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Hepatic factor MANF drives hepatocytes reprogramming by
detaining cytosolic CK19 in intrahepatic cholangiocarcinoma
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Intrahepatic cholangiocarcinoma (ICC) is characterized by poor prognosis and limited treatment. Hepatocytes have been
considered as one of the origins of ICC, however, the underlying mechanisms remain unclear. Here, we found mesencephalic
astrocyte-derived neurotrophic factor (MANF), a hepatoprotective factor, was exceptionally upregulated in human ICC tissues and
experimental mouse ICC models induced by sleeping beauty transposon (SBT) or thioacetamide (TAA) challenge. We identified
MANF as a biomarker for distinguishing the primary liver cancer and verified the oncogenic role of MANF in ICC using cell lines
overexpressing/knocked down MANF and mice specifically knocked in/out MANF in hepatocytes. Lineage tracing revealed that
MANF promoted mature hepatocyte transformation into ICC cells. Mechanistically, MANF interacted with CK19 at Ser35 to suppress
CK19 membrane recruitment. Cytosolic CK19 bound to AR domain of Notch2 intracellular domain (NICD2) to stabilize NICD2 protein
level and trigger Notch signaling, which contributed to hepatocyte transformation to ICC cells. We uncover a novel profile of MANF
and the original mechanism, which shed light on ICC diagnosis and intervention.
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INTRODUCTION
Cholangiocarcinoma (CCA) is an aggressive hepatic malignant
biliary epithelial tumor, it occurs at all regions of the biliary tree
and is classified into intrahepatic CCA (ICC), peri-hilar CCA (PCC),
and distal CCA (DCCQ) [1]. ICC remains clinically challenge due to
late-stage presentation and high post-surgery recurrence [2]. The
existing single-cell RNA sequencing data showed that there are
four subgroups in human ICC, including inflammatory subgroup
(S1), the highest levels of proteins related to cancer-associated
fibroblasts and extracellular matrix subgroup (S2), metabolic
subgroup (S3), and maximum expression of adhesion and
biliary-specific proteins subgroup (S4) [3]. ICC is a highly
heterogeneous tumor, thus research into the molecular profiles
and potential pathogenic factors of this tumor is urgently needed.
It was originally believed that ICC originates from the malignant
transformation of biliary epithelial cells (BECs). Recent studies have
described that ICC also originates from the transdifferentiation of
hepatocytes and hepatic progenitor cells (HPCs) in response to
liver injury [4]. Hepatocytes are plastic, and mature hepatocytes
can generate bipotential HPCs in some microenvironmental
conditions [5-7]. Numerous studies have uncovered that abnor-
mal overexpression of Yap, PI3K/AKT, and Hedgehog signals can
promote hepatocytes reprogramming to BECs and ICC cells [8-12].
Recent studies showed that Sox9" biphenotypic hepatocytes
originate from mature hepatocytes, and some of them are
incorporated into ductular structures [9, 13]. Beyond that, TP53,
Myc, KRAS, TGF-B, Wnt/B-catenin also regulate the reprogramming

of hepatocyte in a certain tumor microenvironment [14-17]. Notch
signaling was found to promote hepatocytes to convert into
mature BECs or ICC cells that form functional bile ducts [18-21].
However, how are the mature hepatocytes transformed to BECs,
HPCs, or ICC cells? The underlying mechanisms remain unclear.

Mesencephalic astrocyte-derived neurotrophic factor (MANF),
an endoplasmic reticulum (ER) stress-inducible protein, was
initially identified as a member of the new family of neurotrophic
factors and plays a cytoprotective role in Parkinson’s disease,
Alzheimer’s disease, cerebral ischemia, and diabetes [22-25]. Our
previous studies showed that MANF protects ischemia- or drug-
induced liver injury and inhibits peripheral inflammation by
negatively regulating TLR4/NF-kB signal pathway [26-29]. It's
more interesting that we found MANF was downregulated in
hepatocellular carcinoma (HCC) and inhibited HCC progression
[30], while it was upregulated in ICC, another primary liver cancer.
However, whether MANF plays a treacherously oncogenic role in
ICC and how MANF behaves in mature hepatocytes transdiffer-
entiation are not yet known.

To answer these questions, we observed the expressional
profile of MANF in human and sleeping beauty transposon (SBT)-
or thioacetamide (TAA)-induced mice ICC tissues. We also
investigated the oncogenic role of MANF in ICC by using ICC cell
lines, nude mice bearing tumor, hepatocyte-specific MANF
knockin (Kl)/knockout (KO) modeling mice, and administration of
recombinant human MANF (rhMANF). Lineage tracing was
employed to observe the transdifferentiation of mature
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hepatocytes. We found that MANF promotes the tumorigenesis
and progression of ICC by driving the transformation of mature
hepatocytes into ICC cells. Mechanistically, we identified a
complex involving MANF, CK19, and Notch2. Specifically, MANF
binds to CK19 at Ser35 to block CK19 membrane recruitment. The
retention of CK19 in cytosol stabilizes Notch2 intracellular domain
(NICD2) by binding to AR domain of NICD2 and consequently
triggers its nuclear signaling.

RESULTS

MANF is specifically upregulated in human ICC tissues and
positively correlates with the clinicopathological features

To initially investigate the role of MANF in ICC, we collected
paraffin sections from 78 patients and frozen samples from 6
patients with simple ICC, four samples with both ICC and HCC,
and serum from 23 ICC patients and 25 healthy individuals. As
shown in Fig. 1A-D, MANF had a high expression in cancer tissues
(Ca) compared with adjacent para-cancer tissues (Pa) in either
protein, mRNA, or the levels in serum. In four samples mixed with
HCC and ICC identified by HE staining and immunohistochemistry
with the antibodies of HNF4a and CK19, we observed that MANF
was also highly expressed in ICC, while very low level in HCC
under the same view field and in the same slide (Supplementary
Fig. 1A). RNA sequencing data from GSE179443 database also
showed that MANF was highly expressed in patient ICC other
than HCC tissues (Supplementary Fig. 1B, C). Meanwhile,
correlation analysis between MANF level and clinical variables
in ICC showed that high expression of MANF was associated with
larger tumor diameter (P=0.026), TNM stage (P=0.000), and
distant metastasis (P=0.017) (Supplementary Table 1). Similar
results were observed in the TCGA, GSE107943, and GSE241923
datasets (Supplementary Fig. 2A, B, G, H). We further analyzed the
correlation between MANF level and survival probability of ICC
patients. High level of MANF predicted poor prognosis was
identified by Kaplan-Meier curves and receiver operating
characteristic curves (ROC) (Supplementary Fig. 2C-F). Notably,
MANF expression in undifferentiated ICC (ICC-UDC) was signifi-
cantly higher than that in differentiated ICC (ICC-DC) (GSE221589)
(Supplementary Fig. 2I-K). Moreover, we found that there was no
significant change in MANF expression in extrahepatic cholan-
giocarcinoma (Supplementary Fig. 1D). These clinical character-
istics suggest that MANF is a predictive biomarker for 1CC
diagnosis.

