Universiteit

4 Leiden
The Netherlands

Establishment of human fetal hepatocyte organoids and CRISPR-Cas9-
based gene knockin and knockout in organoid cultures from human

liver
Hendriks, D.; Artegiani, B.; Hu, H.L.; Lopes, S.C.D.; Clevers, H.

Citation

Hendriks, D., Artegiani, B., Hu, H. L., Lopes, S. C. D., & Clevers, H. (2020). Establishment
of human fetal hepatocyte organoids and CRISPR-Cas9-based gene knockin and knockout
in organoid cultures from human liver. Nature Protocols, 16(1), 182-217.
d0i:10.1038/s41596-020-00411-2

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license

Downloaded from: https://hdl.handle.net/1887/3196053

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/3196053

nature
protocols

PROTOCOL

https://doi.org/10.1038/s41596-020-00411-2

‘ '.) Check for updates

Establishment of human fetal hepatocyte
organoids and CRISPR-Cas9-based gene
knockin and knockout in organoid cultures from
human liver

Delilah Hendriks"*>™, Benedetta Artegiani">>°>, Huili Hu', Susana Chuva de Sousa Lopes* and
Hans Clevers ®"%3>

The liver is composed of two epithelial cell types: hepatocytes and liver ductal cells. Culture conditions for expansion of
human liver ductal cells in vitro as organoids were previously described in a protocol; however, primary human
hepatocytes remained hard to expand, until recently. In this protocol, we provide full details of how we overcame this
limitation, establishing culture conditions that facilitate long-term expansion of human fetal hepatocytes as organoids. In
addition, we describe how to generate (multi) gene knockouts using CRISPR-Cas9 in both human fetal hepatocyte and
adult liver ductal organoid systems. Using a CRISPR-Cas9 and homology-independent organoid transgenesis (CRISPR-
HOT) approach, efficient gene knockin can be achieved in these systems. These gene knockin and knockout approaches,
and their multiplexing, should be useful for a variety of applications, such as disease modeling, investigating gene
functions and studying processes, such as cellular differentiation and cell division. The protocol to establish human fetal
hepatocyte organoid cultures takes ~1-2 months. The protocols to genome engineer human liver ductal organoids and
human fetal hepatocyte organoids take 2-3 months.

Introduction

The liver is a vital organ with many important functions, including central roles in production
and storage of amino acids and vitamins, metabolism and detoxification. Different in vitro
cultivation methods and culture conditions to maintain non-proliferative primary liver cells have
been recently developed that allow mature hepatocyte phenotypes to be retained for 2-4 weeks in
culture' ™. In addition, optimized protocols are continuously being developed to terminally differ-
entiate human embryonic or induced pluripotent stem (ES/iPS) cells into hepatocyte-like or
hepatobiliary-like organoids”®. These iPS-derived hepatocyte-like cells further develop into human
liver buds upon transplantation in mice™’. In addition, direct conversion of human fibroblasts into
hepatocyte-like cells has been proven possible by manipulating expression of key transcription factors
involved in guiding hepatocyte fate and differentiation'’™'?. Although constituting important
achievements, these methods do not allow expansion of (primary) human liver cells. The inability
to expand (primary) human liver cells long term limits their use in chronic disease modeling and
limits genome engineering to viral-based approaches'”, which cannot be used to make precise gene
modifications.

A few years ago, our group established culture conditions that allowed the long-term expansion
and maintenance of human adult EpCAM™ biliary epithelial cells as organoids (human liver ductal
organoids)'*. In expansion medium, these organoids display a biliary phenotype, but they can also be
induced to differentiate into hepatocyte-like cells, at which stage they lose their capacity to pro-
liferate'*. The expansion of primary human hepatocytes (PHHs) has proven challenging. Recent
achievements have included strategies in which, starting from PHH, cells are expanded through a
progenitor-like intermediate stage. The cells subsequently acquire mature hepatocyte phenotypes
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Fig. 1| Schematic overview of this protocol. a, The two types of epithelial cells (hepatocytes and ductal cells) from human fetal and adult liver can be
isolated and used to establish organoid cultures in the respective media. b, Human fetal hepatocyte organoids are genome engineered using a cuvette-
based electroporation as single cells. ¢, Human liver ductal organoids are genome engineered as intact organoids upon injection of the DNA into the
lumen and electroporation using tweezer electrodes. d, Examples of possible applications of the genome-engineered human fetal hepatocyte and liver
ductal organoids. Images shown in the lower panel are reproduced from Artegiani et al.??3. Scale bars in d: from left to right, upper and lower box,
100 pm; upper box, 100 pm; lower box, 300 pm; upper box, 50 pm; lower box, 10 pm; upper and lower boxes, 10 pm.

upon terminal differentiation, induced by further changes in media composition combined with
a switch to 3D cultivation'”™'®, Very recently, two studies described long-term expansion of adult
mouse hepatocytes as organoids without the need to transdifferentiate them through an intermediate
stage'>?’. In the latter study, culture conditions for long-term maintenance and expansion of primary
hepatocyte organoids from human fetal liver were also described”. Although of fetal origin, these
organoids possess typical hepatocyte features, such as characteristic hepatocyte marker expression
and secretion of albumin.

These established human organoid culture systems that allow the expansion of the two epithelial
cell types of the liver—the ductal cells and the hepatocytes—open up the possibility of genome
engineering primary liver cells and the generation of stably mutant lines. Combining organoid
cultures with CRISPR-Cas9 genome engineering leverages the broad applicability of these models to
study important biological processes and to model diseases”'. These genome-engineered organoids
helped to elucidate the roles of genes involved in liver cancer through gene knockout™, as well as
understanding modes of human hepatocyte division and hepatocyte ploidy through gene knockin
combined with gene knockout™ (Fig. 1). Here we provide protocols for (i) the long-term expansion of
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human fetal hepatocyte organoids and (ii) genome engineering strategies, including gene knockout
and gene knockin, and associated applications for both human liver ductal organoids and human fetal
hepatocyte organoids (Fig. 1), as first described in refs. >,

Development of human fetal hepatocyte organoid cultures

In previous efforts from our group, as well as other groups, culture conditions were established that
allow the long-term expansion of healthy adult human stem cell-derived organoids from most
organs'“****"*% Tnitially, conditions were established for the intestine’**”, and this was followed by
the establishment of additional human organ-specific organoid cultures'“****~**, Specific conditions
were optimized for the different cultures derived from various organs, but all required the embedding
and cultivation in extracellular matrix-based gels. As a part of these efforts, culture conditions were
developed that allow the long-term expansion of human adult liver ductal cells as organoids'*.
EpCAM™ biliary epithelial cells derived by these conditions'* can be stimulated to proliferate in
culture by stimulation/inhibition of signaling pathways important for liver development and
regeneration (including the Wnt, TGFp and EGF/FGF signaling pathways). The other main epithelial
cell type of the liver, the hepatocyte, could, until very recently, not be directly expanded in vitro.
However, by tweaking culture conditions, two recent studies demonstrated the ability to culture adult
mouse hepatocytes as organoids long term'**’. In the study from the Nusse group, TNFa was found
to be a critical component required to support long-term expansion of adult mouse hepatocytes.
In the study from our group’, culture conditions were established without the need of TNFa but
with inclusion of FGF-7-, FGF-10- and RSPOI1-conditioned medium (RSPOI1-CM). In addition,
CHIR-99021, an inhibitor of GSK3p, part of the -catenin destruction complex, proved to be essential
for hepatocyte expansion (also present in the medium reported by Peng et al.'). These findings are
consistent with previous observations that strong activation of the Wnt pathway is important to
promote hepatocyte regeneration in vivo’.

The knowledge of appropriate culture conditions for mouse hepatocytes was used to develop
conditions that achieve long-term expansion of human fetal hepatocytes”. Starting from human
fetal liver material, a short and mild collagenase type IV digestion is required to preserve human
hepatocyte viability, followed by enrichment of the hepatocytes by low-speed centrifugation steps.
Culture conditions remarkably similar to the ones used for the mouse hepatocytes, with the addition
of TGFa, are able to promote expansion of human fetal hepatocytes as organoids in vitro. Char-
acterization of this system by immunofluorescence (refer to Fig. 5 in Hu et al.”) revealed abundant
expression of typical hepatocyte markers. RNA sequencing (both bulk and single-cell) revealed
similarities of expression with PHH and identified subpopulations expressing high levels of hepa-
tocyte markers, such as ALB and SERPINAL (refer to Fig. 6 in Hu et al.*). In Supplementary Fig. 1,
we show further analysis of this data set’’, demonstrating that the hepatic phenotypes of these
organoids are stable during long-term passaging. In Supplementary Fig. 2, we furthermore provide
novel data and depict the inter-donor variability with regard to gestational age (10-20 weeks of
gestation), which illustrates some similarities in mRNA expression patterns of selected hepatocyte,
biliary and hepatoblast markers in the different organoid lines. These human fetal hepatocyte
organoids also have superior engraftment in mouse liver in vivo compared to human liver ductal
organoids differentiated toward hepatocyte-like cells'*’.

