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Abstract

The Wnt target gene Lgr5 marks actively dividing stem cells in Wnt-driven, self-renewing tissues
such as small intestine and colon?, stomach? and hair follicles3. A 3D culture system allows long-
term clonal expansion of single Lgr5* stem cells into transplantable organoids that retain many
characteristics of the original epithelial architecture? 4 5. A crucial component of the culture
medium is the Wnt agonist Rspo15, the recently discovered ligand of Lgr5”: 8. Here we show that
Lgr5-LacZ is not expressed in healthy adult liver, yet that small Lgr5-LacZ* cells appear near bile
ducts upon damage, coinciding with robust activation of Wnt signaling. As shown by lineage
tracing using a novel Lgr5-ires-CreER T2 knock-in allele, damage-induced Lgr5* cells generate
hepatocytes and bile ducts /7 vivo. Single Lgr5* cells from damaged liver can be clonally
expanded as organoids in Rspol-based culture medium over multiple months. Such clonal
organoids can be induced to differentiate /77 vitro and to generate functional hepatocytes upon
transplantation into FAH™'~ mice. These findings imply that previous observations on Lgr5* stem
cells in actively self-renewing tissues extend to damage-induced stem cells in a tissue with a low
rate of spontaneous proliferation.

Quiescent stem cells are believed to reside in biliary ducts®. Sox9- and FoxI1-based lineage
tracing have proven the existence of such cells1®-13, In the adult liver, the Wnt pathway is
exclusively active in hepatocytes that surround central veins (perivenous hepatocytes)!4. In
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bile ducts, Wnt signaling becomes active following liver injury1®. Accordingly, activity of
the generic Wnt reporter Axin2-LacZt® was detected only in perivenous hepatocytes, and
was upregulated upon induction of liver injury by CCly injection!’ (Supplementary Fig. 1a—
b). Maximal expression occurred between day 3-6 after damage (Supplementary Fig. 1c).
By microarray analysis, we noted induction of Wnt6 (>2 fold), of several Rspondins (3—-6
fold) and of many Wnt target genes previously characterized in intestinal crypt cells®,
including Lgr5 (=2 fold). Notably, perivenous hepatocyte Wnt target genes (G/ul, Slc1aZ,
Rhbg, Cypla2)'* were downregulated, implying that Wnt activation occurred outside
perivenous hepatocytes (Supplementary Fig. 1d; Supplementary Table 1).

In untreated £ gr5-LacZ knock-in micel, Lgr5-LacZ expression was essentially undetectable
(Fig. 1a). Upon CCly treatment, clear reporter activity (peaking at day 5-6) occurred in
groups of small cells (Fig. 1b and Supplementary Fig. 2a—c). These Lgr5* cells expressed
Sox9, a relatively broad ductal progenitor markerl912-13 byt no mature hepatocyte or
stellate cell markers (Supplementary Fig. 2d—f). The gene expression profile of CCly-
induced Lgr5* cells correlated closely with biliary duct cells but not hepatocytes
(Supplementary Fig. 1g). Closer comparison with the biliary duct profile revealed that
multiple Wnt target genes and multiple intestinal Lgr5 stem cell genes were enriched in liver
Lgr5* cells (18; (Supplementary Fig. 2g and Supplementary Tables 2-3).

We then aimed to visualize Lgr5 progeny by lineage tracing. The Lgr5-EGFP-ires-CreERT2
allele! is permanently silenced in liver. Therefore, we generated a new Lgr5allele by
inserting /resCreERT2into its 3'UTR (Supplementary Fig. 3a), and we crossed these mice
with the R26R-LacZ reporterl®. After a single tamoxifen injection, tracing events were
readily detected in the intestine, validating this allele (Supplementary Fig. 3b). Adult
offspring were treated with CCl, and, 5 days later, Cre activity was activated by tamoxifen.
Two days after tamoxifen induction, groups of small, proliferative LacZ* cells became
visible that evolved into fully mature hepatocytes from day 7 onwards (Fig. 1c). Since CCly
induces central vein damage, we also tested two ‘oval cell response’-models: MCDE
(methionine choline-deficient diet supplemented with ethionine)2% and DDC (3,5-
diethoxycarbonyl-1,4-dihydrocollidine)?L. In both models, tracing of hepatocytes and biliary
ducts were readily detected (Fig. 2d and Supplementary Fig. 3d—f). In the absence of liver
damage, no tracing events were detected in the livers of mice with the same genotype
(Supplementary Fig. 3c). Similar tracing data have been reported for Fox/713: 11,