MANF is upregulated in mouse ICC tissues in

experimental models

To further observe the profile of MANF in ICC tissues, we utilized
the SBT system consisting of HA-AKT, Myc-NICD1, and transferase
to construct a mouse ICC model (Fig. 1E). We monitored the
dynamic changes in body weight and found that the mice lost
weight at a later stage after SBT injection (Supplementary Fig. 3A),
and the liver-body weight ratio was increased compared with
vector controls (Supplementary Fig. 3B). As expected, ICC mice
exhibited elevated serum alanine transaminase (ALT), aspartate
aminotransferase (AST), total bilirubin (TBIL), and direct bilirubin
(DBIL) levels compared with the controls (Supplementary Fig. 3C).
Meanwhile, increased liver size, more tumor number and area, and
HE staining showed obvious cystic adenoid change in ICC tissues
(Fig. 1F, G and Supplementary Fig. 3D, E). Furthermore, SBT
system-derived ICC was identified by the expressions of HA, Myc,
CK19 (a biomarker of BECs and ICC), and Ki67 (a biomarker for
proliferation) (Fig. TH and Supplementary Fig. 3F, H). Notably,
MANF expression was significantly higher in Ca than Pa tissues
after SBT induction (Supplementary Fig. 3G). The mRNA and
protein levels of MANF were significantly increased in SBT-induced
ICC tissues compared with the vector controls (Fig. 1H, | and
Supplementary Fig. 3H-J).
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We next used the TAA-induced ICC model to verify MANF
expression in mouse ICC (Fig. 1J). We observed a decrease in body
weight (Supplementary Fig. 3K), an increase in liver-body weight
ratio (Supplementary Fig. 3L), elevated serum levels of ALT, AST,
TBIL, and DBIL (Supplementary Fig. 3M), increased tumor nodules
and numbers (Fig. 1K and Supplementary Fig. 3N), as well as
significant ductular reaction and larger tumor area (Fig. 1L and
Supplementary Fig. 30) in TAA-treated mice, confirming success-
ful induction of the ICC model. MANF expression was also
significantly higher in Ca than Pa tissues in TAA-induced mice ICC
(Supplementary Fig. 3P). Additionally, the levels of MANF, CK19,
and Ki67 in TAA-treated mice were increased (Fig. 1M, N and
Supplementary Fig. 3Q-S), which is similar to that in SBT-induced
mice ICC model.

MANF promotes the malignant biological behaviors of ICC cell
lines in vitro and in vivo

The above data suggest an oncogenic role of MANF in ICC. To test
this, we firstly detected MANF level in Hucct1, HCCC9810, and
RBE cell lines. MANF expression in Hucctl cells was highest,
followed by RBE cells (Supplementary Fig. 4A). Next, we prepared
lentiviral transduction particles containing MANF DNA (MANF OE)
and short hairpin RNA (shMANF) to be stably transfected into ICC
cell lines, respectively (Supplementary Fig. 4B-E). In the colony
formation and transwell experiments, MANF OE cells had
stronger proliferation and invasion than the vector controls
(Fig. 2A, B), while shMANF showed the opposite effects (Fig. 2D, E).
Meanwhile, MANF OE increased the protein levels of mesench-
ymal markers 3-catenin and Vimentin, but decreased the protein
levels of epithelial markers Occludin, Claudin, and E-cadherin
(Fig. 2Q), which was opposite to the effects caused by shMANF
(Fig. 2F).

Next, we subcutaneously injected Hucct1 cells stably knocked
down MANF into nude mice. We found the mean size, volume,
and weight of tumors were reduced after MANF knockdown than
vector controls (Fig. 2G-I). And MANF knockdown decreased the
levels of MANF and Ki67 (Fig. 2J, K). The above results indicate that
high level MANF promotes the malignant biological behaviors of
ICC cells in vitro and in vivo.

Hepatocyte-specific MANF knockin accelerates SBT-

induced ICC

To confirm the effect of MANF on ICC, we constructed mature
hepatocyte- specific MANF knockin (KI) mice via CRISPER-Cas9
technology under the control of AAV8-TBG-Cre (Fig. 3A and
Supplementary Fig. 5A, C). The MANF KI mice were injected with
SBT to induce ICC model. We found the liver size, tumor number,
tumor area, and liver-body weight ratio in MANF KI mice were
significantly increased, compared with MANF KI"™ mice after SBT
treatment (Fig. 3B-D, Supplementary Fig. 6A, B). In addition, serum
levels of ALT, AST, TBIL, and DBIL also significantly ascended in
MANF Kl mice than K" mice after SBT treatment (Fig. 3E).
Moreover, the mRNA and protein Ievels of MANF, CK19, and Ki67
were elevated in MANF KI mice than KI' mice after SBT induction
(Fig. 3F-H and Supplementary Fig. 6C-E). These data indicate that
hepatocyte-specific MANF Kl promotes the tumorigenesis and
development of ICC in mice.

Hepatocyte-specific MANF knockout attenuates SBT-

induced ICC

The mature hepatocyte-specific MANF KO mice were also made in
the same way as MANF Kl mice (Fig. 31 and Supplementary
Fig. 5B, C). MANF KO mice exhibited smaller liver size, less tumor
number and area (Fig. 3J, K and Supplementary Fig. 6F, G), lower
liver-body weight ratio (Fig. 3L), and })oorer serum levels of ALT,
AST, TBIL, and DBIL (Fig. 3M) than KO™ mice under SBT induction,
which was opposite to MANF Kl mice. In correspondence with
tumor growth, the mRNA and protein levels of MANF, CK19, and
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Fig. 1 MANF is upregulated in ICC. A MANF expression in the liver tissues of ICC patients was detected by immunohistochemistry assay.

n =78, ****P < 0.0001. B MANF protein levels were detected in Ca and the Pa tissues by western blot assay. n = 6, *P < 0.05. C The mRNA levels
of MANF in the liver tissues of ICC patients were detected by qPCR assay. n =6, *P < 0.05. D MANF level in the serum of ICC patients (n = 23)
and healthy controls (n = 25) was detected by ELISA assay. ****P < 0.0001. E Scheme for SBT-induced ICC. F Gross morphology of mice livers.
G HE staining of mice liver tissues. The levels of MANF, CK19, and Ki67 in SBT-induced mice ICC were detected by immunohistochemistry
staining (H), and western blot assays (I). J Scheme for TAA-induced mice ICC. K Gross morphology of mice livers. L HE staining of mice liver
tissues. The expressions of MANF, CK19, and Ki67 in TAA-induced mice ICC were detected by immunohistochemistry staining (M), and western

blot assays (N).

Ki67 were reduced in MANF KO mice, compared with KO mice
under SBT induction (Fig. 3N-P, and Supplementary Fig. 6H-J).
These results indicate that mature hepatocyte-specific MANF KO
inhibits SBT-induced mice ICC.
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Hepatic MANF knockout decelerates TAA-induced ICC and
rhMANF supplement rescues this change