Development of genome engineering strategies for organoid cultures from human liver
Liver cells are notoriously difficult to transfect in vitro™. Broutier et al. reported that liver ductal
organoids can be infected with lentiviruses to achieve stable integration of exogenous DNA®'.
However, lentiviruses integrate randomly, and variable copy numbers can be inserted, which does not
enable precision genome editing or controlled manipulation. Transfection of human liver ductal cells
has also been reported”’, although stable organoid line establishment from these transfected cells was
not shown.

We recently reported a method of transfection that relies on manipulation of single intact human
liver ductal organoids still embedded within the BME droplet™. This method closely resembles and
mimics the procedure used for in utero brain electroporation’. In this approach, DNA is injected
into the lumen of the organoids, after which the entire BME droplet is electroporated using tweezer
electrodes. After 2-3 d, positively electroporated organoids (as assessed by co-transfection with a
plasmid constitutively expressing a fluorescent reporter) are recovered from the BME droplet and
sheared into small organoid pieces. Outgrowing organoids are then dissociated into single cells after
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one passage, to achieve outgrowth of clonal lines. Performing electroporation of intact organoids
promotes cell survival of the electroporated cells, and we found it to be a crucial step to
achieve cellular outgrowth after electroporation and to robustly generate genome-engineered
organoid lines.

In contrast to human liver ductal organoids, human hepatocyte organoids are dense structures, so
we did not attempt to electroporate using this method. To perform genome engineering of these
cultures, we, instead, adapted an electroporation method relying on transfection of the organoids as
single cells or small clumps of cells in cuvettes’. By optimizing the electroporation settings and
single-cell outgrowth conditions (addition of extra ROCK inhibitor to prevent anoikis), we could
achieve efficient transfection and subsequent establishment of clonal genome-engineered human fetal
hepatocyte organoid lines™.

Applications of the methods and future possibilities

The establishment of human fetal hepatocyte organoid cultures will greatly facilitate studies of basic
human liver biology and, owing to their long-term stability, might also allow modeling of some liver
diseases and assessment of drug hepatotoxicity. They could also potentially be used in studies of liver
infection. In addition, these organoids further progress ongoing research to optimize liver trans-
plantations for future regenerative medicine applications.

The established and optimized transfection methods for the two organoid systems of the human
liver can be used to perform CRISPR-Cas9-mediated genome engineering, including both gene
knockin and gene knockout***’, For gene knockout, previous studies introduced frameshifting indels
by relying on the non-homologous end joining (NHE])-mediated imprecise repair of the CRISPR-
Cas9-induced double-strand break (DSB) due to the repeated cutting and re-ligation of the induced
break’ . Similarly, this strategy, in combination with our optimized transfection methods in
human liver ductal organoids, enabled loss-of-function mutations found in cholangiocarcinoma to be
mimicked*. In addition to disease modeling, this approach enables interrogation of gene function in
human liver, as, for example, revealed for BAPI (ref. **), and could be used to perform whole-genome
CRISPR screens.

Very few reports have been able to show successful generation gene knockin in human orga-
noids”®*'. The scant existing studies relied on conventional approaches based on homology-directed
repair (HDR) and have resulted in generation of a few knockin lines (i.e., tagging of LGR5 and KRT20
(ref. *°)) or achieved gene correction (repair of AF508 in the CFTR gene) in cystic fibrosis intestinal
organoids™. So far, these studies have been restricted to the intestine, mostly to colorectal
cancer organoids. Recently, low efficiency of HDR-mediated gene knockin has been linked to the
TP53 damage response upon a Cas9-mediated DSB, and induction of a transient cell cycle arrest
in untransformed cells***’. Therefore, novel approaches have aimed at increasing HDR efficiency
by transient inhibition of TP53 (ref. **). Although most studies have employed HDR owing to
its reported preciseness in generating gene knockins®’, few studies have focused on using NHE]J
to accomplish precise gene knockin owing to the hypothesis that this pathway is more error prone*.
However, the few studies in mice and cell lines that have reported the ability to use NHE] for gene
knockin have demonstrated higher efficiencies of knockin than the studies using HDR* ™", We
recently demonstrated that NHE] can efficiently and precisely mediate the insertion of exogenous
DNA (outperforming HDR by ~ten-fold) in human wild-type organoids™. This approach, termed
CRISPR-HOT, allows tagging of different constitutively and non-constitutively expressed genes in a
variety of human organoid types, including human liver ductal and hepatocyte organoid
systems. CRISPR-HOT enables labeling cell type markers, visualizing subcellular structures and
studying biological processes. Owing to the robustness of this method, gene knockin can also
be easily multiplexed with gene knockout, which further facilitates studies regarding gene function.
As an example, we characterized modes of human hepatocyte division in wild-type and TP53
mutation backgrounds®. An alternative strategy to express tagged genes is to transduce organoids
with viruses’'. However, the critical limitation of this approach is that the delivered gene is over-
expressed and is not controlled by endogenous regulatory elements. In addition, because the inte-
gration of the viruses is random, and copy number integration cannot be controlled, unpredictable
phenotypes could be produced. Endogenous gene tagging avoids all these limitations and is, therefore,
a preferable approach. Using this approach to genetically engineer the two human liver organoid
culture systems should further enhance the ability of researchers to answer important biological
questions.
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Box 1 | Freezing and thawing of human fetal hepatocyte organoids

Procedure @ Timing 1-2 d

A CRITICAL Human fetal hepatocyte organoid lines can be successfully frozen down and subsequently thawed. We recommend that this be done
as soon as enough material is available and when the line has been established (after passage 5).
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Harvest the organoids in ice-cold wash buffer from the BME in a conical 15-ml tube and perform mechanical disruption into small organoid
pieces. We usually disrupt the organoids to a smaller size than the size used for regular organoid passaging (diameter of 10-50 pm). Top up the
volume of the tube with ice-cold wash buffer. We recommend freezing at least two wells of a 12-well plate (400,000 cells) to allow for
sufficient recovery of the organoids.

Centrifuge the tube for 5 min at 400g at 4 °C.

Aspirate the wash buffer with a glass pipette and resuspend the organoid pellet in an appropriate volume of freezing medium. When freezing
two wells of a 12-well plate, we recommend 1 ml of recovery cell freezing medium. Transfer the solution to a sterile cryogenic storage vial.
Freeze the cells using a controlled rate freezing apparatus at —70 °C to —80 °C overnight.

Transfer the cells to a liquid nitrogen storage container.

B PAUSE POINT Frozen organoids can be stored for at least 2 years in liquid nitrogen.

For recovery of frozen organoids, quickly thaw the vials in a 37 °C water bath until the solution is defrosted.

Transfer the organoids to a 15-ml conical bottom tube containing 10 ml of wash buffer.

Centrifuge the tube for 5 min at 400g at 4 °C.

Aspirate the medium and resuspend the organoids in an appropriate volume of BME resuspension solution.

Plate the organoids as described in Steps 30-33 and subsequently maintain the line as described in Steps 36-43. We recommend plating the
cells into the number and size of wells that they were frozen down from.

A CRITICAL Grow the cells in isolation HEP medium in place of regular HEP medium until organoids of a normal size (for that line) are formed
(diameter of >100 pum).

Carefully observe the phenotype of the thawed organoids during ongoing passage. The phenotype (morphology and growth speed) should be
similar to that seen before cryopreservation. Occasionally, cystic ductal-like organoid structures appear upon outgrowth, which, in our hands,
indicates poor recovery of the line. In such cases, we recommend thawing another vial.

? TROUBLESHOOTING

Experimental design

In the current protocol, we outline experimental procedures for the establishment of human fetal
hepatocyte organoids. In Procedure 1, we first describe how to dissect human fetal liver tissue and
isolate human fetal hepatocytes. Then, we provide details on how to establish human fetal hepatocyte
organoid cultures and maintain them long term. We subsequently describe how to accomplish
CRISPR-Cas-based genome engineering of these human fetal hepatocyte organoid cultures (both
gene knockin and gene knockout), including details on the transfection procedures, and how to
establish clonal lines. Freeze-thaw procedures are described in Box 1. In Procedure 2, we describe
how to accomplish CRISPR-Cas-based genome engineering of human adult liver ductal organoid
cultures (the derivation and maintenance of these cultures has been detailed elsewhere®'). We
describe the transfection method in depth and the strategy to obtain clonal lines for this organoid
system, which differs from the hepatocyte organoids. Finally, in Procedure 3, we first describe how
gene knockin can be multiplexed with gene knockout and how multi-gene knockin/knockouts can be
achieved in both two liver organoid cultures. We then describe downstream applications of the two
genome-engineered organoid cultures, including their genotyping, whole-mount staining and live
imaging of fluorescence-based gene knockin lines. Detailed considerations about the experimental
design for the different steps of this protocol are detailed below.