Given the expression of the Wnt-dependent Lgr5 stem cell marker, we reasoned that adult
liver progenitors could possibly be expanded from the ductal compartment under our
previously defined organoid culture conditions24. Previously established liver culture
methods typically yield cell populations that undergo senescence over time1013.22-24 ynJess
the cells are transformed. To establish liver progenitor cultures, biliary duct fragments were
embedded in Matrigel containing the ‘generic’ organoid culture factors EGF and Rspo1?, to
which FGF10, HGF and Nicotinamide (Expansion Medium, EM) were added. Virtually all
fragments formed cysts that grew into much larger liver organoids (Supplementary Fig. 4a—
b), expressing Lgr5and ductal markers (Supplementary Fig. 4c). Without EGF, Rspol or
Nicotinamide, the cultures deteriorated within 1-2 passages (Supplementary Fig. 4d).
Cultures have been maintained more than 12 months, by weekly passaging at 1:8. We then
initiated single cell (clonal) cultures from Lgr5-LacZ™ cells, FACS-sorted from Lgr5-LacZ
mice after a single dose of CCly (Fig. 2a—b). Sorted cells cultured in our defined EM
conditions rapidly divided and formed cyst-like structures that were maintained for >8
months by weekly passaging 1:8 (Fig. 2c and Supplementary Fig. 5e). Karyotypic analysis
of both clonal and bulk cultures, revealed that the majority of cells (~85%) harbored normal
chromosome numbers, even at 8 months (Supplementary Fig. 4e), consistent with the ~25%
level of aneuploidy in young adult mouse liver2>. Importantly, secondary cultures from
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Lgr5-LacZ' cells could also be established that could be expanded for >4 months in culture
(Supplementary Fig. 5a—e).

To assess the lineage potential of Lgr5 cells, we performed gene expression profiling of
clonal organoids. Microarray analysis revealed that clonal organoids resembled adult liver.
Lgr5, and progenitor markers such as Sox9, Cd44 and Prom110 were highly upregulated.
The clonal organoids expressed multiple hepatocyte-lineage markers as well as bile duct
markers, implying that single Lgr5 cells are bi-potential (Supplementary Fig. 6a—f). Markers
of mature hepatocytes were only weakly expressed or absent (Supplementary Fig. 7a, EM
column).

Marker analysis suggested that the culture conditions were biased towards induction of a
biliary cell fate. To induce hepatocyte maturation in vitro, we defined a Differentiation
Medium (DM). Inhibition of Notch and TGF signaling, both implicated in biliary cell fate
determination /n vive?8-27, induced the expression of ~200 genes. These included 76x3,
PPARYy, and BMP2, essential for liver maturation?’-2, as well as mature hepatocyte
markers such as Cyp3all, Fah, G6pand Alb (Supplementary Fig. 7a—b). We also observed
induction of a set of genes involved in cholesterol and lipid metabolism, and genes encoding
p450 cytochromes (Supplementary Fig. 7c—d). Accordingly, the progenitor profile was shut
down, as evidenced by downregulation of Lgr5 (Supplementary Fig. 7a, DM column).
Immunofluorescent staining revealed the expression of Hnf4a and Albumin, as well as the
basolateral membrane protein Mrp4 and the tight junction protein Zo-1 (Fig. 3a—d). Up to
33% of the cells were positive for the OC2-2F8 hepatocyte marker and displayed high
granularity by flow cytometry analysis, a feature of mature hepatocytes (Fig. 3d and
Supplementary Fig. 7e). Bi-nucleation, a hallmark of hepatocyte maturation, was also
detected (Supplementary Fig. 7f). Of note, the ductal phenotype was not fully abolished, as
patches of Krt19-positive cells remained present (Fig. 4d). The differentiated organoids were
subjected to several tests for hepatocyte function. Around 90% of the cells were competent
for LDL-uptake (Fig. 4e—f) and accumulated glycogen (Fig. 4g). Abundant amounts of
albumin were secreted into the medium (Fig. 4h), while hepatocyte cytochrome p450
function was induced (Fig. 4i). Yet, these /n vitro functions remained less pronounced than
those of freshly isolated hepatocytes.

