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SUMMARY
Over the last several years, amethodhas emerged that endows adult hepatocyteswith in vitro proliferative capacity, producing chemically

induced liver progenitors (CLiPs). However, there is a growing controversy regarding the origin of these cells. Here, we provide lineage

tracing-based evidence that adult hepatocytes acquire proliferative capacity in vitro using rat and mouse models. Unexpectedly, we also

found that theCLiPmethod allows biliary epithelial cells to acquire extensive proliferative capacity. Interestingly, after long-term culture,

hepatocyte-derived cells (hepCLiPs) and biliary epithelial cell-derived cells (bilCLiPs) become similar in their gene expression patterns,

and they both exhibit differentiation capacity to form hepatocyte-like cells. Finally, we provide evidence that hepCLiPs can repopulate

injuredmouse livers, reinforcing our earlier argument that CLiPs can be a cell source for liver regenerativemedicine. This study advances

our understanding of the origin of CLiPs and motivates the application of this technique in liver regenerative medicine.
INTRODUCTION

While adult mature hepatocytes have been used clinically

for cell transplantation therapy, demonstrating safety and

short-term efficacy (Iansante et al., 2018), they are not

expandable in vitro, posing a major challenge for the field

of liver regenerative medicine and limiting the widespread

use of this therapy. Over the last several years, we and

others have established a methodology to obtain prolifera-

tive progenitor-like cells from hepatocytes without gene

manipulation (Fu et al., 2019; Katsuda et al., 2017, 2019;

Kim et al., 2018; Li et al., 2021; Wu et al., 2017; Zhang

et al., 2018), which we have termed ‘‘chemically induced

liver progenitors (CLiPs)’’ (Katsuda et al., 2017, 2019).

Because CLiPs can regenerate liver tissue when they are

transplanted within injured mouse livers (Fu et al., 2019;

Katsuda et al., 2017, 2019; Kim et al., 2018; Li et al.,

2021; Wu et al., 2017; Zhang et al., 2018), this methodol-

ogy has demonstrated potential for clinical translation

and is becoming more widely studied.

Despite the promising potential of this methodology,

there is active debate surrounding the origin of CLiPs.

Our original study (Katsuda et al., 2017) and others (Li

et al., 2021;Wu et al., 2017) provide evidence for the ability

to convert mouse hepatocytes to proliferative progenitors

using in vitro lineage tracing. However, the evidence for

this observation in rats has been lacking. Of note, Fu

et al. (2022) recently reported a study challenging our

model that CLiPs are derived from hepatocytes by instead
This is an open access article under the C
proposing that the CLiPs arise from putative resident

progenitor cells in the liver. In addition, it has remained

unclear whether biliary epithelial cells (BECs), another

epithelial cell type in the liver besides hepatocytes, can

give rise to proliferative cells by using the same strategy.

Given that BECs are considered a crucial building block

in liver tissue engineering, as they comprise the bile

drainage system (Katsuda et al., 2013; Rizki-Safitri et al.,

2018, 2020; Tanimizu et al., 2021), if the CLiP technique al-

lows BECs to expand in vitro, these cells would be a useful

source for advanced liver tissue engineering.

In this study, using the rat lineage tracing system, we first

provide evidence that CLiPs are induced from rat hepato-

cytes. Then, using a mouse lineage tracing system, a more

established and widely used system than the rat system,

we provide evidence that the CLiP strategy enables exten-

sive proliferation of BECs as well. Together, these results

allow us to expand our model to include both hepatocytes

and BECs as possible sources for CLiPs.
RESULTS

Rat CLiPs can be derived from adult hepatocytes

Whether CLiPs can be derived from rat hepatocytes is a

growing controversy in the field of regenerative liver

biology. Specifically, Fu et al. recently identified two

morphologically distinct populations that appear under

the stimulation of a combination of small molecule
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Figure 1. In vitro lineage tracing of rat
hepatocytes
(A) Schematic representation of in vitro
lineage tracing of rat hepatocytes.
(B) Phase contrast and the corresponding
tdTomato fluorescent images of rat hepa-
tocytes cultured with or without YAC at the
designated time points. Arrows indicate the
single tdTomato-labeled hepatocyte iden-
tified at day 1 in this microscopic field.
Scale bars: 100 mm.
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inhibitors called YAC (Y-27632, A-83-01 and CHIR99021),

which we previously reported as in vitro proliferation fac-

tors (Katsuda et al., 2017). One population formed colonies

composed of small cells and proliferated efficiently, while

the second population consisted of large cells and did not

proliferate (Fu et al., 2022). Using a recently established

rat lineage tracing system (Rosa26-LSL-tdTomato rats [Igar-

ashi et al., 2016]), Fu et al. found that tdTomato+ hepato-

cyte-derived cells contributed to the large cell population

but not the small cell population. From these data,

Fu et al. concluded that CLiPs are not derived from

hepatocytes.
2 Stem Cell Reports j Vol. 18 j 1–15 j July 11, 2023
Here, we provide evidence against their conclusion using

the same rat system. We injected adult Rosa26-LSL-

tdTomato rats with AAV8-TBG-iCre (improved Cre), and

harvested hepatocytes by the standard Percoll density

gradient method (Figure 1A). Consistent with Fu et al.’s

observation, the labeling efficiency in this system was

very low (0.05%–0.1% of hepatocytes were labeled with

tdTomato), thereby making the initial plating density of

tdTomato+ hepatocytes very sparse (Figure 1B). However,

this observation led us to hypothesize that tdTomato+

cell clusters appearing in the later time points should be

derived from only a single or a few hepatocytes, which



(legend on next page)
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would allow us to evaluate the clonal proliferative capacity

of hepatocytes. After culturing the cells in the presence of

YAC for approximately 2 weeks, large tdTomato+ cell clus-

ters with small cell morphologies emerged (Figure 1B). This

observation was readily apparent for multiple microscopic

fields in two independent experiments (Figure S1). Thus,

although we do not have a specific explanation for the

conflict between Fu et al.’s observation and ours, we

conclude that hepatocytes can give rise to CLiPs under

YAC stimulation.