Because of the diversity of ICC molecular phenotypes, we further
observed the role of MANF in TAA-induced ICC. Considering the
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Fig. 2 MANF promotes the malignant biological behavior of ICC cells in vitro and in vivo. The proliferation and invasion of ICC cells
overexpressing MANF were examined by colony formation (A) and transwell assays (B), respectively. n = 3, **P < 0.01, ***P < 0.001. C Effects of
MANF overexpression on EMT of ICC cells. The protein levels of MANF, E-cadherin, Claudin, Occludin, Vimentin, and p-catenin were detected
by western blot assay. n =6, *P <0.05, **P <0.01, ***P <0.001. The proliferation and invasion of ICC cells with MANF knockdown were
examined by colony formation (D) and transwell assays (E), respectively. n =3, *P < 0.05, **P < 0.01. F Effects of MANF knockdown on EMT of
ICC cells. The protein levels of MANF, E-cadherin, Claudin, Occludin, Vimentin, and p-catenin were detected by western blot assay. n =6,
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Fig. 3 Effects of hepatocyte-specific MANF knockin/knockout on SBT-induced mice ICC. A Construction strategy of mature hepatocyte-
specific MANF knockin in mice. B Gross morphology of mice livers. C HE staining of mice liver tissues. D Liver-body weight ratio. n =6,
**P < 0.01. E Serum ALT, AST, TBIL, and DBIL levels. n =6, **P < 0.01, ***P < 0.001, ****P < 0.0001. The levels of MANF, CK19, and Ki67 in MANF
knockin mice treated with SBT were detected by immunohistochemistry staining (F), qPCR (G, n=6, *P<0.05, **P <0.01, ***P <0.001,
****p < 0.0001), and western blot assays (H). | Construction strategy of mature hepatocyte-specific MANF knockout in mice. J Gross
morphology of mice livers. K HE staining of mice liver tissues. L Liver-body weight ratio. n = 6, *P < 0.05, **P < 0.01, ***P < 0.001. M Serum ALT,
AST, TBIL, and DBIL levels. n = 6, *P < 0.05, **P < 0.01, ****P < 0.0001. The levels of MANF, CK19, and Ki67 in MANF knockout mice treated with
SBT were detected by immunohistochemistry staining (N), gPCR (O, n = 4-6, *P < 0.05, **P < 0.01, ****P < 0.0001), and western blot assays (P).
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short effect of AAVs and the long-term induction of TAA for ICC, vein twice a week for 28 weeks at a dose of 2mg/kg. The
we constructed hepatic MANF KO (HKO) mice by using Alb-Cre distribution of rhMANF in liver tissue was detected by immuno-
tool mice (Supplementary Fig. 6K-N). Meanwhile, the rhMANF was histochemistry and immunofluorescence with anti-His antibody
administrated to HKO mice to investigate the rescue of MANF (Fig. 4D, E). We found the tumor size and number, liver-body
after MANF deficiency. Recombinant MANF was injected by tail weight ratio, serum ALT and AST levels, and tumor area were
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Fig. 5 Specific lineage tracing reveals hepatocyte reprogramming in mice ICC. A, B Identification of the specificity of tdTomato (red) in
mature hepatocytes after AAV8-TBG-Cre injection. Hepatocytes were labeled with anti-HNF4a antibody (green). The nonparenchymal cells
were labeled with anti-CK19 (green, BECs marker), a-SMA (green, hepatic stellate cells marker), and F4/80 (green, macrophages marker)
antibodies, respectively. C Identification of high specificity of AAV8-TBG-Cre for HNF4a™ hepatocytes. D Identification of double-positive
hepatocytes in the liver tissues of SBT-induced ICC mice with tdTomato (red) and anti-CK19 (green) antibody. E Identification of HNF4a"CK19™"
cells in TAA-induced ICC mice with anti-HNF4a (green) and anti-CK19 (red) antibodies, respectively. F Multiple lineages reprogramming of
hepatocytes in SBT-induced mice ICC double labeled by tdTomato and anti-a-SMA (green), anti-F4/80 (green), and anti-CD133 (green),
respectively. G The proportion of reprogramming from hepatocytes to myofibroblasts in mice ICC induced by SBT was calculated by anti-HA

(red) and anti-a-SMA (green). The nuclei were stained with DAPI (blue).

significantly reduced in HKO mice compared with KO"" mice
under TAA induction, which was inhibited by rhMANF (Fig. 4A-C, F
and Supplementary Fig. 60, P). We also found that rhMANF
treatment increased the liver-body weight ratio, tumor number
and area, and serum ALT and AST levels, compared with PBS
controls in KO"" mice treated with TAA (Fig. 4A-C, F and
Supplementary Fig. 60, P). The levels of mRNA and proteins of
CK19 were increased after rhMANF treatment (Fig. 4G-I). These
data further demonstrate that hepatic MANF KO restrains ICC, and
rhMANF supplementation promotes ICC and cancels the effect of
MANF KO on ICC.

Specific lineage tracing reveals hepatocytes

reprogramming in 1CC

Above results have confirmed the contributory effect of MANF on
ICC, but the underlying mechanism remains unclear. Given that
hepatocytes are the major sources of ICC and MANF is mainly
expressed in hepatocytes [29], the genealogical tracing in mature
hepatocytes was achieved by using tdTomato fluorescent reporter
mice injected with AAV8-TBG-Cre. The tdTomato tracing hepato-
cytes were identified in Fig. 5A-C. We validated the specific
expression of tdTomato in HNF4a-labeled hepatocytes, but not in
CK19-labeled BECs, a-SMA-labeled myofibroblasts, and F4/80-
labeled macrophages in liver tissues (Fig. 5B).

Then, the tdTomato mice were used to prepare SBT-induced ICC.
The colocalization of tdTomato and CK19 was detectable in SBT-
induced ICC mice, but not the vector controls (Fig. 5D), suggesting
that the hepatocytes were reprogrammed into ICC cells after SBT
challenge. The HNF4a"CK19" cells were also found in TAA-induced
ICC (Fig. 5E). We also found that mature hepatocytes were
transformed into CD133" stem cells (cancer stem cells) and o-
SMA™ myofibroblasts, but not F4/80" macrophages (Fig. 5F). Further
study showed 11% HA™ hepatocytes were transformed into a-SMA™
myofibroblasts after SBT challenge (Fig. 5G).

MANF promotes the transformation of hepatocytes into ICC
cells in vivo and in vitro
To investigate the effect of MANF on hepatocyte transformation
into ICC cells, we crossed MANF mice with tdTomato™" mice
and then injected AAV8-TBG-Cre via tail vein to construct mature
hepatocyte-specific MANF KI/KO lineage tracing mice (Supple-
mentary Fig. 7). By using these MANF KI/KO lineage tracing mice,
ICC model was induced by SBT. After SBT injection, tdToma-
totCK19" cells appeared in the liver tissues, and the double-
labeled cells were more in tdTomato MANF KI mice than tdTomato
control mice (Fig. 6A, C). On the contrary, tdTomato™CK19™" cells
were reduced in tdTomato MANF KO mice compared with
tdTomato control mice after SBT induction (Fig. 6B, C). Meanwhile,
we found many HNF4a™ CK19™ cells in TAA-induced ICC mice, and
CK19 level was increased after rhMANF treatment. However, the
number of HNF4a™ CK197 cells was decreased in HKO mice, which
was attenuated after rhMANF treatment in TAA-induced ICC mice
(Fig. 6D). These results suggest that MANF drives mature
hepatocytes to transform to ICC cells.

To verify this finding, we isolated the primary hepatocytes from
tdTomato mice challenged with SBT for 2 weeks (Supplementary

SPRINGER NATURE

Fig. 8). The primary hepatocytes were treated with rhMANF at a
concentration of 80 ng/mL. Obvious ductular-forming was found
in tdTomato " hepatocytes treated with rhMANF, compared with
BSA-treated controls (Fig. 6E). Furthermore, rhMANF supplemen-
tation increased not only intracellular MANF, but also the number
of tdTomato™CK19™" cells and the cytosolic CK19 level (Fig. 6F). We
also found rhMANF treatment downregulated the HNF4a in the
primary hepatocytes with or without SBT injection, while
upregulated CK19 only after SBT exposure (Fig. 6G, H). The mRNA
levels of HNF4a and CK19 in the primary hepatocytes were
changed along with their protein levels. However, MANF mRNA
level was obviously increased after SBT exposure but was reduced
after rhMANF treatment (Fig. 6l). These data indicate that rhMANF
acts as an exogenous inducer to promote mature hepatocytes
lineage reprogramming to ICC cells.