We then transplanted organoids from 3 independent clones into fumarylacetoacetate
hydrolase (FAH)™~ mutant mice, a model for Tyrosinemia type | liver disease. Deficiency
of FAH results in liver failure unless the mice are administered NTBC (2-(2-nitro-4-
trifluoro-methylbenzyol)-1,3-cyclohexanedione)3°. Organoids derived from single Lgr5*
cells expanded in EM, were differentiated in DM for 9 days and cell suspensions were
intrasplenically injected in the mice (Fig. 4a). At 2-3 months post-transplantation, we
analyzed engraftment by FAH staining on serial sections of the entire liver of 15 recipient
mice. We found FAH* nodules (Fig. 4b and Supplementary. Fig. 9a—d), which occupied
~1% of the liver parenchyma, in 2 out of 5 mice transplanted with clone | and 2 out of 5
mice transplanted with clone I11. For clone I1, we only detect FAH+ hepatocytes in 1 out of
5 mice analyzed, in an area that occupied 0.1% of the total liver volume.

The histological results were confirmed by PCR analysis for the donor-cell gene LacZ
(Supplementary Fig. 9¢). Histologically, the FAH* patches consisted of cells with
hepatocyte morphology, HNF4a positive and Krt19 negative (Fig. 4c—d). This indicated
that, /n vivo, the cells had acquired a fully mature hepatocyte phenotype, while silencing any
remaining ductal expression. No fusion of organoid cells with host hepatocytes was
observed (Supplementary Fig. 9f). For comparison, transplantation of oval cells
(MIC1-1C3*/133*/267/CD457/11b~/317) has only resulted in trace engraftment (<0.1% of
the total liver) in 2 out of 20 Fah~ mice!0. We compared the survival rate of the engrafted
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mice (graft+) to the non-engrafted mice (transplanted mice, negative for FAH staining,
graft-) and to the non-transplanted controls (Fig. 4e). We observed a significant increase in
survival of the graft+ group compared to the graft- group (log rank=0.02) and to the non-
transplanted group (log rank=0.007), indicating that the transplanted cells contributed to
liver function /n vivo. Unlike typical results obtained upon transplantation of freshly isolated
hepatocytes, where >30% of the liver repopulates and functional rescue is near 100%3°, we
did not observe a full rescue of the enzymatic defect, in concordance with the limited
contribution of the transplanted areas to overall liver volume. Such rescue will depend on
further optimization of the differentiation and transplantation protocols. Competitive
transplantations assays comparing normal hepatocytes to Lgr5-derived cells may reveal
further phenotypic characteristics of the latter. Importantly, no dysplastic or anaplastic
growth was detected in any of the recipient mice.

In conclusion, we report that damage of adult liver results in the expression of Lgr5in small
cells near bile ducts. By lineage tracing, these cells generate significant numbers of
hepatocytes and biliary duct cells during the repair phase. The small Lgr5* cells express
multiple Wnt target genes and other markers of intestinal Lgr5* stem cells. Yet, they carry
the hallmarks of bi-potent liver progenitors. Thus, Lgr5 not only marks Wnt-driven stem
cells that drive constitutive (intestine, stomach) or intermittent (hair follicle) physiological
tissue self-renewal, but also defines a class of stem cells/progenitors that is called into action
upon tissue damage. The Wnt-driven regenerative response can be exploited /n vitroto
expand freshly isolated duct fragments or even single Lgr5* cells into transplantable
organoids. The Rspol-Lgr5 axis is crucial to the long-term growth and the observed genetic
and phenotypic stability of the resulting organoids. Thus, the Rspol-Lgr5 axis allows adult
stem cells to expand extensively in culture, like embryonic stem cells do. Our observations
may serve as the basis for the development of regenerative strategies using adult stem/
progenitor cells obtained from solid organs. Since these approaches can be based on the /n
vitro expansion of a single adult Lgr5 progenitor cell, specific and safe genetic
modifications may become feasible.