Both mouse hepatocytes and BECs acquire extensive

proliferative capacity

Althoughwe and others have provided evidence that hepa-

tocytes can be the origin of CLiPs, it does not rule out the

possibility that other cell types also can yield proliferative

cells under YAC treatment. The very low labeling efficiency

of hepatocytes in the rat system precludes generating

conclusive results, thereby prompting us to continue the

exploration using the mouse system in which >98% of he-

patocytes can be labeled (Katsuda et al., 2022). Our earlier

lineage tracing study inmice was performed during the pri-

mary culture period to focus on the emergence of rapidly

proliferating cells from hepatocytes (Katsuda et al., 2017).

Here, we extended the culture period to test whether hepa-

tocyte-derived cells continue to proliferate after multiple

passages and whether non-hepatocyte cells, namely non-

parenchymal cells (NPCs), proliferate as well. Using the

Rosa26-LSL-EYFP mouse system (Figure 2A), we confirmed

robust proliferation of YFP+ hepatocyte-derived cells and

that these cells exhibited multiple BEC markers, which

were not expressed in the original hepatocytes (Figure 2B).

These BEC markers included those expressed in different

stages of hepatobiliary metaplasia in vivo (Merrell et al.,

2021) (Figure S2A), e.g., SPP1, SOX9, and HNF1B in the

early stage, ITGA6 in the intermediate stage, and KRT19

in the late stage. The YFP+ proliferative cells retain expres-

sion of HNF4A, a hepatocyte marker (Figure 2B), indicating

that they acquired biphenotypic characteristics. We also

observed the persistence ofHnf4a gene expression in hepa-

tocyte-to-BEC reprogrammed cells in vivo by single-cell

RNA sequencing (scRNA-seq) (Figure S2A), suggesting a
Figure 2. Mouse hepatocytes proliferate and undergo partial bilia
the population
(A) Schematic representation of in vitro lineage tracing of mouse hep
(B) Confirmation of biphenotypic marker expression of YAC-treated p
(C) Existence of the contaminated BECs becomes evident around 5 da
(D) YFP� epithelial cells express both HNF1B and EPCAM, while YFP+
(E) Quantification of YFP+ hepatocyte-derived population by flow cyt
SEM (n = 4 donors).
(F) Quantification of BEC marker expression in hepatocyte-derived YFP
BECs are defined as cells positive for EPCAM or CD24, and the positive
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partly similar behavior of hepatocyte-derived cells between

the processes of in vivo reprogramming and our in vitro cul-

ture system.

We then assessed the possibility thatNPCs proliferate un-

der the YAC culture condition. Flow cytometry using the

Percoll density gradient-enriched cells yielded a population

that was >98% positive for YFP. The �2% YFP-negative

population contained non-epithelial NPCs, including

CD11B+ monocytes/Kupffer cells, CD45+ leukocytes, and

CD31+ endothelial cells (Figure S2B). Following culture in

YAC medium, such non-epithelial NPCs decreased over

time and became almost undetectable by the end of pri-

mary culture (Figure S2C). By contrast, we observed that

YFP- epithelial cells grew rapidly in primary culture (Fig-

ure 2C), and these cells were confirmed to be BECs based

on the expression of HNF1B and EPCAM (Figure 2D).

Considering the rarity of BECs detected in the Percoll den-

sity gradient-enriched population (Figure S2D), the growth

rate of BECs was much faster than that of hepatocytes.

Moreover, BEC proliferation was apparent as early as 2–

3 days after plating as assessed by microscopic observation,

while hepatocyte proliferation became apparent after

around 4–5 days (data not shown). Consequently, the

YFP+ cell fraction steadily decreased over the period of

the subsequent passages (Figure 2E). We estimated the ki-

netics of reduction of the YFP+ fraction by calculating the

ratio of doubling times between hepatocytes and BECs (Fig-

ure S2E, also see supplementary experimental procedures),

which suggested that BECs have �15% shorter doubling

time than that of hepatocytes. To assess the biliary charac-

teristics, we monitored the protein expression of two BEC

surface markers, CD24 and EPCAM. In a mouse hepatobili-

ary reprogramming model, we recently found that CD24

expression began in the early to intermediate stage of

biliary reprogramming of hepatocytes, while EPCAM

expression began in the intermediate to late stage (Katsuda

et al., 2023). Thus, these two markers would give insight

into the plastic characteristics of hepatocytes and BECs

in vitro. We found that CD24 was readily expressed in all

the BECs and hepatocytes after 5 days in primary culture,

while EPCAM expression was present only in BECs

throughout the culture until the fifth passage (P5)
ry reprogramming, while contaminated BECs gradually dominate

atocytes.
roliferative hepatocytes. Scale bars: 100 mm.
ys after plating. Scale bars: 100 mm.
cells express only HNF1B. Scale bars: 100 mm.
ometry throughout the continued passages. Date represent mean ±

+ cells and that in contaminated YFP� BECs by flow cytometry. Fresh
values are set to 100%. Date represent mean ± SEM (n = 4 donors).
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(Figure 2F). Interestingly, we found that EPCAM expression

was lost by P3 in BECs, while CD24 expressionwas retained

in both populations throughout the culture period (Fig-

ure 2F). These results indicate that hepatocytes partly

gained biliary characteristics (CD24 expression), while

BECs partly lost biliary characteristics (EPCAM expression).