Isolation of human fetal hepatocytes and establishment of organoid lines

As discussed in more detail in the ‘Limitations’ section, the starting point for generation of human
fetal hepatocyte organoids is human fetuses. For the isolation of human fetal hepatocytes, fresh
material should be processed as soon as possible after recovery of the liver (Fig. 2a). Depending on the
gestational age of the donor, white tree-like structures could be evident in the liver parenchyma.
In this case, it is recommended that these be removed to avoid contamination of ductal organoid
outgrowth. Collagenase type IV digestion in combination with manual mincing is used to isolate the
hepatocytes. The appropriate enzymatic activity and the right timing of digestion is crucial to obtain
high-quality hepatocytes, upon which successful line establishment is dependent (Fig. 2b,c).
Our protocol relies, furthermore, on enrichment of the hepatocytes through steps of low-speed
centrifugation. We have not tried to purify hepatocytes by FACS right after isolation. However, given
our success in growing hepatocyte organoids after FACS when the line has been established, we
envision that sorting of specific subpopulations during isolation will also result in organoid out-
growth. Stromal and non-parenchymal cells might be present in the culture for the first two or three
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passages. These cells are normally progressively lost upon passaging. Sometimes we also see a few
cystic ductal-like organoids appearing during line establishment, presumably as a consequence of
ductal cell outgrowth contaminating the culture (Fig. 2d). If this happens, these cystic organoids
should be manually picked and removed from the culture, as their presence impairs the establishment
of a pure hepatocyte organoid culture. We consider a hepatocyte organoid line to have been suc-
cessfully established once passage 5 is reached, as, in our experience, this threshold typically indicates
future robust hepatocyte proliferation.
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< Fig. 2 | Human fetal hepatocyte organoid line establishment. a, Schematic of human fetal hepatocyte isolation and

seeding into organoid culture. Fresh human fetal liver material (1) is optionally first processed to remove biliary
structures, if present, by using scalpel and forceps, as shown in the cartoon in the lower panel. The liver tissue is then
chopped using the scalpel and digested by a short collagenase type IV treatment to isolate the hepatocytes (2). The
digested tissue is filtered, and low-speed centrifugation is performed to enrich for hepatocytes; removal of RBCs is
optional but recommended (3). The cells are mixed with BME and plated into small droplets (4). A representative
image of freshly seeded cells is shown in (5). b, Representative bright-field images of human hepatocyte outgrowth
and organoid formation. Hepatocyte organoids appear after 3-4 d, presenting with a dense morphology. Typically,
after 7-10 d of outgrowth, organoids are ready to be split. ¢, Representative bright-field images of different human
hepatocyte organoid lines (ranging from passage 7 to 25). Note that variation in hepatocyte organoid shapes within
and between lines is expected, presenting typically as spherical or more grape-like structures. The morphology of
each line remains constant during prolonged passaging. d, Representative bright-field images showing cystic ductal-
like organoid outgrowth (black arrowheads) during hepatocyte organoid outgrowth at early passages, which should
be manually picked out to obtain pure hepatocyte organoid cultures. Scale bars: a, 1,000 pm; b, 1,000 pm, high mag,
250 pm; ¢, low mag, 400 pm, and high mag, 250 pm; d, 300 pm.

Genome engineering of human fetal hepatocyte and human liver ductal organoids

Genome editing of human fetal hepatocyte and human liver ductal organoids requires two different
experimental procedures (Figs. 3 and 4). For human fetal hepatocyte organoids, a cuvette
electroporation-based transfection strategy is employed. To this end, organoids have to be dissociated
into single cells or small clumps of cells, and, hence, it is recommended to first probe the capacity of the
line to grow out after single-cell dissociation. It is recommended to initiate genome engineering on
hepatocyte organoid lines from passage 5 and onwards, as these hepatocytes have undergone multiple
rounds of proliferation, which normally indicates the robustness of a line. The capacity of the hepatocyte
organoid lines to be electroporated does not typically deteriorate with time, and we have successfully
performed genome engineering on human fetal hepatocyte organoids at least until passage 50.

In contrast, for human liver ductal organoids, transfection is performed on intact organoids.
However, because later steps require a single-cell dissociation step to obtain clonal genome-edited
lines, single-cell outgrowth should also be tested before undertaking transfection. Because human
liver ductal organoids can be cultured for ~15-20 passages, we recommend initiating genome-editing
experiments rapidly after establishing the wild-type line. When starting transfections with organoids
at passage 1, clonal genome-engineered human liver ductal organoid lines are normally established by
passage 5-6, which allows for many possible downstream applications. We further recommend
performing a small pilot transfection experiment before performing the complete experiment to
probe the suitability of the line for genome engineering.

Our experience has, thus far, relied on CRISPR-Cas9-mediated genome engineering using the
conventional SpCas9 with NGG PAM recognition. In principle, any type of Cas protein capable of
introducing a DSB could be used for gene knockout, such as those with widened PAM recogni-
tion*"’"*?, In addition, cytosine or adenine base editors could constitute useful assets to introduce
specific base changes for making precision genetic modifications’>** as well as to introduce STOP
codons™. The recent advance of prime editing should further enable and broaden genome-editing
possibilities”®. For gene knockin, because CRISPR-HOT relies on NHE] instead of HDR, a targeting
plasmid containing the exogenous DNA to be knocked-in (e.g., a fluorescent tag) should be used that
can be linearized by SpCas9 (in principle, any Cas9 capable of inducing a DSB could be used) through
incorporation of a non-human single guide RNA (sgRNA) sequence upstream of the exogenous DNA.

Different strategies to select for genome-engineered organoids might need to be pursued if this
protocol is adapted for use with different types of gene editing, as appropriate methods for selection can
be dependent on the type of genome engineering and locus targeted. Table 1 summarizes the different
gene knockin and knockout strategies that we recommend users of this specific protocol follow.

Limitations
The ability to establish human fetal hepatocyte organoid cultures is limited by accessibility to human fetal
material, which can be restricted in some countries owing to ethical and legal restrictions. Appropriate
national and institutional regulations must, therefore, be followed and appropriate institutional approvals,
and any other required approvals, obtained. It is important that this protocol is carried out only on fetal
material obtained following recognized international guidelines with regard to informed consent.

Not all our established human fetal hepatocyte organoid lines have demonstrated clonal out-
growth. As this is essential for genome engineering purposes and potential additional applications
that require successful single-cell outgrowth, clonal outgrowth ability should be tested for any line
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Transfection procedure of human fetal hepatocyte organoids
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Fig. 3 | Genome engineering of human fetal hepatocyte organoids. a, Schematic of the transfection procedure used.
Human hepatocyte organoids are collected and digested into single cells by a short accutase treatment (1). Single
cells are mixed with DNA (2) and subsequently electroporated in a cuvette (3). Cells are then recovered (4) and
plated in a BME droplet for organoid formation (5). b, Schematic representation of the strategies used to establish
clonal genome-engineered human fetal hepatocyte organoid lines after electroporation based either on knockin
fluorescence (top) or drug selection (bottom). Timing for the single steps is indicated. ¢, Representative bright-field
and fluorescent images of hepatocyte organoid outgrowth 2 d after electroporation and typical electroporation
efficiency (as assessed by fluorescence; left). Depending on the genome engineering strategy used, outgrowing
organoids are picked based on fluorescence expression deriving from the gene knockin, or, otherwise, drug
resistance can be applied to enrich for genome-edited organoids. Blue ticks represent fluorescence-positive or drug-
resistant organoids to be picked; red symbols represent organoids that have not survived drug selection that should
not be picked (middle). Representative images of clonal lines established from a single picked organoid (right).
Scale bars: a, 1,000 pm; ¢, left, 1,000 pm, and middle and right, 300 pm.
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Transfection procedure of human liver ductal organoids
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Fig. 4 | Genome engineering of human liver ductal organoids. a, Schematic representation of the transfection procedure used. Human liver ductal
organoids are plated into a single BME droplet on the side of a well of a 12-well plate. Organoids are grown for a few days until a proper size for
subsequent injection is reached. Before electroporation, the medium in the well is replaced with PBS. The plate is then positioned under the dissection
microscope. The capillary is filled with the DNA mixture, mounted on the holder, after which the DNA is injected into the organoids. The BME droplet
is then electroporated two or three times using tweezer electrodes. After this procedure, the PBS in the well is replaced with fresh medium. In the
bottom panel, pictures of critical details of the procedure are shown, including, from left to right: positioning of the drop in the well before
electroporation; correct sizes of the organoids suitable for electroporation (asterisks indicate organoids with the right size); injection of an organoid
with the DNA mixture; and position of the electrodes during electroporation b, Schematic representation of the strategies used to establish clonal
genome-engineered human liver ductal organoid lines after electroporation based either on knockin fluorescence (top) or drug selection (bottom).
Timing for the single steps is indicated. ¢, Corresponding to the steps in b, representative images of the main steps are shown. From left to right: a
composite fluorescent and bright-field image showing a representative example of an electroporated (as judged by fluorescence signal) intact
organoid; a bright-field image showing an example of organoids that are picked and sheared into small pieces; a representative example of an organoid
showing knocked-in cells that can be picked and dissociated into single cells to establish clonal lines and a representative clonal genome-engineered
human liver ductal organoid line (KRT19:mNEON) (top); representative bright-field images of a culture before and after single-cell dissociation
and drug selection (bottom). Scale bars: a, left, 250 pm, and right, 100 pm; ¢, from left to right: 100 and 50 pm, top: 100 and 300 pm, bottom:
250 and 250 pm.
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Table 1 | Gene knockin and knockout strategies

Experimental aim  DNA mixture

Strategy for selection of transfected cells, for
both gene knockout and knockin

Strategy for selection of genome-
edited organoids

Generation of
knockout lines

Plasmid(s) containing the

of interest®

Generation of
knockin lines

e Plasmid containing the
sgRNA specific for the
gene of interest®

e Self-cleavable targeting

sgRNA specific for the gene

Enriching for transfected cells in human hepatocyte

organoids—optional.

e FACS of transfected cells based on ectopic
expression of a fluorescent marker contained
in one of the plasmids®

e Co-transfection with a drug resistance system
that can be integrated into the transfected
cells, such as the PiggyBac transposase
system
Enriching for transfected cells in human liver
ductal organoids—mandatory.