MANF detains CK19 in cytosol by binding to its Ser35 site
The localization of HNF4a and CK19 in TAA-induced mice ICC
tissues in Fig. 6D make us more impressive. We observed that
CK19 was mainly localized in cell membrane in HNF4a™CK19™"
cells in TAA-induced ICC mice. After treatment with rhMANF,
CK19 was mainly localized in the cytosol of the double-labeled
cells. To investigate the effect of MANF on CK19 localization, we
overexpressed MANF in Hucct1 cells and isolated the membrane
and cytosol proteins. We found that both total CK19 and cytosolic
CK19 were obviously increased after MANF overexpression, with
CK19 primarily accumulating in the cytosol. More interesting,
except for the increased cytosolic MANF, membrane-associated
MANF was slightly increased in the cells overexpressing MANF,
compared with the vector controls (Fig. 7A). Immunofluorescent
double labeling of MANF and CK19 also revealed that the co-
localization of MANF and CK19 was mainly in the cytosol in both
liver tissues and primary hepatocytes (Fig. 7B). The interaction
between MANF and CK19 was verified by Co-IP, GST-pull down,
and Biacore assays (Fig. 7C-F). Considering the phosphorylation
of CK19 at Ser35 is essential for its membrane recruitment
[31, 32], we mutated CK19 at Ser35 into Ala35 (CK19°°4) and
found that CK19 mutation canceled the interaction between
MANF and CK19 (Fig. 7G). When we overexpressed HA-CK19%34
in Hucct1 cells, CK19 level was decreased in the membrane, but
increased in the cytosol, compared with the wild type (Fig. 7H, I).
These results indicate that MANF inhibits the membrane
translocation of CK19 by interacting with the Ser35 of CK19 in
ICC cells.

CK19 stabilizes NICD2 protein level to enhance its nuclear
signaling

The next question is what's the role of cytosolic CK19 in ICC. To
answer this, we firstly screened CK19-interacting proteins using
Co-IP plus mass spectrometry (MS). Notch2, a Notch signaling
pathway receptor, was found as a candidate of CK19-interacting
protein (Fig. 8A, B). Bioinformation analysis also showed that CK19
was associated with Notch2 (Supplementary Fig. 9A, B). By
analyzing single-cell RNA sequencing data (GSE138709), we found
that the expressions of MANF, CK19, and Notch2 signaling
pathway genes were higher in malignant ICC cells than that in

Cell Death & Differentiation
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hepatocytes (Fig. 8C and Supplementary Fig. 9C). The co-
localization of CK19 and Notch2 was found in the cytosol of
primary hepatocytes (Supplementary Fig. 10A). The interaction
between CK19 and Notch2 was verified by Co-IP, GST-pull down,
and Biacore assays (Fig. 7C and Fig. 8D, E). To figure out the
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interacting domain, we constructed the truncates of Notch2,
including the intracellular domains (NICD2) and its components
(Supplementary Fig. 10B). Pull down assays showed that CK19
interacted with NICD2 and AR domains, but not RAM, TAD, and
PEST domains (Fig. 8D and Supplementary Fig. 10C).
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Fig. 6 MANF promotes the transformation of hepatocytes into ICC cells in vivo and in vitro. Effects of MANF knockin (A, C) and knockout
(B, €) on hepatocytes transformation in the liver tissues of SBT-induced ICC mice. The hepatocytes were double labeled by tdTomato (red) and
anti-CK19 (green) antibody. n = 4, ***P < 0.001. D Effects of MANF knockout and rhMANF on hepatocytes transformation in the liver tissues of
TAA-induced ICC mice. The hepatocytes were co-labeled with anti-HNF4a (green) and anti-CK19 (red) antibodies. E Effects of rhMANF on the
hepatocytes morphology of primary hepatocytes isolated from tdTomato (red) mice challenged with SBT for 2 weeks. The cells were treated
with rhMANF (80 ng/mL) for 24, 48, and 72 h, respectively. BSA (80 ng/mL) was used as the controls. F The promotive effect of rhMANF on the
levels of cytosolic CK19 in primary hepatocytes isolated from tdTomato mice challenged by SBT for 2 weeks. The hepatocytes were labeled by
tdTomato (red) and anti-MANF (green) or anti-CK19 (green) antibody. G, H Effects of rhMANF on the protein levels of HNF4a, CK19, and MANF
in primary hepatocytes isolated from tdTomato mice challenged by SBT for 2 weeks. The protein levels were detected by western blot assay.
n=6, *P < 0.05, ¥**P < 0.01, ***P < 0.001. | The mRNA levels of HNF4a, CK19, and MANF in primary hepatocytes treated with rhMANF examined

2{ qPCR. n=6, *P < 0.05, **P < 0.01.

In the primary hepatocytes isolated from ICC mice treated with
SBT for 2 weeks, we found that MANF knockout reduced cytosolic
CK19. Meanwhile, MANF knockout reduced NICD2 in both cytosol
and nucleus (Fig. 8F and Supplementary Fig. 10D). On the
contrary, MANF overexpression increased cytosolic CK19 and
NICD2, as well as nuclear NICD2 (Fig. 8F and Supplementary
Fig. 10D). To know the effect of CK19 on the stability of NICD2, we
performed cycloheximide (CHX) chase experiment in Hucct1 cells
overexpressing HA-CK19. We found that CK19 overexpression
significantly increased the stability and prolonged the half-life of
Notch2 (Fig. 8G).

Apart from this, we detected the expression of Notch2 and its
downstream molecules in primary hepatocytes isolated from SBT-
induced ICC mice. Along with the increase of CK19 and Notch2,
the levels of Hes1, Jagl, and CK7 were increased after MANF
knockin while decreased after MANF knockout (Fig. 8H and
Supplementary Fig. 10E). However, statistical difference was only
observed in the mRNA level of Hes1 (Supplementary Fig. 10F).

To further determined the relationship among MANF, CK19, and
Notch2 in ICC, we detected the expressions of MANF, CK19, and
Notch2 in the liver tissues mixed with ICC and HCC by multiple
immunofluorescent staining. The co-localization of MANF, CK19,
and Notch2 was only observed in ICC, but not HCC (Fig. 8l). GST-
pull down assay revealed a complex of MANF, CK19, and NICD2
(Fig. 8J), which suggests that MANF may act as a bridge to connect
CK19 and NICD2. In addition, we also found that MANF and
Notch2 were co-located in the nuclei of primary hepatocytes
isolated from ICC mice challenged with SBT for 2 weeks
(Supplementary Fig. 10G).

Notch1, the known intracellular domain NICD1 can be used to
induce ICC model, was next investigated. The data revealed that
higher Notch1 level coincided with higher MANF level, while lower
Notch1 level accompanied by lower MANF level in ICC cell lines
(Supplementary Fig. 11A, B). However, the interaction of MANF
and Notch1 was not detectable by Co-IP assay (Supplementary
Fig. 11C, D).