Intriguingly, when sorted BECs were cultured with YAC

(Figure S3A), they partly exhibited morphologies resem-

bling hepatocytes, as characterized by polygonal and cyto-

plasm-rich morphologies with occasional binucleation

(Figure S3B), a characteristic feature of hepatocytes (Tani-

mizu et al., 2016). Indeed, these cells expressed HNF4A,

while co-expressing SOX9, indicating that BEC-derived

proliferative cells also gain the biphenotypic property

seen in hepatocyte-derived cells (Figure S3C). Collectively,

these results suggest that hepatocytes and BECs converge

into a similar cell type under YAC culture. Thus, hereafter,

we refer to these YAC-induced proliferative cell populations

as hepatocyte-derived CLiPs (hepCLiPs) and BEC-derived

CLiPs (bilCLiPs), respectively. We confirmed that both

cell types had almost unlimited proliferative capacity (no

reduction in proliferation after at least 20 passages, where

cell density was diluted by 1/20 to 1/40 in each passage).

These results lead us to expand our model, concluding

that both hepatocytes and BECs can be the origin of

CLiPs, not just hepatocytes.

Hepatocyte-derived and BEC-derived cells become

similar in vitro

We then sought to characterize hepCLiPs and bilCLiPs in

terms of their gene expression profiles. Using a Rosa26-

LSL-EYFP mouse, we generated clonal hepCLiP (n = 23)

and bilCLiP cell lines (n = 11). These clones were generated

through fluorescence-activated cell sorting (FACS) of cells

after 2 weeks of primary culture in YAC followed by an

additional four passages. (Figure 3A). We first compared

the growth rates of these CLiP cell lines. Although there

was no statistically significant difference during the
Figure 3. Both hepCLiPs and bilCLiPs exhibit BEC-like phenotyp
under the 3D culture
(A) Schematic of strategy to establish hepCLiPs and bilCLiPs.
(B) Heatmap of hepatic and BEC markers as assessed by qRT-PCR with c
and fresh BECs (n = 5).
(C) Schematic of 3D culture-based hepatic induction of hepCLiPs and b
a representative example. Scale bars: 100 mm.
(D) Gene set enrichment analysis (GSEA) comparing hepCLiPs cultur
genes (n = 3,432) compared with BECs and BEC-enriched genes (n = 2,0
clones established from two donors; n = 3 bilCLiP clones established
(E) PCA mapping of hepCLiPs and bilCLiPs cultured in 2D and 3D (n = 3
harvested from normal mouse livers and those under hepatobiliary r
ethoxycarbonyl-1,4-dihydrocollidine (DDC). For in vivo reprogrammin
(F) Heatmap of hepatic (n = 3,432) and BEC (n = 2,048) marker genes
donors) and bilCLiPs (n = 3 clones from one donor) along with DDC-i
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first 3 days after plating (Figure S4A), bilCLiPs exhibited

faster proliferation if the culture period is extended

(data not shown), consistent with our earlier observation

(Figures 2E and S2E). We then compared their gene expres-

sion patterns along with freshly isolated hepatocytes and

BECs by qRT-PCR. As shown in Figure 3B, hepCLiPs and

bilCLiPs demonstrated higher similarity to BECs than to

hepatocytes. This is likely due to the decreased expression

of most of the assessed hepatocyte genes and the upregula-

tion of BEC genes in hepCLiPs (Figure 3B). Some of the as-

sessed BEC genes, including Tacstd2, Grhl2, and Epcam,

were substantially decreased in bilCLiPs, but many others,

including Spp1, Hnf1b, Itga6, and Krt19, were retained

throughout the culture period. The expression of these bil-

CLiP-retained genes was upregulated in hepCLiPs, thereby

making their overall expression patterns similar to each

other (Figure 3B). We also observed that many bilCLiP-re-

tained genes were also acquired at early to intermediate

stages of hepatobiliary metaplasia in vivo; however, many

bilCLiP-downregulated genes are acquired at the late stage

of hepatobiliary metaplasia with a few notable exceptions

such as Krt19 and Krt7 (Figure S2A).

While CLiPs resemble BEC-like cells in the routinemono-

layer culture, they can re-differentiate into hepatocyte-like

cells under a condition that induces the hepatocyte pheno-

type (Li et al., 2021; Wu et al., 2017). We were interested in

whether this is also the case for bilCLiPs. First, using a new

culture system (Figure 3C)whereCLiPswere cultured under

a three-dimensional (3D) condition in thepresenceofhepa-

tocyte-inducible cytokine oncostatin M (Kamiya et al.,

2002), we attempted hepatic induction of these two cell

types. Using multiple clonal hepCLiP and bilCLiP cell lines

(n = 3 each), we performed bulk RNA-seq. Principal-compo-

nent analysis (PCA) confirmed that both hepCLiPs and bil-

CLiPs underwent similar phenotypic changes, as shown by

the PC1 axis (Figure S4B). Strikingly, gene set enrichment

analysis (GSEA) clearlydemonstrated that in the3Dculture,

both cell types gained a hepatocyte-like phenotype, while
es under 2D culture, while they become more hepatocyte-like

lonal hepCLiPs (n = 23), bilCLiPs (n = 11), fresh hepatocytes (n = 6),

ilCLiPs. Images obtained for one of the hepCLiP clones are shown as

ed under 2D and 3D conditions using sets of hepatocyte-enriched
48) compared with hepatocytes (Merrell et al., 2021) (n = 3 hepCLiP
from one donor).
) along with in vivo reprogrammed cells (n = 3). In vivo samples were
eprogramming induced by challenging the mice with 0.1% 3,5-di-
g experiments, the cells were harvested by FACS.
as assessed by RNA-seq with clonal hepCLiPs (n = 3 clones from two
nduced in vivo reprogrammed cells (n = 3).
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losing their biliary phenotype (Figure 3D). We also