Methods Summary

Mouse experiments

Animal experiments were performed in accordance with the institutional review committee
at Hubrecht Institute and Oregon Health & Science University (1IS00000119). Generation
and genotyping of the Lgr5-LacZ and Fah™~/Rag2~”~/lI2Ry™~ (FGR) mice have been
previously described? 30, Axin2-LacZ mice were obtained from EMMA (Germany). To
induce liver injury, 3-5 months-old Lgr5-LacZ, Axin2-LacZ, Lgr5-ires-CreERTZ2 x
RosaZ6LacZ or WT littermate BL6/Balb-c F1 mice received an intraperitoneal injection of
CCly4 (Iml/kg, Sigma) dissolved in corn oil, or corn oil alone. Lgr5-ires-CreERT2 x
RosaZ6L acZ were fed with a diet supplemented with 0.1% (w/w) DDC or supplemented
with MCD and 0.1% ethionine in the drinking water (MCDE) or with regular diet (not
supplemented). Four or five days after liver injury, lineage tracing was induced by 1 or 2 IP
injections of tamoxifen (3mg/mouse). Detailed lineage tracing protocols are provided in
Supplementary Methods.

Liver organoid culture

Biliary ducts or sorted Lgr5-LacZ+ cells were isolated, mixed with Matrigel (BD
Bioscience) and cultured as described in ref. 2. Medium composition was AADMEM/F12
(Invitrogen) supplemented with B27 and N2 (Invitrogen), N-Acetylcysteine (1.25 pM,
Sigma), gastrin (10 nM, Sigma), EGF (50 ng/ml, Peprotech), 10% RSPO1 Conditioned
Medium (kindly provided by Calvin Kuo), FGF10 (100 ng/ml, Peprotech), nicotinamide (10
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mM, Sigma) and HGF (50 ng/ml, Peprotech). Detailed protocols are provided in
Supplementary Methods.

Transplantatio

n assay

Three Lgr5-derived single cell clones were grown for at least 3 months and differentiated for
9 days prior to transplant to Fah™~/Rag2~~/II2Ry~~ mice (intrasplenic injection). Detailed
protocols are provided in Supplementary Methods.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Liver damageinduces L gr5* bi-potential liver progenitors

a-b, Lgr5-LacZ mice were injected IP with corn oil (n=6) (a) or with a single dose of CCl4
in corn oil (1ml/kg) (n=6) (b). Six days later, mice were sacrificed and livers collected and
processed for B-gal staining. a, Undamaged liver does not express Lgr5-LacZ. b, Upon
CCl4, strong Lgr5-LacZ expression was detected in small cells near ducts. Compare Lgr5-
LacZ* cells (arrow) with neighboring hepatocytes (asterisk,*). Scale bars, 200 wm (top
panels) and 30 pum (bottom panels). ¢, Lgr5-ires-CreERTZ mice were crossed with
Rosa26R-LacZ Cre reporter mice. Offspring received a single IP injection of CCl4 and 2
days later CreERT2 activity was induced with tamoxifen (3mg/mouse) as indicated in the
scheme. Representative pictures showing lineage tracing of Lgr5-cells upon CCl4 damage
(n=8). Compare differences in size between LacZ* cells (arrows) and hepatocytes
(asterisk,*) at days 2 and 4 after tamoxifen induction. Magnifications on each day are the
same. Scale bars, 500 m (top panels) and 50 wm (bottom panels). d, Lgr5-ires-CreERTZ2 X
Rosa26-LacZ offspring were fed with DDC (n=3), and 4 and 6 days later CreERT2 activity
was induced with tamoxifen as indicated in the scheme. Representative pictures showing
positive hepatocytes (d”) and positive ductal cells (d”). Tam, tamoxifen. Scale bars, 200 um
(d), 25 um (d”) and 50 pm (d”).
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Figure 2. In vitro expansion of single Lgr5 cellsfrom adult liver tissue