MANF depends on CK19 and Notch2 to promote hepatocytes-
derived ICC

To investigate whether NICD2 alone plays a key role in the
transdifferentiation of hepatocytes into ICC cells regulated by
MANF, we applied AAVs (AAV8-TBG-shVector/Notch2) to down-
regulate Notch2 in hepatocytes in tdTomato MANF Kl mice
(Supplementary Fig. 12A and Fig. 9A). After Notch2 silence, the
livers were significantly smaller, the tumor number and area, and
liver weight ratio were also significantly reduced following SBT
treatment, compared with the control group (Fig. 9B-F). We also
found that the upregulation of CK19, Ki67, CK7 and down-
regulation of HNF4a induced by MANF overexpression could be
reversed by Notch2 knockdown (Fig. 9G, H, J). Importantly, lineage
tracing results showed that the increase of tdTomatotCK19™ cells
caused by MANF Kl can be partially rescued by the silence of
Notch2 (Fig. 9l), which fully indicates that the contribution of
MANF to the transformation of hepatocytes into ICC cells is
partially dependent on Notch2.

SPRINGER NATURE

Also, the upregulation of Notch2 and CK7 induced by MANF
overexpression can also be partially inhibited by silencing CK19
(Supplementary Fig. 12B and Fig. 9K). Meanwhile, we found that
silencing MANF in Hucct1 cells reduced the interaction between
CK19 and NICD2 (Fig. 9L), suggesting that MANF enhances CK19-
NICD2 interaction. In turn, MANF enhanced NICD2 stability and
Notch2 activation to promote the reprogramming of hepatocytes
to ICC cells. These results indicate that the promoting effect of
MANF on reprogramming of hepatocytes to ICC cells is partially
dependent on CK19 and Notch2.

DISSCUION

In our study, we identified high expression of MANF in ICC tissues,
which is related to the survival of ICC patients. Secondly, our data
demonstrated that MANF plays an oncogenic role in ICC.
Furthermore, we found MANF promotes the transformation of
mature hepatocytes into cholangiocyte-like cells in SBT and TAA-
induced ICC by using the fluorescent reporter mice. The under-
lying mechanisms include that MANF physically binds to Ser35 of
CK19 to inhibit CK19 membrane translocation, MANF facilitates
the formation of a complex with CK19 and NICD2, and cytosolic
CK19 interacts with AR domain of NICD2 to suppress NICD2
degradation and activate its nuclear signaling, thus accelerating
the transformation of mature hepatocytes to ICC cells.

Our previous study found that MANF was lowered in HCC
tissues and played a suppressive role in HCC [30]. However, this
study shows that MANF was highly expressed in ICC tissues, while
there was no significant change in MANF level in extrahepatic
cholangiocarcinoma, although they are primary carcinoma of
the liver.

HCC and ICC, both belong to primary liver cancer, often share
similarities in pathogenesis and clinical characteristics, which
makes difficulties in diagnosing ICC and HCC [33]. Pathological
detection of AFP and CA19-9 is still the gold standard to
distinguish ICC and HCC. However, the diagnostic specificity and
sensitivity of these biomarkers remain unsatisfactory [34]. Our
results suggest that MANF could serve as a novel biomarker for
distinguishing ICC and HCC and predicting ICC tumor stage. As a
secreted protein, MANF can be easily detected in serum,
highlighting its potential as a non-invasive biomarker for the
early diagnosis of ICC.

Small molecule inhibitors are widely used in anticancer therapy
by targeting oncogenic proteins. In this study, we demonstrated
that MANF plays a carcinogenic role in ICC, which makes MANF a
potential therapeutic target for ICC. Abnormal expression of
MANF may contribute to ICC pathogenesis. Screening small
molecules targeting MANF will provide insights for the treatment
of ICC.

Hucct1 and RBE are commonly used ICC cell lines. Cancer cells
in primary and metastatic tumors exhibit significant biological
heterogeneity, complicating the treatment of metastatic tumors
[35]. Hucct1 cells were derived from the ascites of male ICC patient
with moderately differentiated, metastasis, and gene mutations
such as KRAS, TP53, and MSH6, while the RBE cells were isolated

Cell Death & Differentiation
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from the primary tumor of a female ICC patient with IDH1 and
KRAS mutations [36]. Studies have shown that abnormal expres-
sion of KRAS and TP53 contributes to a more aggressive ICC
phenotype [3]. Metastasis is the leading cause of mortality in ICC
patients. However, little is known about its molecular mechanisms.

Cell Death & Differentiation

Our study revealed that MANF was highly expressed in
Hucct1 cells, other than in RBE cells, and MANF overexpression
or knockdown had a more pronounced effect on Hucct1 cells than
RBE cells, suggesting that MANF may be an effective marker for
predicting ICC metastasis.
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Fig. 7 MANF detains CK19 in cytosol by binding to its Ser35 site. A The protein levels of CK19 and MANF in the membrane and cytosol of
Hucct1 cells after MANF overexpression. n =3, **P <0.01. ATP1A1 and p-tubulin were used as the markers of cell membrane and cytosol,
respectively. B The co-localization of MANF and CK19 in the liver tissues and primary hepatocytes of SBT-induced ICC mice. C Interaction of
MANF, CK19, and NICD2 in Hucctl cells detected by Co-IP assay. MANF and NICD2 were co-immunoprecipitated on the same PVDF
membrane. The isotype IgG was used as a negative control. D His-CK19 was pulled down by MANF-GST. E MANF-His was pulled down by GST-
CK19. F The affinity between MANF and CK19 was detected using Biacore assay. G The interaction of MANF and CK19 was canceled after CK19
mutation at Ser35 phosphorylation site. H, I CK19 mutation at Ser35 increases cytosolic CK19 in Hucct1 cells. The cells were transient
transfected with CK19 and CK19°3** plasmids and treated with TNFa (50 ng/mL). The proteins were detected by western blot (H, n=3,
**P < 0.01) and immunofluorescent staining (I) assays, respectively. ATP1A1 and B-tubulin were used as the markers of cell membrane and

cytosol, respectively.

It has been reported that MANF was highly expressed in human
ICC tissues and predicted poor prognosis [37], which is consistent
with our findings. However, this group also reported that MANF
level was increased in HCC [38]. Here, we found that MANF
overexpression strongly promoted proliferation and invasion in
ICC cell lines, a phenotype not observed in the previous study [37].
This difference may stem from differences in experimental
approaches. We used lentivirus to construct the stable cell lines
overexpressing MANF, ensuring higher transfection efficiency and
repeatability, whereas the previous study adopted transient
transfection with FLAG-MANF plasmid, [37]. They did not observe
the effect of MANF knockdown on the tumor growth in nude mice
injected with Hucct1 within four weeks [37]. However, we did find
that MANF knockdown dramatically inhibited tumorigenesis and
tumor growth in nude mice subcutaneously injected with
Hucct1 cells stably knocked down MANF in the ninth week. The
detailed reasons for these discrepancies remain unclear due to
limited methodological details provided in their article.

To achieve the aim of specifically knocking out MANF in
hepatocytes, we used both AAV8-TBG-Cre and Alb-Cre tool mice in
this study, as each has distinct limitations. Although AAV8-TBG-Cre
has the advantage of specificity for mature hepatocytes, AAV8-
TBG-Cre cannot take the place of Alb-Cre due to short lasting time
and multiple injections in TAA-induced ICC. Alb promoter has a
relatively broad pertinence, not only in hepatocytes but also in
HPCs, the latter can transdifferentiate into BECs or hepatocytes
during the development stage of mice or under emergency
conditions. Therefore, strictly speaking, Alb-Cre is not suitable for
lineage tracing.