compared our in vitro dataset with our in vivo dataset, where

biliary reprogramming of hepatocytes was induced by

challenging the mice with 3,5-diethoxycarbonyl-1,4-dihy-

drocollidine (DDC) diet (Katsuda et al., 2023). The hepato-

biliary axis represented by the PC1 demonstrated that both

hepCLiPs and bilCLiPs transitioned from a biliary

phenotype to a hepatocyte phenotype in the in vivo setting

under induced stress (Figure 3E). In terms of the PC1 axis,

the hepatic characteristics of CLiPs cultured under the 3D

condition were inferred to be similar to that of intermedi-

ately reprogrammed cells in vivo (Figure 3E). Hierarchical

clustering based on the whole transcriptome indicated

that hepCLiP_3D and bilCLiP_3D are similar to reprog-

rammed cells in the early stage (namely, they are more

‘‘hepatocyte-like’’), while hepCLiP_2D and bilCLiP_2D

clustered with the late-stage reprogrammed cells and BECs

(Figure S4C). A heatmap visualization of a curated list of

hepatocyte-enriched genes (n = 2,048) and BEC-enriched

genes (n = 3,432) (Katsuda et al., 2023) further supported

this observation (Figure 3F). Meanwhile, we also noted

that hepCLiPs are more hepatocyte-oriented compared

with bilCLiPs both in 2D and 3D culture conditions

(Figure S4D), suggesting that these two types of cells

partly retain the phenotypes of their cell of origin even

after long-term culture. A GSEA of the Hallmark

pathways further confirmed that multiple hepatocyte

function-related pathways are more enriched in

hepCLiPs, such as ‘‘xenobiotic metabolism,’’ ‘‘bile acid

metabolism,’’ and ‘‘coagulation’’ (Figure S4E). In contrast,

only a few pathways were relatively enriched in bilCLiPs

(Figure S4E), suggesting that the major difference between

these cell types is dictated by the extent of their hepatocyte

phenotype. In summary, these data demonstrate that

althoughneither hepCLiPs nor bilCLiPs acquire fully differ-

entiated hepatic characteristics, both of them clearly

change their phenotype toward hepatocyte-like cells in

the 3D conditions.
Figure 4. Mouse hepCLiPs repopulate chronically injured mouse l
(A) Schematic of experimental design for the establishment of CFP-la
CFP+ hepCLiP clones using the FRG mouse system.
(B) Macroscopic brightfield and fluorescent images of the FRG mouse l
with the nitisinone cycle for 3.8 months.
(C) Estimation of repopulation efficiency based on the gross fluoresce
values. Global p value among the three groups was calculated by the
(D) Number of nodules visible on the liver surface were counted on eac
cells’’ (note that 5 3 105 cells/mouse were transplanted for 2D_TrypL
planted for 3D_Accutase. See experimental procedures for details). The
three groups was calculated by the Kruskal-Wallis test.
(E) Stitched image of an H&E-stained hepCLiP-repopulated FRG mouse
the corresponding region are shown (right). A TrypLE-dissociated he
Similar staining patterns are observed for the other two groups as sh
(F) A higher magnification image of the region indicated by the rect
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hepCLiPs regenerate injured livers of FRG mice

Finally, we sought to re-evaluate our earlier model in which

hepatocyte-derived CLiPs can regenerate an injured liver,

whichwas not fully demonstrated in our previous study us-

ing the rat CLiPs due to remaining questions about their

cellular origins (Katsuda et al., 2017). To this end, we as-

sessed the repopulation capacity of one of the clonal hep-

CLiP cell lines thatwas also analyzed via RNA-seq (Figure 3),

in FRG (Fah�/�Rag2�/�Il2rg�/�) mice, a well-established

liver injury model that offers a permissive environment

for repopulation by transplanted hepatocytes (Azuma

et al., 2007) (Figure 4A). We previously described that rat

CLiPs were able to repopulate the injured mouse liver

without hepatic induction prior to transplantation (Kat-

suda et al., 2017). However, given that it would be benefi-

cial to know whether there is a difference in the repopula-

tion efficiency between hepCLiP_2D and hepCLiP_3D

cells, we prepared cells from both conditions (see experi-

mental procedures for details) (Figure 4A). FRG mice

develop liver disease when the protective drug 2-(2-nitro-

4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC)

is withdrawn (Azuma et al., 2007). Upon intrasplenic trans-

plantation of hepCLiPs, we started the NTBC cycling to

gradually invoke liver injury (see experimental procedures

for details) (Figure 4A). At approximately 1.5 months after

transplantation, we challenged the mice with extended

NTBC withdrawal (3 weeks OFF/5 days ON). Of the nine

animals, eight survived after the third round of the long

NTBC withdrawal cycles, indicating the therapeutic effect

of transplantation. The one mouse that did not survive

was one of the three hepCLiP_2D-transplanted mice.

Accordingly, both hepCLiP_2D and hepCLiP_3D cells ex-

hibited robust repopulation in the host livers (Figure 4B).

The repopulation efficiency was roughly estimated to be

comparable between hepCLiP_2D and hepCLiP_3D cells

(Figure 4C). The sizes of CFP+ repopulated nodules tended

to be larger when transplanted with hepCLiP_2D cells,

while the number of nodules formed in the FRG livers
ivers
beled clonal hepCLiPs and the repopulation assay for one of these

ivers. Livers were harvested from the host mice, which were treated

nt images described in (B). The horizontal bars indicate the mean
Kruskal-Wallis test.
h image shown in (B) and represented as ‘‘per transplanted 53 105

E and 3D_TrypLE groups, while 2.5 3 105 cells/mouse were trans-
horizontal bars indicate the mean values. Global p value among the

liver tissue (left), and the CFP IF and DAPI counterstained images of
pCLiP_3D-transplanted sample is shown as a representative image.
own in Figure S5. Scale bars: 1 mm.
angle in the H&E staining of Figure 4E. Scale bar: 50 mm.
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tended to be greater when transplanted by hepCLiP_3D

cells (Figure 4D). Although more samples will be needed

to be statistically conclusive, this observation suggests

that hepCLiPs treated with hepatic induction prior to

transplantation have higher engraftment efficiency in the

host liver compared with hepCLiPs maintained under the

routine monolayer culture condition. Since the engraft-

ment efficiency is one of the key determinants for success-

ful cell transplantation therapy (Rezvani et al., 2016), our

observation may give an insight into strategies to improve

CLiP-based cell transplantation therapy.