Pick and replate the transfected organoids
based on ectopic expression of a fluorescent
marker contained in one of the plasmids. To
further enrich, co-transfection with a drug
resistance system that can be integrated into
the transfected cells, such as the PiggyBac
transposase system, can be used

Knockout of genes with known selection
strategy.

Apply drug selection or withdrawal of
medium components and genotype
the clonal outgrowing organoid lines
Knockout of genes with unknown
selection strategy.

Enrich for transfected cells
(recommended) and genotype
multiple clonal outgrowing

organoid lines

For tagging of constitutively expressed
genes.

Pick the positive organoids based
on knockin fluorescence signal and

grow and genotype the clonal
outgrowing organoid lines

For tagging of non-constitutively
expressed genes.

Enrich for transfected cells
(recommended) and genotype
multiple clonal outgrowing
organoid lines

plasmid containing the tag
of interest preceded by a
non-human sgRNA sequence
to linearize the plasmid

e Plasmid containing the
sgRNA to linearize the
targeting plasmid®

20ne of these plasmids should contain the Cas9 and a fluorescent marker under control of an independent promoter as a readout of transfection. °Efficiency and successful outgrowth after FACS is
line dependent.

Table 2 | Efficiencies of line establishment, electroporation and genome engineering of human fetal hepatocyte organoids and
human liver ductal organoids

Organoid type Line establishment Proportion of successfully Electroporation = Genome Amount of correctly
efficiency genome editable lines efficiency engineering genome-edited clones
efficiency® obtained
Human fetal hepatocyte 70% (14 out of 20 tested) 70% (5 out of 7 tested)  ~9-14% ~5-40% K, ~5-100 clones
organoids ~5-50% KO
Human liver ductal 80% (32 out of 40 tested) 80% (20 out of 25 tested) ~10% ~3-8% KiI, ~5-25 clones
organoids ~3-30% KO

aWithin the transfected population. ®The genome engineering efficiency is highly dependent on the locus targeted and the sgRNA used. We provide a minimum and maximum value based on our
experience. Kl, knockin; KO, knockout.

that you propose using for such assays. Although most hepatocyte organoid lines are able to regrow
after a single-cell dissociation step, for some lines, the regrowth is very slow. In addition, the capacity
to tolerate transfection by electroporation differs between lines. We have not observed any correlation
with the age and sex of the fetus. Nevertheless, differences in results obtained from the different sexes
might affect the results obtained in further specific studies of the organoids; thus, the effect of the sex
of the fetus from which material was extracted should be considered.

In our hands, 70% of tested established hepatocyte organoid lines can be robustly genome engi-
neered (Table 2). The inter-donor variability in terms of line establishment, single-cell outgrowth and
transfection tolerance can be expected owing to working with primary material. With regard to the

NATURE PROTOCOLS | VOL 16| JANUARY 2021|182-217 | www.nature.com/nprot 191


www.nature.com/nprot

PROTOCOL NATURE PROTOCOLS

Materials

phenotype of the human fetal hepatocyte organoids, expression of the mRNA of some hepatocyte
markers is equivalent to those seen in PHH” (Supplementary Fig. 1). The fetal origin of the hepa-
tocytes should be considered when deciding whether the downstream application might be appro-
priate, as drug metabolism and toxicity outcomes could differ between fetal and adult hepatocytes.
Hepatocyte organoid cultures from adult human liver can currently only be cultured for few pas-
sages’’, and their capacity to be genome edited has not been probed. Future optimization of culture
conditions for adult human hepatocyte organoid cultures might support their more robust and long-
term expansion and genome engineering.

Human adult liver ductal organoids can be robustly derived from different donors (both healthy
and diseased; Table 2) and can be grown from single cells. These organoids are derived from
EpCAM™ biliary epithelial cells'*, although their exact origin with regard to the heterogeneity in the
cellular composition of the human biliary epithelium is currently uncharacterized. For successful
genetic engineering, these organoids must be injected with DNA and electroporated as intact orga-
noids in the BME drop, as described in this protocol. Although this method is more laborious than
cuvette electroporation, it ensures outgrow and clonal line establishment of genome-engineered
organoids. With this method, the vast majority of human liver ductal organoid lines can be suc-
cessfully genome edited (Table 2). The expansion time of human liver ductal organoids is normally
limited to ~15-20 passages (>6 months), which restricts the period of genetic manipulation and
establishment of genome-engineered lines to starting with early-passage organoids (passage 1-3) if
extensive downstream analyses are to be performed. Genome-engineered human liver ductal orga-
noid lines can be maintained for at least 3 months in culture with similar proliferation rates (although
this might be dependent on the gene targeted). It is recommended to freeze down some of the
genome-engineered human liver ductal (as well as the human fetal hepatocyte) organoids to allow
ample material for downstream applications.

In principle, there are no restrictions for the generation of knockout lines for both organoid
systems, besides the fact that knockout of certain genes could result in organoid lethality. Instead, for
the generation of knockin lines, low or absent expression of the endogenous targeted gene, as well as
the variable chromatin accessibility of certain loci, can negatively affect successful tagging.

192

Reagents

® A83-01 (Tocris Bioscience, cat. no. 2939)

e Accutase (Thermo Fisher Scientific, cat. no. 00-4555-56)

e Advanced DMEM/F12 (Thermo Fisher Scientific, cat. no. 12634010)

¢ B27 supplement minus vitamin A serum-free, 50x (Thermo Fisher Scientific, cat. no. 12587010)

* BME Type 2, RGF Cultrex Pathclear (BME; R&D Systems, cat. no. 3533-005-02)

* DMSO (Sigma-Aldrich, cat. no. D8418)

e [Leul5]-gastrin I human (gastrin; Sigma-Aldrich, cat. no. G9145)

e GlutaMAX supplement, 100x (Thermo Fisher Scientific, cat. no. 35050-061)

e HEPES, 1 M (Thermo Fisher Scientific, cat. no. 15630-056)

* Hygromycin B Gold Solution (Invivogen, cat. no. ant-hg-1)

* N-acetyl-L-cysteine (Sigma-Aldrich, cat. no. A9165)

* Nicotinamide (Sigma-Aldrich, cat. no. N0636)

* Nutlin-3a (Cayman Chem, cat. no. 548472-68-0)

e Penicillin-streptomycin, 10,000 U/ml (Thermo Fisher Scientific, cat. no. 15140-122)

* PBS (Sigma-Aldrich, cat. no. P4417)

* Primocin, 50 mg/ml (Invivogen, cat. no. ant-pm1)

¢ Recombinant human EGF (hEGF; PeproTech, cat. no. AF-100-15)

e Recombinant human FGF-10 (hFGF-10; PeproTech, cat. no. 100-26)

¢ Recombinant human HGF (hHGF; PeproTech, cat. no. 100-39)

* Recovery cell freezing medium (Invitrogen, cat. no. 12648-010)

¢ ROCK inhibitor Y-27632 dihydrochloride (ROCK inhibitor (Y-27632); Abmole Bioscience, cat. no.
M1817)

* RSPO1-CM (in-house production; see Broutier et al.”' for a detailed description on how to make
RSPO1-CM and see de Lau et al.”” and Korinek et al.”® for how to assess the quality of the RSPO1-CM)
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Equipment

* Biosafety cabinet (Telstar, model BioVanguard Green Line)

e Cell culture dish, 100 x 20 mm (Greiner Bio-One, cat. no. 664 160)

® CO, cell culture incubator at 37 °C and 5% (vol/vol) CO, (Panasonic, cat. no. MCO-19AICUV-PE)

e Conical tube, 15 ml (Greiner Bio-One, cat. no. 188271)

¢ Conical tube, 50 ml (Greiner Bio-One, cat. no. 227661)

e Cryogenic vial, 1 ml (Greiner Bio-One, cat. no. 123263)

e Freezing container (CoolCell LX, Biocision, cat. no. BCS-405)

e Light microscope (we use a Nikon Eclipse TS100, and this was used to produce images shown in
Figs. 1d, 2a-c, 3a,c, 4a,c and 5a-d)

e Liquid nitrogen tank (Taylor Wharton, model K series cryogenic system)

* Microcentrifuge (Eppendorf, model no. 5424)