ICC has been divided into 4 distinct proteomic subgroups in the
previous literature [3]. In our study we found that CK19 was
remarkably increased after SBT treatment, suggesting that SBT-
induced ICC may belong to subgroup 4 which characterized by
the expression of biliary tract-specific proteins. Furthermore, our
data reveal that the MANF overexpression facilitated the
transformation of mature hepatocytes into ICC cells, and the
hepatocytes displayed mesenchymal-like morphology in MANF KI
mice after SBT induction. Meanwhile, MANF overexpression
increased the levels of mesenchymal markers, while decreased
the levels of epithelial markers, indicating that MANF may also
promote ICC via inducing EMT. TAA-induced ICC shows obvious
inflammatory infiltration and pseudolobule formation. TAA
induces the proliferation of BECs and facilitates the transformation
of hepatocytes into ICC, which is similar to SBT-induced ICC.

Hepatocytes, account for 80% of liver cells, work as the source
of liver cells to maintain liver homeostasis after liver injury. It can
be transformed to other cell types in response to the change of
microenvironment. For example, hepatocytes can transform into
ICC cells directly or dedifferentiate into HPCs [4, 7, 39]. Hepato-
cytes can also transdifferentiate into BECs, and further deteriorate
into ICC cells within the appropriate tumor microenvironment [40].
For this reason, dynamic observation of hepatocytes development
is required for accurately determining the lineage reprogramming
mode of hepatocytes in ICC. Here, we used lineage tracing
technique to explore the lineage reprogramming of hepatocytes
in SBT-induced ICC, in which hepatocytes were not only
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transformed into ICC cells, but also transformed into tdToma-
to"a-SMAT and tdTomato"CD133" cells, suggesting that SBT
induces hepatocytes to evolve to the multifunctional cells. It was
reported that ICC originated from mature hepatocytes in SBT-
treated mice [41]. HPCs were also mentioned to originate from
hepatocytes in liver injury models [7]. However, whether the
hepatocytes were transformed into myofibroblasts remains
unclear. Our study reported for the first time that SBT drove
hepatocytes to transform into tdTomatota-SMA™ cells, suggesting
that EMT may be induced in SBT-induced ICC. The appearance of
tdTomato™CD133™ cells highlights the plasticity and diversity of
hepatocytes in the process of ICC development.

Hepatocytes can be malignantly transformed into HCC and ICC
simultaneously, the two major types of the primary liver cancers,
in different microenvironments [40]. What reasons or mechanisms
control the transformation of hepatocytes into different types?
Our results demonstrated that hepatocyte-derived MANF pro-
motes the reprogramming of hepatocytes into ICC cells and our
previous study also showed MANF inhibited the malignant
transformation of hepatocytes into HCC [30], which suggests that
MANF may have an important role in lineage selection of
hepatocytes. Therefore, MANF can be considered as a new
inducer or suppressor in the transformation of hepatocytes into
ICC and HCC, respectively.

HNF4a, a nuclear molecule, plays an important role in
maintaining the function of mature hepatocytes [42, 43]. Recom-
binant MANF treatment decreased HNF4a level with or without
SBT induction, which may attenuate the effect of HNF4a on the
mature hepatocytes and may be benefit for the transformation of
mature hepatocytes into BECs or ICC cells. It has been reported
that necrotic tumor microenvironment drives hepatocytes to
transform into ICC [40]. Actually, MANF needs to cooperate with
other molecules or environment in promoting ICC, which was
supported by the findings that MANF Kl alone neither induced ICC
nor exert an effect on hepatocytes transformation.

CK19, the smallest class | cytoplasmic intermediate filament
protein, belongs to the keratin superfamily of filament proteins of
epithelial cells [44] with assembly properties [45, 46]. Keratins have
asymmetric distribution and highly concentrated under the apical
domain [47]. CK19 has been recognized as a biomarker of BECs,
HPCs, and tumor stem cells [48-50]. However, CK19 re-emerges on
hepatocytes when the normal livers are challenged with
inflammation or other injury stimuli [13, 39, 51], and CK19" HCC
was demonstrated aggressive behaviors [52-54]. The previous
study showed it was externalized in several human cancer cell
lines [55]. In our study, we observed MANF colocalized with CK19
in the cytoplasm of primarily cultured hepatocytes and hepatic
cells in ICC. We also verified the physical interaction of MANF and
CK19 in vitro. Since MANF is a soluble protein and can enter into
cytosol, we suppose that the interaction of MANF and CK19 may
happen in cytosol. Our results showed that MANF increased the
level of cytosolic CK19. There is a strong correlation between
accumulation of hepatotoxicity and a significant increase of CKs
phosphorylation [56]. Ser35 is the major site for CK19 phosphor-
ylation [31, 56], which is required for CK19 recruitment to the
membrane [32]. Interestingly, we found a mutation at CK19
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Ser35 site canceled the interaction of MANF and CK19, which
indicates Ser35 is the binding site of MANF and CK19.

Keratins play critical roles in maintaining epithelial barriers,
facilitating intracellular signaling conduction, and supporting differ-
entiation [47, 50]. Recent research showed that CK19 directly
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interacted with B-catenin-RAC1 complex and stabilizing the ubiqui-
tination and proteasomal degradation of (3-catenin in breast cancer
[57]. The PDGFRa-LAMB1 pathway supported tumor progression at
the invasive front of human HCC through CK19 expression [52].
However, the role of CK19 in ICC beyond its function as a biomarker
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Fig.8 CK19 stabilizes NICD2 protein level to enhance its nuclear signaling. A Gel electrophoresis of the lysates stained by Silver after Co-IP
with anti-CK19. Hucct1 cells were treated with TNFa (50 ng/mL) for 72 h before harvested. B Tryptic peptides of Notch2 identified by mass
spectrometry in the immunoprecipitated complex by using an anti-CK19 antibody. C tSNE plots, color-coded for the expression (gray to blue)
of marker genes for each cell type, as indicated (GSE138709). D The interaction of CK19 with NICD2 and AR detected by GST-pull down assays.
E The affinity between CK19 and NICD2 was detected by Biacore assay. F Effects of MANF knockin/ knockout on the levels of NICD2 and CK19
in cytosol and nucleus of primary hepatocytes isolated from tdTomato mice challenged with SBT for 2 weeks. GAPDH and Histon 3 were used
as the markers of cytosol and nucleus, respectively. G Effect of CK19 on the stability of NICD2 in Hucct1 cells transfected with HA-CK19 and
treated with CHX (100 pg/mL). n=3, **P<0.01. H Effects of MANF knockin/knockout on the levels of Notch2, Hes1, Jagl in primary
hepatocytes isolated from tdTomato mice challenged with SBT for 2 weeks. | Comparison of the co-localization of MANF, CK19, and Notch2 in
human ICC and HCC tissues detected by immunofluorescent staining with anti-MANF (green), anti-CK19 (red), and anti-Notch2 (white). J A

:omplex composed of MANF, CK19, and NICD2 was identified by GST-pull down assay.

remains poorly understood. In this study, we found CK19 interacted
with NICD2 and maintained NICD2 stability. Notch2 signaling pathway
is an evolutionarily conservative pathway in multicellular organisms
and regulating the fate of hepatocytes [18, 19, 58]. NICD2 is released
and enters to cytosol after Notch2 signal pathway is activated [19].
NICD2 undergoes nuclear translocation and promotes the activation
of its downstream targets. On the other hand, cytosolic NICD2 will be
phosphorylated, ubiquitinated, and further degraded by proteasome
[20]. It was reported that intermediate filaments is involved in
Notch2 signal transmission [45]. As insoluble structures, intermediate
filaments provide a solid surface to bind and immobilize proteins,
referred to as “scaffolding” [47]. Intermediate filament scaffolding
sequesters several proteins in the position where they should perform
their functions [47]. CK19 was found to interact with AR domain of
NICD2 and form a complex with MANF and CK19 in our study. It was
found that CK19 stabilized HER2 to facilitate the effect of HER2 on
breast cancer [31]. Our results also showed that CK19 stabilized
cytosolic NICD2 level and prevent NICD2 degradation.