We then assessed the tissue integrity of the repopulated

livers by hematoxylin and eosin (H&E) staining and immu-

nofluorescence (IF) (Figures 4E and S5). Repopulated tissue

was readily identified by cyan fluorescent protein (CFP)

staining (Figures 4E and S5). Host tissue had a larger num-

ber of expanding ductal cells, a general feature of chronic

liver injury called ‘‘ductular reaction’’ (Sato et al., 2019),

while the repopulated regions were filled with densely

packed hepatocytes (Figure 4F). The Rosa-LSL-Confetti

mouse system, from which we generated clonal cell lines

transplanted to the FRGmice (see experimental procedures

for details), expresses CFP designed to localize on the

cellular membrane (Maddipati and Stanger, 2015). Thus,

we confirmed that nearly all the CFP+ cells expressed

mature hepatocyte genes FAH (Figure 5A) and ABCB11

(also known as Bile Salt Export Pump, BSEP) (Figures 5B

and 5C), while we did not find any evidence of KRT19

expression in the CFP+ cells (Figure 5A), indicating that

hepCLiPs differentiated into hepatocytes in vivo. We

also stained for GLUL (also known as Glutamine Synthe-

tase, GS) and CYP2E1, both of which are known to be

expressed in pericentral hepatocytes (Halpern et al.,

2017), and confirmed proper localization of these proteins

(Figures 5B–5D). SOX9, usually regarded as a BECmarker, is

known to be expressed in a small fraction of periportal he-

patocytes at the protein level (Font-Burgada et al., 2015).

Indeed, we confirmed that hepCLiP-derived hepatocytes

occasionally expressed SOX9 (Figure 5E). The SOX9 expres-

sion levels in the CFP+ cells weremuch lower than in BECs,

and the CFP+SOX9+ cells were morphologically hepato-

cyte-like (Figure 5E). Thus, these observations further sup-

port the conclusion that hepCLiPs serve as hepatocytes,

but not BECs, after repopulation of the FRG mouse livers.

In summary, we have provided direct evidence that hep-

CLiPs can regenerate injured livers.
DISCUSSION

This study provides lineage tracing-based evidence that

hepatocytes can be expanded in vitro using the small in-

hibitor cocktail YAC both in rats and mice. Transplanta-
tion experiments further confirmed that hepatocyte-

derived CLiPs regenerate the injured mouse liver, thereby

providing evidence that hepatocytes can be a cell source

for liver regenerative medicine. We also provided evi-

dence that BECs can acquire proliferative capacity in

the presence of YAC and exhibit a similar gene expres-

sion pattern to that of hepCLiPs. Moreover, bilCLiPs

exhibit the capacity to differentiate to hepatocyte-like

cells. Future studies are needed to further characterize

the capacity of bilCLiPs to regenerate the liver paren-

chyma as well as their potential contribution to bile

duct reconstruction.

This study was partly motivated by a growing contro-

versy related to the origin of CLiPs, which was recently

highlighted by Fu et al. (2022). Our original study (Katsuda

et al., 2017), as well other studies employing a similar

experimental strategy (Fu et al., 2019; Huang et al., 2019,

2021b, 2021a; Katsuda et al., 2017, 2019; Kim et al.,

2018; Wu et al., 2017; Zhang et al., 2018), are based on

the assumption that the contamination of BECs is almost

negligible and would minimally confound the conclusion

that hepatocytes are the sole origin of CLiPs. However,

our careful examinations in the present study require us

to revise this conclusion, in particular in the mouse model.

However, there is a need for further investigation for the rat

model, given that the currently available rat lineage tracing

system fails to efficiently label hepatocytes, making the

assessment inconclusive. Interestingly, unlike the steep

decline of YFP+ cells in mouse CLiP culture during the first

several passages (Figure 2E), our preliminary data suggest

that the tdTomato+ growth rate in rat CLiP culture was rela-

tively stable (data not shown). Thus, it is possible that the

growth capacities of hepatocytes and BECs are less diver-

gent in rats compared with mice. It should be also noted

that, in rats, both hepatocytes and BECs undergo a prolifer-

ative crisis, a phase in which cell growth transiently slows

down during passages P2–P7 (Katsuda et al., 2017, 2018).

Neither mouse hepatocytes nor mouse BECs undergo the

proliferative crisis, as we confirmed that FACS-sorted

YFP+ cells kept growing without a transient decrease

(data not shown). Furthermore, in our original study, we

demonstrated that nine of 14 rat clonal CLiP lines ex-

hibited efficient hepatic differentiation, while the other

five showed very little differentiation capacity (Katsuda

et al., 2017). Although lineage tracing-based evidence is

lacking, we speculate that the former nine clones were

derived from hepatocytes, while the latter five clones

were derived from BECs. This observation is in stark

contrast to that in mouse CLiP experiments in the same

study, which revealed substantially decreased hepatocyte

differentiation efficiency after the long-term culture (Kat-

suda et al., 2017), presumably reflecting the dominant

growth of BECs over hepatocytes. Of note, we used the
Stem Cell Reports j Vol. 18 j 1–15 j July 11, 2023 9



Figure 5. Histological characterization of hepCLiP-repopulated FRG mouse livers
IF images of (A) CFP, FAH, and KRT19, where arrows indicate atypically expanding ductal cells (known as ductular reaction); (B) CFP, GLUL,
and ABCB11 in a pericentral region; (C) CFP, GLUL, and ABCB11 in a periportal region; (D) CFP and CYP2E1; (E) CFP and SOX9, where arrows
indicate hepatocytes weakly expressing SOX9. The nuclei of all the IF samples are counterstained with DAPI. All the images shown are taken
from the hepCLiP_3D_TrypLE samples (Figure 5A), but we confirmed similar staining patterns for both hepCLiP_2D_TrypLE and hep-
CLiP_3D_Accutase samples (data not shown). CV, central vein; PV, portal vein. Scale bars: 50 mm.
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monolayer induction system in the original study, which

had much less hepatic inducibility than the 3D system

used in this study. These observations collectively indicate

that there is a species-dependent difference in the prolifer-
10 Stem Cell Reports j Vol. 18 j 1–15 j July 11, 2023
ative properties of liver cells in vitro, which require further

characterization in future studies.