 Microcentrifuge Safe-Lock tube, 1.5 ml (Eppendorf, cat. no. 0030120086)

e Petri dishes, polystyrene, 100 mm x 20 mm (Sigma-Aldrich, cat. no. P5606)

e Petri dishes, polystrene, 145 mm x 20 mm (Greiner Bio-One, cat. no. 639160)

* Pipette, Pipetman Classic P1000 (Gilson, cat. no. F123602)

e Pipette, Pipetman Classic P20 (Gilson, cat. no. F123600)

e Pipette, Pipetman Classic P200 (Gilson, cat. no. F123601)

e Plugged disposable glass Pasteur pipette, 150 mm (VWR, cat. no. 612-7198)

e Serological pipette, 10 ml (Gosselin SAS, cat. no. GPN10E1)

e Serological pipette, 25 ml (Gosselin SAS, cat. no. GPN25E1)

e Serological pipette, 5 ml (Gosselin SAS, cat. no. GPN5E1)

e Suspension cell culture plate, six-well (Greiner Bio-One, cat. no. 657185)

e Suspension cell culture plate, 12-well (Greiner Bio-One, cat. no. 665102)

e Suspension cell culture plate, 24-well (Greiner Bio-One, cat. no. 662102)

e Suspension cell culture plate, 48-well (Greiner Bio-One, cat. no. 677102)

Reagent setup

A83-01

Dissolve 10 mg of A83-01 in 4.75 ml of DMSO to make a 5 mM stock solution. Avoid freeze-thaw
cycles by making small-volume aliquots. Store at —20 °C for up to 2 months.

BME resuspension solution
Prepare a solution of BME and wash buffer in a 3:1 ratio (e.g., mix 600 ul of BME with 200 pl of
wash buffer). A CRITICAL Do not store; prepare fresh every time.

Gastrin
Dissolve 1 mg of gastrin in 4.8 ml of PBS to make a 100 uM stock solution. Avoid freeze-thaw cycles
by making small-volume aliquots. Store at —20 °C for up to 2 months.

hEGF
Dissolve 1 mg of hEGF in 2 ml of PBS with 0.1% (wt/vol) BSA to make a 500-pg/ml stock solution.
Avoid freeze-thaw cycles by making small-volume aliquots. Store at —20 °C for up to 2 months.

hFGF-10
Dissolve 100 pg of hFGF-10 in 1 ml of PBS with 0.1% (wt/vol) BSA to make a 100-pg/ml stock
solution. Avoid freeze-thaw cycles by making small-volume aliquots. Store at —20 °C for up to
2 months.

hHGF
Dissolve 100 pg of hHGF in 1 ml of PBS with 0.1% (wt/vol) BSA to make a 100-pg/ml stock solution.
Avoid freeze-thaw cycles by making small-volume aliquots. Store at —20 °C for up to 2 months.

N-acetyl-L-cysteine

Dissolve 815.95 mg of N-acetyl-L-cysteine in 10 ml of water to make a 500-mM stock solution and
filter-sterilize the solution. Avoid freeze-thaw cycles by making aliquots. Store at —20 °C for up to
2 months.
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Fig. 5 | Representative follow-up and characterization of human fetal hepatocyte organoids and genome-engineered human liver ductal organoids.
a, Representative images of bright-field and whole-mount stainings of wild-type human fetal hepatocyte organoids. From left to right: bright-field
image of a wild-type human fetal hepatocyte organoid culture line; fluorescent images showing the typical bile canalicular network marked by MRP2;
the abundant expression of the hepatocyte markers ALB and A1AT; and characteristic B-CAT staining marking the cell membrane reveals the presence
of binucleated hepatocytes within the organoid (white arrowheads). b, Representative images of bright-field and whole-mount stainings of wild-type
human liver ductal organoids. From left to right: bright-field image of a wild-type human liver ductal organoid culture line; fluorescent images showing
the typical expression of the biliary marker KRT7; the absence of expression of the hepatocyte markers ALB; the polarity of ductal organoids as
revealed by ZO-1 staining; and characteristic B-CAT staining marking the cell membrane, with no binucleated cells present. ¢, Representative images of
genome-engineered human fetal hepatocyte organoids. From left to right: bright-field and fluorescent images showing a clonal AFP:mNEON organoid
culture; an AFP::mNEON organoid stained for MRP2 and B-CAT; and a double TUBB-tagged mMNEON and CDH1-tagged tdTomato hepatocyte organoid
reporter line. d, Representative images of genome-engineered human liver ductal organoids. From left to right: bright-field and fluorescent images
showing a clonal KRT19:mNEON organoid culture; a KRT19::mNEON organoid stained for ZO-1; and a high-resolution image of a KRT18:mNEON
organoid. Organoids in a are from passage 21; organoids in b are from passage 8. Organoids in ¢ and d are 5-10 passages after genome engineering.
The morphology of the two (genome-engineered) organoid culture systems should present like the images shown throughout all passages. Scale bars:
a, bright-field image, 400 um, and fluorescent images, 100 um; b, bright-field image, 200 pm, and fluorescent images, from left to right: 50, 50, 100
and 50 pm; ¢, bright-field image, 300 pm, and fluorescent images, from left to right: 300, 20 and 50 pm; d, bright-field image, 200 pm, and fluorescent
images, from left to right: 200, 20 and 20 pm.

Nicotinamide
Dissolve 3.05 g of nicotinamide in 25 ml of PBS to make a 1-M stock solution. Avoid freeze-thaw
cycles by making aliquots. Store at —20 °C for up to 2 months.

ROCK inhibitor (Y-27632)
Dissolve 50 mg of ROCK inhibitor (Y-27632) in 1.56 ml of sterile dH,O to make a 100-mM stock

solution. Avoid freeze-thaw cycles by making small-volume aliquots. Store at —20 °C for up to 2 months.
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Wash buffer

Supplement 500 ml of AADMEM/F12 medium with 5 ml of 10,000 U/ml penicillin-streptomycin
solution, 5 ml of 1 M HEPES and 5 ml of 100x GlutaMAX supplement. Store at 4 °C for up to
2 months.

Design and preparation of sgRNA and targeting plasmid (required for gene knockin by
CRISPR-HOT)

The procedure outlined below could, in principle, be used to induce a DSB in the genome with any type
of Cas9 protein. We have used SpCas9 to date, which recognizes the conventional NGG PAM sequence.
This gene editing approach can, in principle, be performed with any sgRNA; however, the specificity
and efficiency of the desired sgRNA and locus accessibility would need to be assessed by the user.

1
2

Identify the gene of interest for endogenous C-terminus tagging.

Design the sgRNA. We recommend identifying potential sgRNAs manually but also screening for
potential off-targets. When designing the sgRNA, we recommend that the sgRNA be designed to be
as close as possible to the STOP codon to avoid loss of amino acids in the coding sequence of the
endogenous gene. It is mandatory that the sgRNA/Cas9 complex mediates the cut either before the
STOP codon or in such way that it mediates disruption of the STOP codon. A CRITICAL We
recommend designing at least 2-3 sgRNAs per genomic locus of interest. If targeting after multiple
attempts is still unsuccessful, consider designing sgRNAs in the exon(s) preceding the last exon, as
different genomic regions could have different accessibility and, therefore, be more prone to knockin.
Clone the designed sgRNAs into the pSPgRNA plasmid according to the protocol described by
Ran et al.”.

Choose an appropriate targeting plasmid on the basis of the desired tag. We provided a list of
targeting plasmids in Artegiani et al.*’. Additional targeting plasmids can be easily designed by
replacing the existing tags with the desired DNA insert.

Choose an appropriate frame selector plasmid to mediate the in-frame insertion of the desired tag, as
described in Schmid-Burgk et al.*’. This is required to linearize the targeting plasmid and increase
knockin efficiency via NHE]. Each frame selector plasmid (0, +1 and +2) linearizes, in an sgRNA/
Cas9-mediated manner, the targeting plasmid in a frame-specific manner, leaving a 0-, +1- or +2-nt
overhang, through the incorporation of a non-human sgRNA sequence upstream of the tag of
interest. To identify the correct frame selector plasmid to use, determine what overhang the sgRNA
cut leaves in the open-reading frame of the gene of interest (generally 3 nt upstream of the PAM) and,
accordingly, choose the correct frame selector plasmid to mediate expression of the tag of interest in-
frame with the gene.

Design and preparation of sgRNA plasmid (required for gene knockout only)

1
2

Identify the gene of interest to be knocked out using CRISPR-Cas9-mediated NHE] inactivation.
Design sgRNAs to target either the earliest possible exon or, alternatively, the exons containing
known functional domains. We recommend identifying potential sgRNAs and screening for
potential off-targets using published online tools (e.g, CHOPCHOP®’). A CRITICAL We
recommend designing and testing 2-3 sgRNAs per gene of interest.