Taking together, our study demonstrates that MANF inhibits the
membrane translocation of CK19 to enhance the cytosolic
interaction of CK19 and NICD2, and subsequently accelerates
Notch2 signaling activation, which contributes to hepatocyte
lineage reprogramming to ICC cells. Notably, the treachery of
MANF, an initial liver protective factor, in ICC is a representative
regulatory mechanism of body, which opens the doors for
potential diagnosis and treatment of ICC (Fig. 10).

METHODS AND MATERIALS

Human samples

Human liver tissues paraffin sections from 78 ICC patients, 4 mixed HCC-
ICC liver cancer patients, 6 extrahepatic cholangiocarcinoma tissues
paraffin sections, the frozen liver tissues from 6 ICC patients, and the
serum from 23 ICC patients and 25 healthy individuals were collected from
the First Affiliated Hospital of Anhui Medical University (Hefei, China). The
corresponding Pa tissues were collected as the controls. The clinical
pathological features of ICC were presented in Supplementary Table 1.

Mice

The 6 to 8-week wild type (WT) mice on a C57BL/6J background, Rosa26-
CAG-LSL-Cas9-tdTomato (tdTomato™", T002249), MANF" (for KI), MANF™"
(for KO), Alb-Cre, and 6-week male nude mice (BALB/c background) were
purchased from GemPharmatech Co., Ltd (Nanjing, China). All animals
were maintained under special pathogen-free (SPF) conditions at a
temperature of 20-23 °C on a 12-h light-dark cycle.

f/fl 1/fl

tdTomato™" mice. tdTomato"" male mice were used for hepatocytes
lineage tracing. Cre/loxP-mediated removal of the STOP element is
required to activate tdTomato expression.

Knockin ~ MANF"; TBG-Cre mice and Knockout MANF""; TBG-
Cre mice. MANF Kl and KO mice were generated by CRISPR/Cas9 technology
(Fig. 3A, 1). The CDS sequence of MANF was inserted at H11 site to construct
MANF Kl mice, while exon 3 of MANF gene was deleted to achieve MANF KO.

Knockout MANF™": Alb-Cre mice. MANF" mice were cross-bred with Alb-Cre
mice to get the hepatic MANF knockout (HKO) mice (Supplementary Fig. 6K-N).

SPRINGER NATURE

tdTomato™”: Knockin MANF™": TBG-Cre mice and tdTomato™": Knockout
MANF"": TBG-Cre mice. MANF" (KI and KO) mice were crossed with
tdTomato™" mice to construct mature hepatocyte-specific MANF Kl or KO
lineage tracing mice after AAV8-TBG-Cre tail vein injection (Supplementary
Fig. 7).

Mice ICC model

Sleeping beauty transposon (SBT)-induced ICC. Short-term mice ICC was
induced in 8-week-old male mice via hydrodynamic tail vein injection
(HTVI) of pT3 plasmids to overexpress Myc-tagged mouse Notch1 receptor
NICD1 and HA-tagged human myrAKT1, along with a hyperactive sleeping
beauty transposase plasmid (purchased from Haixing Biosciences), as
previously described [59]. Briefly, system contained 25 ug HA-AKT, 25 pg
Myc-NICD1, and 4 pg transferase diluted in 2mL 0.9% NaCl and injected
into tail vein within 6-8 s for 6.5 weeks (Fig. 1E).

TAA-induced ICC.  Eight-week-old male mice were provided drinking water
containing TAA (600 mg/L, Sigma, 163678) for 32 weeks to induce long-
term mice ICC (Fig. 1J).

Tumor subcutaneous xenograft assay. Six-week-old male nude mice
(BALB/c background) were subcutaneously injected with 5x10°
Hucct1 cells into the right flanks for 9 weeks. The maximal and average
volume of the tumors were calculated (length x width? x 0.5).

Plasmids and antibodies

Sleeping beauty transposon plasmids, NICD2-His, RAM-His, AR-His, TAD-His,
and PEST-His prokaryotic plasmids were purchased from Haixing Biosciences
(Suzhou, China). MANF-GST and MANF-His prokaryotic plasmids were
constructed by us and retained in our laboratory [60]. GST-CK19, GST-
CK195%*A, His-CK19 prokaryotic plasmids, and HA-CK19, HA-CK19°*>* eukaryotic
plasmids were purchased from Songon Biotech (Shanghai, China). Lentiviral
transduction particles containing MANF DNA (MANF-Flag, MANF OE) and short
hairpin RNA (shMANF) were purchased from Tsingke BiotechnologyCo., Ltd
(Nanjing, China). The siRNAs targeting Notch2 and CK19 were purchased from
Hanbio Tech (Shanghai, China) and Songon Biotech (Shanghai, China),
respectively. The sequences of Notch2-siRNA and CK19-siRNA used to silence
Notch2 and CK19 in AML12 and Hucct1 cells are presented in Supplementary
Table 2. The used antibodies are listed in Supplementary Table 3.

AAVs injection

The AAV8-TBG-Cre and AAV8-TBG-shNotch2 viruses were packaged and
purified by Hanbio Tech (Shanghai, China) to specifically control Cre
expression and knockdown Notch2 in mature hepatocytes, respectively.
Mice aged 3-4 weeks were injected with AAVs by tail vein at 1.3x 10"
genome copies per mouse. After AAVs took effect, 6-8-week-old mice
were used to construct SBT-induced mice ICC.

Serum biochemical index detection

Serum ALT, AST, TBIL, and DBIL levels were detected by fully automatic
biochemical analyzer (Rili, Japan) according to the manufacturer’s
instructions. In TAA model, two blood samples were excluded due to
hemolysis. Serum MANF levels were measured using ELISA kits according
to the manufacturer’s instructions (Reed Biotech, RE1283H-96T).