We also aim to reconcile differences between Fu et al.’s

interpretation and our own (Fu et al., 2022). First, contrary
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to the conclusion by Fu et al. that rat CLiPs are derived from

putative liver progenitor cells, we propose that it is more

likely that the ‘‘small cell population’’ they identified is

identical to the reprogrammable 2c subset of hepatocytes,

which we identified as the origin of CLiPs (Katsuda et al.,

2017). In our follow-up study, we reported that the diame-

ters of 2c, 4c, and 8c hepatocytes were 18.0 ± 3.3 mm, 24.4 ±

3.6 mm, and 29.3 ± 4.3 mm, respectively (mean ± SD) (Kat-

suda et al., 2020), which was reasonably consistent with

Fu et al.’s observation that the diameter of purified small

cells is �16.8 mm, while the diameter of hepatocytes is

�24.5 mm (Fu et al., 2022). Moreover, given that the size

of rat BECs is reported to be 8–14 mm in diameter (Glaser

et al., 2006), it ismore reasonable to consider the small cells

described by Fu et al. as 2c hepatocytes than BECs. Second,

the discrepancy related to the emergence of tdTomato+

small cell clusters could be attributed to failure in labeling

the 2c hepatocytes by Fu et al. due to their lower infection

efficiency. In our preliminary study, while the tdTomato

labeling efficiency was 0.09% in the isolated hepatocytes,

it unexpectedly increased to 4.8% at 14 days of culture

(n = 1, data not shown). Our interpretation is that the

tdTomato+ ratio did not reach the plateau at the time of he-

patocyte isolation (3 days post infection). Thus, we approx-

imate that the actual infection efficiency was �5% in our

study, which is 100 times greater than the efficiency Fu

et al. determined at 7 days post infection (0.05%). The

difference in the infection efficiency could at least partly

be attributed to the difference in viral dose: we injected

7.5 3 1012 viral particles/rat, while Fu et al. injected

1.1 3 1012 viral particles/rat. In summary, given that the

remainder of Fu et al.’s study describes very similar observa-

tions as to what we reported previously, namely the

demonstration of hepatic/biliary differentiation capacities

(Katsuda et al., 2017), we would consider that their report

faithfully reproduces our earlier study, thereby reinforcing

the concept of the CLiP methodology.

Lastly, although it is important to clarify theoriginofCLiP,

themost significant conclusions relate to the clinical poten-

tial of this cellular technology. Therefore, beyondexpanding

our model on the cellular origin of CLiPs, the present study

provides clear evidence that hepCLiPs can repopulate

injured livers, providing substantialmotivation for the ther-

apeutic applicability of CLiP-based liver regenerative medi-

cine. However, we used only one hepCLiP cell line, and

thus reproducibility must be assessed carefully in future

studies.Nonetheless, given thatRNA-seq analysis confirmed

that the other two hepCLiP lines also had the similar tran-

scriptomic signatures (Figure 3), we expect that these hep-

CLiPs are likely to have repopulation capacity aswell. Future

studies are also needed to further support the translational

potential of bilCLiPs in diseases involving impaired hepatic

function and biliary complications. Moreover, based on our
expanded model of CLiP generation, future studies are

needed to determine which type of CLiPs, either hepCLiPs

or bilCLiPs, are better suited to regenerate liver tissue in pa-

tients. Specifically, we hypothesize that each type of CLiP

may be better suited for the treatment of liver diseases with

different etiologies, for example whether the hepatocytes

orbiliary cells comprise theprimarydriverofhepatic decom-

pensation. We believe that this work provides key evidence

for the feasibility of CLiP-based regenerative medicine and

broadens the possibility for cell-based therapy in patients

suffering from irreversible liver damage.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author
Further information and requests for resources and reagents

should be directed to and will be fulfilled by the corresponding

author, Takeshi Katsuda, e-mail: tkatsuda412@gmail.com.

Materials availability

All unique and stable reagents generated in this study of which suf-

ficient quantities exists are available from the corresponding

author with a complete Materials Transfer Agreement.

Data and code availability

The RNA-seq data that were generated during the study have been

deposited in the Gene Expression Omnibus (GEO) with the acces-

sion number GEO: GSE229543 (in vitro) and GEO: GSE218945

(in vivo). Detailed scripts and parameters used for each step of the

analysis provided by reasonable request to the authors.
Rats
Rosa26-LSL-tdTomato rats on Long Evans background were in-

jected with 7.5 3 1012 viral particles/rat with AAV8-TBG-iCre

(improved Cre) virus (VectorBio Lab) via the jugular vein. Three

days following injection, hepatocytes were harvested as described

below. Studies were conducted in accordance with the guidelines

of the Institute for Laboratory Animal Research, National Cancer

Center Research Institute.
Mice
Heterozygous or homozygous Rosa26-LSL-EYFP and Rosa26-LSL-

Confetti mice on C57BL/6 backgrounds at 6–10 weeks of age

were injected retro-orbitally with 2.5 3 1011 viral particles of

AAV8-TBG-Cre virus (Penn Vector Core). One week following in-

jection, liver cells were isolated as described below. FRG mice

(Azuma et al., 2003) at 5–6months of agewere used as host animals

for the repopulation assay. Hepatobiliary reprogramming was

modeled in Rosa26-LSL-Cas9-IRES-EGFPmice onC57BL/6 by chal-

lenging the mice with 0.1% 3,5-diethoxycarbonyl-1,4-dihydrocol-

lidine (DDC) diet (Envigo) 1 week after AAV8-TBG-Cre injection.