Clone the designed sgRNAs into the pSpCas9-GFP plasmid according to the protocol described by
Ran et al.”’. Alternatively, clone the designed sgRNAs into the pSPgRNA plasmid and use this in
combination with a separate plasmid containing the Cas9 and a fluorescent marker under control
of an independent promoter as a readout of transfection. A CRITICAL If the effect of the
introduced gene knockout cannot be easily selected for by drug selection or removal of medium
components (for instance, addition of Nutlin-3a can be used to select for functional knockout of
TP53), we strongly recommend using a transposable drug resistance gene to select for transfected
cells by co-transfection of a PiggyBac transposase and drug resistance cassette (e.g., screening based
on hygromycin resistance).

Additional materials required for Procedure 1 (Human fetal hepatocyte organoid line
establishment and genome engineering)

Reagents

* CHIR-99021 (Sigma-Aldrich, cat. no. SML1046)

e Collagenase from Clostridium histolyticum, type IV (Sigma-Aldrich, cat. no. C5138)

® Hoechst 33342 (Life Technologies, cat. no. H3570)
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* Human fetal liver ! CAUTION Ensure that you follow national and local guidelines regarding use of
human material and that you obtain appropriate informed patient consent. We recommend that you
consult the local medical ethics committee of your institution for advice regarding national regulations
and to obtain the necessary permits to collect and process human fetal liver ! CAUTION We obtained
fetal livers from Leiden University Medical Center, The Netherlands. Approval of our study was
granted by the medical ethics council of Leiden University Medical Center.

¢ Opti-MEM reduced serum medium, no phenol red (Life Technologies, cat. no. 11058021)

e Recombinant human KGF (FGF-7) (hFGF-7; PeproTech, cat. no. AF-100-19)

e Recombinant human TGFa (hTGFa; PeproTech, cat. no. 100-16A)

e Sodium chloride 0.9% (wt/vol) (NaCl; Fresenius Kabi)

e Trypan Blue solution, 0.4% (wt/vol), liquid, sterile filtered (Sigma-Aldrich, cat. no. T8154)

Equipment

* Bijou sample container (Sigma-Aldrich, cat. no. Z645346)

e Cell strainer (EasyStrainer), 100 um (Greiner Bio-One, cat. no. 542000)

e Cuvette chamber (NEPAGENE, cat. no. CU500)

e Cuvette stand holder (NEPAGENE, cat. no. CU600)

e Disposable scalpel, no. 10 (Swann-Morton, cat. no. 0501)

e Fluorescence microscope (we use a EVOS M7000 fluorescence microscope, Thermo Fisher Scientific,
and this is used to visualize and/or pick fluorescent transfected or knocked-in organoids)

* Glasstic slide with hemocytometer counting grid (Kova International, cat. no. 87144E)

e Jewelers forceps, Dumont no. 5 (Sigma-Aldrich, cat. no. F6521)

® Nepa electroporation cuvettes, 2-mm gap with pipettes (NEPAGENE, cat. no. EC-002S)

* NEPA21 Super Electroporator (NEPAGENE)

* Round-bottom polystyrene test tube with cell strainer snap cap (35-um nylon mesh), 5 ml (Corning,
cat. no. 352235)

* Whirl-Pak sample bag (sterile container; Sigma-Aldrich, cat. no. WPB01323WA)

Reagent setup

CHIR-99021

Dissolve 1 mg of CHIR-99021 in 715 pul of DMSO to make a 3 mM stock solution. Avoid freeze-thaw
cycles by making small-volume aliquots. Store at —20 °C for up to 2 months.

FACS buffer
Dilute DAPI solution 1:750 in wash buffer. A CRITICAL Do not store; prepare fresh every time.

HEP digestion buffer

Dissolve 2 mg of collagenase type IV in 20 ml of wash buffer to obtain a final concentration of 100 pug/ml.
Pre-heat the HEP digestion buffer in a 37 °C water bath before use. A CRITICAL Do not store; prepare
fresh every time.

hFGF-7
Dissolve 100 pg of hFGF-7 in 1 ml of PBS with 0.1% (wt/vol) BSA to make a 100-pg/ml stock solution.
Avoid freeze-thaw cycles by making small-volume aliquots. Store at —20 °C for up to 2 months.

hTGFa
Dissolve 100 pug of hTGFa in 1 ml of PBS with 0.1% (wt/vol) BSA to make a 100-ug/ml stock solution.
Avoid freeze-thaw cycles by making small-volume aliquots. Store at —20 °C for up to 2 months.

Isolation HEP medium

Make up 100 ml of HEP medium and add additional ROCK inhibitor (Y-27632) (100 mM) at a
concentration of 5 pl per 10 ml of HEP medium (final concentration of 10 uM). Store at 4 °C for up to
1 month.

Red blood cell lysis buffer
Dilute 10x red blood cell (RBC) lysis buffer in sterile dH,O to 1x. A CRITICAL Do not store; prepare
fresh every time.
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HEP medium
Use the following volumes to make up 100 ml of medium. Store at 4 °C for up to 1 month.

Component Volume (to make 100 ml)
Wash buffer 82.04 ml
RSPO-1 CM 15 ml
B27 minus vitamin A 2 ml
Nicotinamide (1 M) 250 pl
N-acetyl-L-cysteine (500 mM) 250 pl
CHIR-99021 (3 mM) 100 pl
Primocin (50 mg/ml) 100 pl
hFGF-7 (100 pg/ml) 50 pl
hFGF-10 (100 pg/ml) 50 pl
hHGF (100 pg/ml) 50 pl
ROCK inhibitor (Y-27632; 100 mM) 50 pl
A83-01 (5 mM) 20 pl
hTGFo (100 pg/ml) 20 pl
hEGF (500 pg/ml) 10 pl
Gastrin (100 pM) 10 pl

Procedure 1 (Human fetal hepatocyte organoid line establishment and genome engineering)

Collection and isolation of human hepatocytes from human fetal liver @ Timing 3-4 h

! CAUTION Consult the local medical ethics committee of your institution for national regulations and
to obtain the necessary permits to collect and process human fetal liver.

A CRITICAL Before starting hepatocyte isolation, freshly prepare the HEP digestion solution and
pre-heat it to 37 °C.

1

Collect human fetal material in sufficient 0.9% (wt/vol) NaCl in a sterile container and transport
the material on wet ice to a laboratory with biosafety level II.

B PAUSE POINT Material can be kept on wet ice for up to 24 h.

Remove the excess 0.9% (wt/vol) NaCl by pouring it off and adding fresh 0.9% (wt/vol) NaCl to the
material, allow sedimentation of the material and then pour away excess liquid. Repeat until the
tissue parts become clearly visible to the naked eye.

Depending on the week of gestation (WG), divide the tissue over 2-4 145-mm Petri dishes and add
0.9% (wt/vol) NaCl to each Petri dish and maintain on ice (for example, we usually use two Petri
dishes for material from 8-12 WG).

Identify the liver under a stereomicroscope with an external light source.

Isolate pieces of liver, recognizable by the characteristic coloration, morphology and texture, using
laboratory tweezers; transfer to a Petri dish containing 0.9% (wt/vol) NaCl for washing; and transfer
to a 7-ml Bijou sample container for storage.

B PAUSE POINT Tissue can be stored at 4 °C for 24 h. However, directly proceeding to isolation of
the hepatocytes is recommended.

Transfer the liver tissue to a 15-cm Petri dish.

Wash the liver tissue by rinsing it with 10 ml of ice-cold wash buffer.

A CRITICAL STEP Check the tissue for presence of white tree-like structures within the liver
parenchyma (Fig. 2a). If present, remove these structures as much as possible using tweezers and a
scalpel. This step is recommended as it could affect contamination of cystic ductal-like organoid
outgrowth during hepatocyte organoid line establishment (Fig. 2d).

Aspirate the wash buffer with a glass pipette and pour 5 ml of freshly prepared and pre-heated HEP
digestion solution onto the liver tissue.

Process the liver tissue by chopping until it is reduced to small pieces using a scalpel and tweezers
for 2-5 min (Fig. 2a). Avoid over-digestion of the tissue. As soon as the tissue solution is in
predominantly small pieces (~0.2-0.5 mm), move to the next step.

A CRITICAL The starting size of the starting material affects the time required for chopping. The
size of the starting material is variable because it depends on the age of the donor. For the samples
we have processed, it has been between 0.2 and 2 ¢cm, weighing 0.2-2 g.
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10 Further homogenize the samples carefully by pipetting with a P1000 pipette.

11 Move the solution to a 50-ml conical-bottom tube.

12 Stop the digestion by adding 35 ml of ice-cold wash buffer.

13 Centrifuge the tube for 5 min at 100g at 4 °C.

A CRITICAL Centrifugation at a low speed is important to enrich for hepatocytes (hepatocytes can be
enriched by centrifugation because they are larger than the other cell types in the starting material).

14 Aspirate most of the liquid with a glass pipette until a small volume of liquid containing the cell
pellet is left.

A CRITICAL Ensure that a small amount of liquid is left above the pellet, as the low centrifugation
speed results in a loose pellet that is more prone to aspiration.