Immunohistochemistry
Immunohistochemistry assay was performed as previously described
[60]. Paraffin sections were deparaffinized, performed an antigen
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retrieval, incubated with antibodies, then stained with 3, 3’-diamino-
benzidine (DAB, ZLI-9018, ZSGB Bio) and hematoxylin. The images were
obtained with an intelligent section imaging analysis system (3D
HISTECH). Image J software was used to measure the integral optical

density (IOD).
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Multiplex immunohistochemical

Four-color multiple fluorescent immunohistochemical staining kit (RS0035,
ImmunoWay Biotechnology) was used based on the tyramide signal
amplification technique following the manufacturer’s protocol. The images
were collected with laser confocal (Zeiss, LSM800).
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Fig. 9 MANF depends on CK19 and Notch2 to promote hepatocytes-derived ICC. A Scheme for SBT-induced ICC after knockdown of
Notch2 using AAVs. B Gross morphology of mice livers. C Liver-body weight ratio. n = 6, **P < 0.01. D HE staining of mice liver tissues. E Tumor
number. n =6, *P < 0.05. F Tumber area. n =6, *P <0.05. G, H The levels of Notch2, CK19, Ki67, and MANF in SBT-induced mice ICC after
Notch2 knockdown detected by immunohistochemistry staining. n = 3, **P < 0.01, ***P < 0.001. | Effects of Notch2 knockdown on hepatocytes
transformation in the liver tissues of SBT-induced ICC mice after MANF knockin. The hepatocytes were double labeled by tdTomato (red) and
anti-CK19 (green) antibody. J Effects of Notch2 knockdown on the levels of HNF4a, CK7, CK19, MANF, and Notch2 in primary hepatocytes
isolated from tdTomato MANF Kl mice challenged with SBT for 2 weeks. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001. K Effects of CK19 knockdown
on the levels of CK7, Notch2, MANF, and CK19 in Hucct1 cells overexpressing MANF. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001. L No interaction of

MANF, CK19, and NICD2 in Hucct1 cells with MANF knockdown detected by Co-IP assay. The isotype IgG was used as a negative control.
<
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Fig. 10 Schematic diagram of the role of MANF in promoting ICC. Mature hepatocytes become biphenotypic cells after SBT challenge.
Hepatocytes lacking MANF cannot transdifferentiate into ICC cells, while the hepatocytes rich in MANF can transform into ICC cells
successfully. In detail, intracellular MANF interacts with CK19 at the site of Ser35 to suppress CK19 recruitment to the membrane. As a result,
CK19 is detained in the cytosol where it binds to AR domain within NICD2 to stabilize cytosolic NICD2 and enhance nuclear Notch2 signaling,
which contributes to hepatocytes transformation to ICC cells.

Immunofluorescence

Fresh liver tissues were embedded and sectioned for 8 pm after fixing in
4% paraformaldehyde and dehydrating by 30% sucrose. The corre-
sponding antibodies and DAPI were incubated after blocking. The
images were collected by microscope (Olympus) and laser confocal
(Zeiss, LSM800).

Western blot

Proteins were extracted using RIPA lysis buffer containing protease
inhibitor. Equal amounts of protein were loaded on SDS-PAGE gels and
probed with antibodies. Blots were visualized using a chemiluminescence
system (Bio-Rad, Hercules, USA).
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Quantitative real-time fluorescence PCR (qPCR)

Total RNAs were extracted using the RNA extraction kit (AG, AG21017 and
AG21023) according to the instructions. The Reverse Transcription Kit (AG,
AG11605) was used to reverse RNA to cDNA. QPCR assays were carried out
using SYBR Green PCR Master Mix (TOYOBO, 857100). GAPDH served as the
internal control. The primer sequences involved were included in
Supplementary Table 4.

Cell lines

Hucct1, RBE, and AML12 cell lines were purchased from Procell with short
tandem repeat (STR) identification and cultured in RPMI 1640 (Hucct1 and
RBE) with 10% fetal bovine serum or DMEM/F12 (AML12) with 10% fetal
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bovine serum, 1xITS-G, 40 ng/mL dexamethasone in incubator (37 °C, 5%
CO,). Plasmids were transfected using lipofectamine™ 3000 Reagent
(Invitrogen, L3000015) according to the manufacturer’s instructions. The
stably transfected cholangiocarcinoma cells were selected with 2 pg/mL
puromycin (Beyotime, ST551).

Malignant biological behavior assays

Colony-formation assay. Cells were seeded with at a density of 400 cells/
well in 6-well plates and incubated for 2 weeks. Colonies were stained
with 0.1% crystal violet, and images were captured to count colony
numbers.

Transwell invasion assay. Fifty thousand cells suspended in serum-free
RPMI 1640 were seeded into matrigel-coated filters in the upper
chambers of 24-well Matrigel Invasion Chambers (Corning, USA). RPMI
1640 containing 15% fetal bovine serum was placed to the lower
chamber as an attractant. Thirty-six hours later, the cells were stained
with 0.1% crystal violet. The images were obtained with microscope
(Olympus).

Isolation of primary hepatocytes

Mice were anesthetized and perfused with prewarmed 37 °C Hank’s buffer
(Beyotime, C0218) and 0.05% collagenase IV (Sigma, C-5138) via hepatic
portal vein. The isolated livers were digested in 0.05% collagenase IV at
37 °C for 15 min, then terminated with DMEM containing 10% fetal bovine
serum. The cell suspension was filtered through a 200-mesh strainer,
followed by gradient centrifugation and erythrocyte lysis. Isolated
hepatocytes were seeded in plates and cultured in DMEM containing
10% fetal bovine serum at 37 °C with 5% CO..

Subcellular separation assays

The specialized cellular component isolation kits were used to separate
membrane-cytosol (Invent Biotechnologies, SM005) and nucleus-cytosol
(Invent Biotechnologies, NT032) proteins in accordance with the manu-
facturer’s instructions.

Co-Immunoprecipitation (Co-IP)

Co-IP assay was performed as previously reported [30, 60]. Briefly, protein
A/G magnetic beads were pre-incubated with specific antibodies, followed
by incubation with tissue or cell lysis. The indicated bound proteins were
detected using western blot.

GST-pull down assay

MANF-GST and MANF-His prokaryotic plasmids were constructed by us
and kept in our laboratory [60]. All prokaryotic plasmids were induced by
IPTG to produce protein. His-tag protein was incubated with Pierce
Glutathione Agarose (16100, Thermo Scientific) bearing immobilized GST-
tag fusion protein at 4 °C for 2 h. The pulled down proteins were detected
using Coomassie and western blot.

Biacore assay

Biacore 8 K (Biacore, GE Healthcare) equipped with a CM5 Sensor Chip
(Cytiva, BR-1005-30) was used. The ligand protein CK19 was diluted to
50 pg/mL with sodium acetate and immobilized on the CM5 chip at a flow
rate of 10 uL/min. MANF and NICD2 were used as analytes. The running
buffer for the compounds was chosen to be 1x PBS-P+ containing 5%
DMSO (PH 7.4). Compounds were serially diluted and injected into the chip
in ascending concentrations. The flow rate was 30 pL/min and the duration
was 150s. The chip was regenerated with 10 mM glycine hydrochloride
solution (pH 2.0) for 5 min between runs.

Bioinformatic analysis and data acquisition

The corresponding clinical information and RNA-seq data were obtained
from TCGA, GSE179443, GSE107943, GSE241923, GSE221589, and
GSE138709 databases. Patients with ICC were divided into MANF low-
expression and high-expression groups based on the median MANF
expression. The ICC cohort from TCGA was used for co-expression analysis
of CK19 and Notch2 using the LinkedOmics. For correlation analysis, genes
with |cor|>0.4 and adjusted FDR<0.05 in the Pearson correlation test
were considered.
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Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.0 and SPSS
25.0 software. Samples were selected randomly within each group. All data
were expressed as mean+ SEM. Statistical significance between two
experimental groups was determined by paired or unpaired Student’s t
test. Multiple groups were compared with ANOVA. The chi-squared (x2)
test was used to evaluate the correlation between MANF expression and
clinical pathological features. P<0.05 was considered as statistical
significance.

DATA AVAILABILITY

The data that contribute to the findings of this study are available within the article
and included in Supplementary files. The MS proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD048451 (Username: reviewer_pxd048451@ebi.ac.uk and Pass-
word: NHg1JLZm). Further data supporting the findings of this study are available
from the corresponding author upon reasonable request. Restrictions apply to the
availability of individual participant data. Source data are provided with this paper.
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