FRG mice were purchased from Yecuris, bred in the Penn Stem

Cell & Xenograft Core andmaintained on 1mg/mLNTBC. Studies

were conducted in accordance with the NIH and University

of Pennsylvania Institutional Animal Care and Use Committee

guidelines.
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Hepatocyte isolation from rats
A step-by-step protocol is available online (Katsuda et al., 2018).

Briefly, the liver was digested by two-step collagenase perfusion.

The extracted liver was further digested in a collagenase solution

at 37�C for 15 min. The digested liver was then filtered twice

through a sterilized cotton mesh, and the cells were collected via

centrifugation at 57 3 g for 1 min. Following resuspension in

50 mL/tube of E-MEM (Sigma), large cell aggregates were elimi-

nated by filtering the cell suspension with a 60-mm stainless cell

strainer (Ikemoto Scientific Technology), and the cells were

collected by centrifugation at 57 3 g for 1 min. Then, the cells

were resuspended in 24.5 mL/tube of complete Percoll media

(composed of 25 mL of L-15 medium [Life Technologies] supple-

mented with 0.429 g/L HEPES [Sigma], 2 g/L BSA [Sigma], 1 3

10�7 M insulin [Sigma], 2.4 mL of 103 Hank’s balanced salt solu-

tion (HBSS)(�) [Life Technologies], and 21.6 mL of Percoll [GE

Healthcare]). Dead cells were removed via centrifugation at 57 3

g for 10 min. Then, the cells were washed in 50 mL/tube of

E-MEM twice via centrifugation at 57 3 g for 2 min, and used for

cell culture.

Hepatocyte isolation from mice
Livers were perfused with 40 mL of 13 HBSS, followed by 40 mL

HBSS/1 mM EGTA, and 40 mL of HBSS/5 mMCaCl2/40 mg/mL lib-

erase. Following perfusion, livers were mechanically dissociated

with tweezers, resuspended in 10 mL DMEM supplemented with

5% fetal bovine serum (FBS) (hereafter called DMEM5), and fil-

trated with a 70-mm cell strainer. The cells were centrifuged at

503 g for 5min. Then, the cells were resuspended in complete Per-

coll solution (10.8 mL Percoll, 12.5 mL DMEM5, and 1.2 mL 103

HBSS(�)), and centrifuged at 50 3 g for 10 min. The cells were

washed in 10 mL DMEM5 once by centrifugation at 50 3 g for

5 min, then the cells were used for cell culture, flow cytometry,

FACS, and RNA extraction.

Whole liver cell isolation from mice
Livers were digested by the two-step liberase perfusion as described

above. Then, the undigested remaining tissue was transferred to a

1.5-mL tube, minced with surgical scissors, and further digested

with 103 concentrated liberase (�430 mL/tube of 400 mg/mL in

HBSS with 5 mM CaCl2) at 37
�C for 30 min while vortexing the

sample several times intermittently. The digested tissuewas filtered

with a 70-mm cell strainer and combined with the cell suspension

digested previously. The cells were then centrifuged at 300 3 g at

4�C for 5 min. Then, the cells were suspended in 10 mL ACK lysis

buffer (Quality Biological) and incubated on ice for 10 min to re-

move red blood cells. The cells were then collected by centrifuga-

tion at 300 3 g at 4�C for 5 min, and further processed for BEC

isolation as follows.

BEC isolation from mice by FACS
In some experiments, we enrichedBECs using amagnetic activated

cell sorting (MACS) system (Miltenyi) for more efficient FACS sort-

ing, while in other experiments we directly proceeded to staining

for FACS. We confirmed that high purity of FACS-sorted BECs

was achieved in each setting (YFP� EPCAM+ rate >90%). For

MACS enrichment, the cells were resuspended in MACS buffer
12 Stem Cell Reports j Vol. 18 j 1–15 j July 11, 2023
(PBS, 0.5% BSA, 2mMEDTA) to the final volume of approximately

1.5 mL, and 150 mL CD326 (EPCAM) MicroBeads (Miltenyi) were

added. After incubation at 4�C for 15 min, the cells were washed

with an equal volume of MACS buffer, and then centrifuged at

2,000 rpm (�8003 g) at 4�C for 2 min. The cells were resuspended

in 1 mL MACS buffer, and EPCAM+ cells were separated using LS

columns (Miltenyi) (2 columns were used per animal; 0.5 mL sus-

pension/column). The cells were then collected by centrifugation

at 2,000 rpm (�8003 g) at 4�C for 2min. The cells were then resus-

pended in 100 mL flow buffer(+), and approximately 1 mL BV421-

EPCAM (Biolegend) on ice for 20 min. After washing in 200 mL

flow buffer(+) once by centrifugation at 2,000 rpm (�800 3 g) at

4�C for 2 min, the cells were resuspended in 0.5 mL flow buffer(+)

with 1/1,000 TO-PRO-3, and the cells were sorted on an Aria II

sorter (BD).