a—c, Lgr5-LacZ mice were injected with corn oil or CCl4 (IP) as in Fig. 1. Six days later,
liver tissue was dissociated to single cells, loaded with the fluorescent CMFDG -
galactosidase substrate and analyzed by FACS. Sorted isolated Lgr5-LacZ+ cells were
cultured at a ratio of 1-single Lgr5-LacZ” positive cell/well (clonal) as described in
Supplementary Methods. a, scheme representing the protocol used. b, Representative FACS
plot of dissociated single cells from CCl4-treated (CCl4+) and non-treated (no CCI4) livers.
Cells were gated following sequential selection by cell-size (FSC vs SSC) and Pl exclusion.
Viable CMFDG™ PI~ cells were selected and sorted. Representative cell is shown. ¢, Serial
DIC images showing the outgrowth of a single Lgr5-LacZ* cell. Original magnifications:
40x (days 0-5), 20x (day 7-11), 10x (day 19) and 4x (1 month onwards). P, passage.
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Figure 3. Single cell derived hepatic organoids acquir e hepatocyte fate and display hepatocyte
functionsin vitro.

a—i, Clonal Lgr5-derived cultures were grown in expansion medium (EM) and transferred to
differentiation medium (DM) for 8-14 days prior to analysis. Two independent clonal
cultures were analyzed. a—d, confocal images (z-stack projection) for hepatocyte specific
markers. a, HNF4a (red), albumin (ALB) (green) and EpCAM (grey). b, MRP4 (green). c,
Z0-1 (magenta). d, ALB (red) KRT19 (magenta) and hepatocyte surface marker OC2-2F8
(green, full description of OC2-2F8 marker in Supplementary Fig. 8). Nuclei were
counterstained with Hoechst. e-f, LDL uptake was analyzed using Dil-ac-LDL fluorescent
substrate (red) in cultures maintained in EM (e) or DM (f) for 14 days. Only cultures
maintained in DM incorporated the substrate (red). Nuclei were counter-stained with
DRAQS5. Scale bar, 50 pm. g, Glycogen accumulation was determined by PAS staining in
organoids grown in EM or DM for 10 days. Graph shows the percentage of cells weakly or
strongly positive for PAS. Results are shown as mean + SEM of 10 independent sections of
10 EM or 10 DM independent organoids. h, Albumin (Alb.) secretion was measured in the
24h supernatant of clonal cultures kept in EM, or DM for 8 days (DM-8d) or 13 days
(DM-13d). Results are expressed as pg of albumin per cell. i, Cyp3a activity was measured
in cultures kept in DM for 13 days. Results are expressed as RLU per ml per million cells.
h—i, MEFs and Hepatocytes (Hep.) and HepG2 cells were used as negative and positive
controls respectively. Triplicates for each condition were analyzed. Results are shown as
mean + SEM of 3 independent experiments. ***, p<0.0001.
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Figure 4. Hepatocyteislands upon transplantation of clonal liver organoidsinto FAH™/~-mutant

mice

Single-cell derived liver organoids from 3 independent clones were expanded under EM and
differentiated for 9 days prior to transplantation into Fah™~/Rag2™~/II2Ry™~ (FRG) mice.
Clone I (n=8), clone Il (n=6), clone Il (n=5). a, scheme showing the transplantation
protocol. b—d, Representative positive graft within the liver parenchyma. b, FAH" area
(clone I11). The grafted cells were negative for Krt19 (c, ductal marker) and positive for
HNF4a (d, hepatocyte marker). Scale bars, 400m (b) and 100pum (b’—d). e, Kaplan-Meier
survival curve of transplanted mice with positive engraftment (brown curve, graft+, n=5),
transplanted mice without evidence of engraftment (blue curve, graft-, n=9) and non-
transplanted control mice (black curve, not transp., n=4). Plot displays the cumulative
survival on a linear scale. Kaplan-Meier survival analysis compares overall survival rates
between two groups. Log-rank test is used to compare differences in survival. *, log-
rank=0.02 (graft+ vsgraft-), log-rank= 0.007 (graft+ vsnot transp.).
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