15 Carefully resuspend the cell pellet in 10 ml of ice-cold wash buffer with a P1000 pipette.

16 Inserta 100-pum filter in a 50-ml conical-bottom tube and pre-wet the filter with 5 ml of wash buffer.

17 Pour the resuspended cell solution from Step 15 through the filter and then add 35 ml of wash
buffer to the tube.

18 Centrifuge the tube for 5 min at 100g at 4 °C.

19 Aspirate most of the liquid with a glass pipette until a small volume of liquid containing the cell
pellet is left. We recommend removal of RBCs at this point, as this is optimal when establishing
hepatocyte organoid lines. Proceed with Steps 20-25 to remove the RBCs. Alternatively, proceed
directly to Step 26.

20 Carefully resuspend the cell pellet in 2 ml of RBC lysis buffer with a P1000 pipette and transfer the
suspension to a 15-ml conical-bottom tube.

21 Incubate for 5 min at room temperature (our usual room temperature is 20-23 °C).

22 Add 3 ml of RBC lysis buffer and mix the solution gently.

23 Centrifuge the tube for 5 min at 400g at 4 °C.

24 Wash the cell pellet with 10 ml of ice-cold wash buffer and carefully resuspend the cells with a
P1000 pipette.

25 Centrifuge the tube for 5 min at 400g at 4 °C.

26 Resuspend the cell pellet in ~500 pl of ice-cold wash buffer and proceed to cell counting.

27 Dilute 10 pl of the cell suspension with 10 pl of Trypan Blue solution and transfer 10 pl to a
hemocytometer and count the number of live cells (the ones that do not absorb the dye). In our
experience, ~2-5 million cells per gram of fetal liver are obtained using this isolation protocol.

? TROUBLESHOOTING

Seeding of human fetal hepatocytes for organoid formation @ Timing 1-2 h

A CRITICAL For optimal plating, the suspension culture plates should be pre-heated to allow better

setting of the BME. We recommend pre-heating the plates at 37-55 °C for at least 30 min before seeding

the cells. In addition, pre-heat the HEP isolation medium in a 37 °C water bath for 30 min before
supplying the medium to the cells.

28 Centrifuge the 15-ml tube containing the cells for 5 min at 400g at 4 °C.

29 Resuspend the cells in an appropriate volume of BME resuspension solution depending on the
number of isolated hepatocytes.

A CRITICAL For optimal plating of the hepatocytes, 60,000-100,000 cells should be plated in a
volume of 100 pl of BME resuspension solution.

A CRITICAL BME quickly solidifies at room temperature. Therefore, keep the BME on ice when
not handling the BME for the entire duration of the seeding experiment.

30 Plate the cells by creating small droplets of BME resuspension solution containing the resuspended
cells in a pre-heated suspension culture plate. We recommend using 12-well suspension culture
plates and plating 100 pl of the suspension per 12-well plate, making three separate droplets
(~33 pl per drop).

31 To allow the BME droplets to solidify, carefully transfer the plate to a cell culture incubator and
incubate for ~30 min. This BME concentration is sufficient to prevent cell attachment to the bottom
of the plate during gel solidification.

A CRITICAL Be careful handling the plate containing the BME droplets, as, before they solidify,
they are liquid and prone to be disrupted.

32 Upon solidification of the BME droplets, add an appropriate volume of pre-heated HEP isolation
medium to the cells. For 12-well plates, add 1 ml; for 24-well plates, add 500 pl.

33 Transfer the plate to a cell culture incubator.
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Establishment and culture of human fetal hepatocyte organoid lines @ Timing 6-8 weeks
A CRITICAL Successful establishment of hepatocyte organoid lines is donor dependent. We typically
obtain success rates ~70% (the success rate being defined as the capacity of a line to reach at least
passage 5). We have not observed trends in successful establishment related to the age and sex of
the donor.

34

35
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39

40

41
42

43

44

After 2-3 d, small dense organoids should appear in culture (Fig. 2b). When this happens, refresh
the medium by aspirating most of the old medium with a glass pipette and supplying the BME
droplets with pre-heated HEP medium.

A CRITICAL The BME droplets can occasionally detach from the suspension culture plate.
Therefore, be careful aspirating the culture medium to avoid loss of loose BME droplets.

Replace the culture medium every 2-3 d with new HEP medium. Also, check the size of the
organoids every second day and move to the next step when appropriate.

When organoids of sufficient size have formed (diameter of 100-250 pm), or when the BME
droplet gets crowded, the hepatocyte organoids should be passaged. Organoid passaging can usually
be initiated 6-10 d after cell seeding.

A CRITICAL Outgrowth/appearance of some non-parenchymal and stromal cells is a normal
occurrence at passage 0. These cells are progressively lost upon passaging the hepatocyte organoids.
In addition, outgrowth of cystic ductal-like organoids might occur (Fig. 2d). These cystic organoids
should be manually picked out from the BME droplet using a P200 pipette under a light
microscope. Pure hepatocyte organoid cultures are normally established around passage 2-3.

? TROUBLESHOOTING

Aspirate the culture medium with a glass pipette and add an appropriate volume of ice-cold wash
buffer to each well (i.e., 1 ml per well of a 12-well plate or 500 pl per well of a 24-well plate).
Break the BME droplet containing the organoids in the wash buffer using a P1000 pipette and
transfer the mixture to a conical 15-ml tube (three or four wells can be pooled together per
15-ml tube).

Use a fire-polished glass pipette to further break the organoids by mechanical shearing into small,
but still visible, organoid pieces (diameter of 20-60 um). Typically, shearing 5-10 times is sufficient.
A CRITICAL Be careful not to shear the organoids excessively, as hepatocytes are sensitive cells, and
avoid generation of very small pieces of organoids or single cells.

Top up the volume in the 15-ml conical tube by adding 10 ml of ice-cold wash buffer.

A CRITICAL The cold temperature of the wash buffer is essential to help dissolve the BME.
Centrifuge the tube for 5 min at 400g at 4 °C.

Aspirate the wash buffer and resuspend the organoids in an appropriate volume of BME
resuspension solution (100 ul for one well of a 12-well plate in three droplets, 50 pl for one well of a
24-well plate in one droplet).

A CRITICAL The optimal splitting ratio for each line should be optimized depending on the specific
growth rate of the line. We recommend a regular splitting ratio from 1:2 to 1:5. Particularly when
establishing a new line, splitting at a lower ratio (e.g., 1:2 or 1:3) is recommended to probe the
growth characteristics of that specific line.

A CRITICAL Do not plate the organoids too sparsely, as this could negatively affect line growth.
Plate the organoids as described in Steps 30-33. Typically, the hepatocyte organoids have a size of
20-60 pm after shearing.

Maintain the line by refreshing with pre-heated HEP medium every 2-3 d and splitting the
organoids as described in Steps 36-43. Splitting of the hepatocyte organoids should be performed
when the droplets containing the organoids become crowded and when organoids have reached an
appropriate size (diameter of 100-250 um), which is usually every 5-12 d.

A CRITICAL It is recommended that organoid cultures be tested for mycoplasma contamination at
regular intervals.

? TROUBLESHOOTING

Preparation of the DNA mixture for genome engineering of human fetal hepatocyte
organoids @ Timing 30 min-1h

45

Mix together the required plasmids (see ‘Reagent setup’ and Table 1) for gene knockin or knockout
in a 1.5-ml sterile Safe-Lock tube. A maximum of 20 ug of total DNA resuspended in 20 pl of PBS
can be used for each electroporation. The molar ratio of the different plasmids should be considered
while preparing the DNA mixture.

NATURE PROTOCOLS | VOL 16| JANUARY 2021|182-217 | www.nature.com/nprot 199


www.nature.com/nprot

PROTOCOL NATURE PROTOCOLS

Preparation of human fetal hepatocyte organoids for electroporation @ Timing 1-2 h

A CRITICAL Use at least two full wells of a 12-well plate (~400,000 cells) for electroporation of human
hepatocyte organoids.

A CRITICAL Use organoids for electroporation only when they reach a reasonable size (diameter of
100-200 pm) and not immediately after splitting. We recommend using organoids ~4-5 d after splitting.

200
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Aspirate the culture medium with a glass pipette and add an appropriate volume of ice-cold wash
buffer to each well. An appropriate amount of wash buffer is 1 ml per well of a 12-well plate or
500 ul per well of a 24-well plate.

Break the BME droplet containing the organoids in the wash buffer using a P1000 pipette and
transfer the mixture to a conical 15-ml tube (3-4 wells can be pooled together per 15-ml tube).
Centrifuge the tube for 5 min at 400g at 4 °C.

Aspirate the wash buffer with a glass pipette.

To make the organoids into single cells, add 2 ml of accutase with a P1000 pipette and resuspend
the organoid pellet. Incubate the tube for 3-5 min in a 37 °C water bath and occasionally aid
single-cell dissociation by manual pipetting the organoids with a P1000 pipette. Inspect whether the
organoids are dissociated into single cells (or, alternatively, small clumps) under a bright-field
microscope (Fig. 3a).

A CRITICAL Avoid excessive dissociation of the organoids. It might be preferable to electroporate
small clumps of hepatocytes rather than single cells. This is preferable if the organoid line has
limited capacity to grow out from single cells after electroporation. Outgrowth capacity from single
cells should ideally be tested before genome engineering of the line.

Top up the volume of the tube containing cells with 10 ml of ice-cold wash buffer.