Cell culture
For rat cell culture, FBS-free small hepatocyte culturemedium (SHM)

was used as basal medium (Chen et al., 2007), namely, DMEM/F12

(Corning) containing 2.4 g/L NaHCO3 and L-glutamine, which

was supplemented with 5 mM HEPES (Corning), 30 mg/L

L-proline (Sigma), 0.05% BSA (Sigma), 10 ng/mL epidermal growth

factor (Sigma), insulin-transferrin-serine (ITS)-X (Thermo), 10�7 M

dexamethasone (Dex) (Sigma), 10 mM nicotinamide (Sigma),

1 mM ascorbic acid-2 phosphate (Wako), and 13 antibiotics (anti-

anti (Thermo) or gentamycin (Gemini Bio-Products)). Cells were

cultured in SHM with or without 10 mM Y-27632 (Wako), 0.5 mM

A-83-01 (Wako), and 3 mMCHIR99021 (AxonMedchem). Formouse

cell culture,weusedSHMsupplementedwith 10%FBS andYAC. Iso-

lated cells were suspended in SHM, SHM+YAC, or SHM+10%

FBS+YAC at 1 3 104 cells/mL, and plated on collagen-coated plates

(IWAKI) according to the surface areas (0.5 mL/well, 1 mL/well,

2 mL/well, and 10 mL/plate for a 24-well, 12-well, 6-well, and

10-cm plate, respectively). Culture medium was replaced every 2–

3 days. When cells reached 70%–100% confluence, they were har-

vested by standard trypsinization, and passaged to new plates at

1/20–1/40 dilution.

Flow cytometry and FACS
Cells were stained with antibodies listed in Table S2 at 1/100 dilu-

tion in flow buffer (HBSS, pH 7.4, supplemented with 25 mM

HEPES [Thermo], 5 mM MgCl2 [MedSupply Partners], 13 Pen/

Strep [Thermo], 13 Fungizone [Thermo], 13 NEAA [Thermo],

13 Glutamax [Thermo], 0.3% glucose [Sigma], 13 sodium pyru-

vate [Thermo]) supplemented with 40 mg/mL DNase I (hereafter

called flow buffer(+)). The cells were washed twice in flow

buffer(+) and centrifuged at 800 3 g for 1 min before and after

each wash, then were resuspended in flow buffer(+) containing

1/1,0003 TO-PRO-3 (Thermo) and analyzed using an LSR II

analyzer (BD) for flow cytometry or sorted on an Aria II sorter

(BD).

Hepatic induction
To generate spheroids, we used Aggrewell400 24-well plates

(Stemcell Technologies), which were pre-treated with Anti-

Adherence Rinsing Solution according to the manufacturer’s in-

structions (Stemcell Technologies). After trypsinization, cells
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were resuspended in SHM+YAC without FBS, and the cell con-

centration was adjusted to 1–1.2 3 106 cells/mL. Then, 1 mL of

the cell suspension was added to an Aggrewell400 plate well,

which was pre-filled with 1 mL of SHM+YAC, and mixed thor-

oughly by pipetting. Then, plates were centrifuged at 100 3 g for

3 min, and placed in a CO2 incubator. Following incubation for

3 days without medium change, spheroids were harvested in a

15-mL tube. After sitting for approximately 5min, the supernatant

was removed, and spheroids were resuspended in 5 mL SHM+YAC

supplemented with 10 ng/mL mouse oncostatin M (R & D), and

seeded to a 60 mm ultra-low attachable suspension culture plate

(Corning). Then, spheroids were cultured on a rocking shaker at

15 rpm speed for 6–8 days. Half volume (2.5 mL) of the medium

was removed and 2.5 mL fresh medium was replenished every

2 days.
Intrasplenic transplantation of hepCLiPs
Two-dimensional cultured cells were harvested using TrypLE

(Thermo). Briefly, hepCLiPs grown in a 10-cm plate were treated

with 2 mL TrypLE at 37�C for approximately 10 min, and har-

vested with 5 mL 10%FBS-DMEM. Three-dimensional cultured

spheres were collected in 15-mL tubes by gravity for approxi-

mately 1 min. After washing twice in PBS (collected by gravity),

the spheres were dissociated with TrypLE Express or Accutase

(Sigma) supplemented with 40 mg/mL DNase I at 37�C for 25–

45 min with intermittent inversion. Following further dissocia-

tion with gentle pipetting with P1000 tips, the cells were resus-

pended in 5 mL 10% FBS-DMEM supplemented with 0.04 mg/

mL DNase. Harvested cells were then filtered with a 35-mm cell

strainer-equipped FACS tube (BD) and collected by centrifugation

at 1,500 rpm (approximately 480 3 g) for 3 min. For hepCLiP_2D

and hepCLiP_3D cells harvested with TrypLE, the cells were re-

suspended in HBSS at 1 3 107 cells/mL. Then, a small incision

was made on the left flank of the mice, the spleen was extracted

and held with tweezers, and 5 3 105 cells/50 mL were injected

into the spleen of FRG mice. For hepCLiP_3D cells harvested

with Accutase, the cells were resuspended in HBSS at 5 3 106

cells/mL, and 2.5 3 105 cells/50 mL were injected into the spleen

of FRG mice. All the transplantation procedures were conducted

by the Penn Stem Cell & Xenograft Core. The FRG mice were

maintained under nitisinone cycles following the guideline by

Yecuris, the animal supplier, and all animals were maintained

by the Penn Stem Cell & Xenograft Core.
NTBC ON/OFF cycling
We followed the NTBC cycling schedule recommended by Yecuris

with a minor modification. We did not take the option of

Adenovirus-uPA injection prior to transplantation. FRG mice

were maintained on 1 mg/mL NTBC until 1 day before transplan-

tation. NTBCwaswithdrawn for the next 3 days, including the day

of transplantation. The mice were challenged with short cycles:

NTBC ON (3–5 days) and OFF (5–7 days) for approximately

1.5 months. Then, the mice were further challenged with long cy-

cles: NTBC ON (5 days) and OFF (21–22 days) for 2.3 months. The

mice were harvested in the middle of the third round of the long

cycles (on the 12th or 14th day, corresponding to �3.8 months

from the day of transplantation).
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