MAX-
interacting protein involved in CCA pathogenesis; its
levels are increased in both the cell cytoplasm and the
nucleus. Interestingly, we observed increased protein
levels of HMGB1 in all cells isolated from CCA liver
tissues of the DEN model including cholangiocytes,
HSCs, KCs, and hepatocytes. Thus, HMGB1 upregu-
lation in HSCs, KCs, hepatocytes, and cholangiocytes
may be involved in regulating the balance between
binding of MAX-C-MYC/MAX-B-catenin and MAX-MAX
on the E-box site. Our findings also provide the rationale
for inhibiting HMGB1 as a novel molecular targeted
therapy of malignant CCA.

IL-6 is increased in the serum of patients with CCA
and is a target molecule of CCA.[33 Our data show
that during DEN-treated CCA progression, IL-6
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expression is upregulated in cholangiocytes, KCs,
HSCs, and hepatocytes. Furthermore, MAX positively
regulates IL-6 expression. Induction of MAX in
HepG2, LX2, and RAW cells promoted migration of
MzChA-1 cells, and silencing IL-6 or HMGB1 pre-
vented MAX from exerting its positive effect on
migration. These data strongly support the role of
IL-6 and HMGB1 as downstream effectors of MAX.
CX-4945 also lowers IL-6 expression and inhibits
CCA cell growth, invasion, and migration in vitro and
tumorigenesis in vivo. The results suggest that CX-
4945 could be of therapeutic relevance in CCA
through IL-6 downregulation.

Recent literature studies show that p-catenin
signaling drives widespread gene repression and
activation.® We found that p-catenin expression in
liver tissues during DEN treatment increased from
week 1 onward. p-catenin protein expression was
increased in cholangiocytes, KCs, HSCs, and hep-
atocytes. Phosphorylation of MAX inhibits the
DNA-binding activity of MAX homodimers but not
C-MYC/MAX heterodimers.[2428] On the basis of the
interaction between p-catenin, C-MYC, and MAX and
their co-occupancy on the HMGB1 promoter E-box, we
believe that p-catenin-MAX may form heterodimers
together with C-MYC-MAX heterodimers to regulate
HMGB1 and IL-6 expression.

In conclusion, we have established a novel model
of CCA progression from biliary proliferation to
atypical cystic hyperplasia and to, eventually, chol-
angiocarcinogenesis. MAX acts as a master regulator
through the upregulation of HMGB1, IL-6, C-MYC,
and p-catenin in hepatic cells from liver tissues with
CCA. C-MYC-MAX and p-catenin-MAX binding to
E-box site or p-catenin-MAX bound to TCFs/LEF1
enhanced HMGB1 or IL-6 promoter activities. IL-6 and
HMGB1 secreted by hepatocytes, HSCs, and KCs
exert paracrine effects on cholangiocytes to promote
cell growth, migration, and invasion and lead to the
progression of cholangiocarcinogenesis. IL-6 and
HMGB1 are downstream effectors of MAX. The
combination of CSNK2A1 and MAX at S11 can
regulate the occurrence of this series of processes.
We propose that CX-4945 and MAX-interacting
proteins provide perspectives on therapeutic strat-
egies to attenuate progression from atypical cystic
hyperplasia to cholangiocarcinogenesis.
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