Centrifuge the tube for 5 min at 400g at 4 °C.

Aspirate the wash buffer, wash the cells with 5 ml of ice-cold wash buffer and resuspend the cell
pellet carefully with a P1000 pipette.

Centrifuge the tube for 5 min at 400g at 4 °C.

Aspirate the wash buffer and resuspend the cells in an appropriate volume of Opti-MEM. We
recommend 130 pl of Opti-MEM per electroporation condition (i.e., to electroporate the cells
harvested from two wells of a 12-well plate).

Mix the DNA, as prepared in Step 45, together with the cell suspension from the previous step (Fig. 3a).
Incubate for 3 min at room temperature.

Electroporation of human fetal hepatocyte organoids @ Timing 1-2 h
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Transfer the DNA/cell suspension with a P200 pipette into an electroporation cuvette.
Electroporate using a NEPAGENE electroporator with the following settings: Poring Pulse
(Voltage = 175 V, Pulse Length = 7.5 ms, Pulse Interval = 50 ms, Number of Pulses = 2, Decay
Rate: 10%, Polarity: +) and Transfer Pulse (Voltage = 20 V, Pulse Length = 50 ms, Pulse Interval =
50 ms, Number of Pulses = 5, Decay Rate: 40%, Polarity: +/—; Fig. 3a).

Immediately after electroporation, add 750 pl of HEP isolation medium to the cuvette. HEP
isolation medium is recommended owing to the higher concentration of ROCK inhibitor Y-27632,
which is crucial to prevent anoikis of single cells (Fig. 3a).

Allow the electroporated cells, still within the cuvette, to recover for 20 min at room temperature.
In the meantime, proceed with the next step.

Prepare a 15-ml conical tube filled with 8 ml of ice-cold wash buffer.

Transfer the cells from the cuvette into the pre-filled 15-ml conical tube, using the small plastic
pipette provided with the cuvette (Fig. 3a).

A CRITICAL Handle the cells very carefully because cells are in a stressed state after electroporation.
Centrifuge the tube for 5 min at 400g at 4 °C.

Plate the single cells as described in Steps 30-33. We recommend plating the cells at a dense
concentration (for example, if two wells of a 12-well plate were used for one electroporation, we
recommend plating them in 2-3 wells of a 12-well plate). Alternatively, cells can be plated into
24-well plates to facilitate selection (Fig. 3a).

Establishment of genome-engineered human hepatocyte organoid lines @ Timing
6-8 weeks

66

Twenty-four hours after electroporation, check the health of the cells. If cells were transfected with
a plasmid containing a fluorescent protein under the control of an independent promoter, check for
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a positive fluorescence signal. For example, if pSpCas9-GFP was used for gene knockout, check for
GFP fluorescence. For gene knockin, check for mCherry fluorescence derived from the frame
selector plasmid (Fig. 3¢). This transient fluorescence signal is expected to be visible for 5-8 d. After
successful electroporation, 9-14% of the hepatocytes should be electroporated™.
? TROUBLESHOOTING

67 Three to five days after electroporation, assess the cells to monitor their growth. At this point, small
clumps of cells should be visible. When small clumps of cells are visible, switch to regular HEP
medium. At this stage, the hepatocytes can, optionally, be sorted by FACS to select for transfected
cells. This step helps to enrich any genome-engineered hepatocytes. However, successful outgrowth
after sorting is strongly line dependent, so if the line that you have transfected does not outgrow
successfully after single-cell sorting, it is recommended to proceed directly to Step 78 for drug
selection or Step 80 for picking. If targeting of a constitutively expressed gene via knockin has been
attempted, the fluorescence signal resulting from successful knockin should appear during a
relatively short timeframe (3-7 d after electroporation); however, the exact time span over which
there is a fluorescence signal can vary depending on the specific targeted gene (Fig. 3c).
? TROUBLESHOOTING

(Optional) FACS of single cells @ Timing 4 h

A CRITICAL Recommended only for lines able to outgrow after single-cell sorting.

A CRITICAL Perform FACS 3-5 d after electroporation when the transient fluorescence signal is abundant.

68 To sort single cells from the human hepatocyte organoids by FACS, dissociate the organoids into
single cells as described in Steps 46-54. We recommend using half of the cells that were
electroporated for FACS.

69 Aspirate the wash buffer and resuspend the cells in 2 ml of ice-cold wash buffer.

70 Filter the cells over a 5-ml FACS tube using a cell strainer snap cap.

71 Centrifuge the tube for 5 min at 400g at 4 °C.

72 Carefully aspirate the wash buffer and resuspend the cells in 500 pl of FACS buffer. Mix the cells well.

73 Sort the cells using an FACS sorter.
A CRITICAL Optimal conditions for FACS need to be determined by the user, as they are
dependent on the FACS sorter used.

74  Collect the cells into a 1.5-ml Safe-Lock tube pre-filled with 500 ul of wash buffer.

75 Centrifuge the tube for 5 min at 400g at 4 °C.

76  Plate the single cells in one 50-ul BME droplet in a single well of a 24-well plate as described in
Steps 30-33.

77 For the first few days after sorting, culture the single cells in HEP isolation medium. Once small
organoids start to appear, switch to and maintain the organoids in regular HEP medium.
? TROUBLESHOOTING

(Optional) Drug selection @ Timing variable

A CRITICAL Any type of selection (including growth factor withdrawal or drug administration) can be

applied when the organoids have formed a reasonable size (clumps of ~20-50 cells), which is typically

reached from 7-12 d after electroporation onward. This section describes drug selection; for different

strategies of selection (Fig. 3b,c), refer to Table 1.

78 Replace medium with the appropriate selection medium, using HEP medium as the base. For
example, organoids with TP53 mutations can be selected for by adding 10 uM Nutlin-3a;
Hygromycin B resistance can be selected for by inclusion of 100 ng/ml of Hygromycin B. For any
type of drug selection, it is important to also include a negative control (i.e., a well of untransfected
cells from the same organoid line that have undergone the same steps as the transfected cells), to
serve as the baseline for selection resistance.

79 Maintain drug selection until the effects of the selection are clearly visible (Fig. 3b,c) and control
organoids have completely died. Although this timeframe can vary between donors, typically
Nutlin-3a selection takes 2 weeks and requires one passaging step. Hygromycin B selection takes
~7-10 d, usually without any need to passage organoids during selection.

Picking of organoids @ Timing 2-4 h
A CRITICAL Single surviving organoids after selection (from Step 79) or positively knocked-in single
organoids (from Step 67 or 77) have to be picked. The optimal size for picking is a diameter of >100 pm
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(Fig. 3b). Thus, the optimal time to pick organoids depends on the growth speed of the outgrowing

positive organoids; however, it is typically 10-20 d after electroporation.

80 Before organoid picking, prepare 1.5-ml Safe-Lock tubes filled with 150 ul of accutase and maintain
them on ice.

81 Using a P200 pipette, slowly insert the tip in the BME droplet, gently aspirate the single desired
organoid and transfer immediately into the tube containing accutase. If undertaking gene knockin,
several fluorescence-positive organoids can be combined together to generate a bulk culture. Bulk
cultures generally have better outgrowth and, as a consequence of starting with more material, allow
for quicker expansion of the line. To do this, pick several organoids and place them in the same
tube containing accutase.

A CRITICAL This procedure needs to be performed under a bright-field or a fluorescence micro-
scope to be able to visualize the drug-resistant or fluorescence-positive organoids, respectively.

82 Incubate the tube for 2-3 min in a 37 °C water bath and occasionally aid single-cell dissociation by
manually pipetting the organoids with a P200 pipette.

A CRITICAL Avoid excessive single-cell dissociation as this will negatively affect clonal outgrowth.

83 Top up the tube with 1 ml of ice-cold wash buffer.

84 Centrifuge the tube for 5 min at 400g at 4 °C.

85 Aspirate the wash buffer carefully with a glass pipette or, alternatively, use a P1000 pipette, leaving
a small volume of wash buffer containing the cell pellet.

86 Wash the cells with 1 ml of ice-cold wash buffer and carefully resuspend the cell pellet.

87 Centrifuge the tube for 5 min at 400g at 4 °C.

88 Aspirate the wash buffer carefully with a glass pipette or, alternatively, use a P1000 pipette, leaving
a small volume of wash buffer containing the cell pellet.

89 Plate the cells as described in Steps 30-33 in a single well of a 24-well plate or a 48-well plate. For the
first few days, culture the organoids in HEP isolation medium. Once small organoids start to appear,
switch to regular HEP medium.

A CRITICAL Clonal outgrowth success rates depend on the hepatocyte organoid line. Typically,
60% of picked single organoids can be expected to grow out.
? TROUBLESHOOTING

90 Passage the organoids (as described in Steps 36-43) when organoids of sufficient size have formed
(diameter of 100-250 um) or when the BME droplet gets crowded. After this passage (the first
passage of the (clonal) organoid lines), one well should be used to genotype the line (see Steps 1-16
of Procedure 3). When the genotype is confirmed, if you want to proceed to multiplex gene knockin
with gene knockout or generate multi/sequential gene knockin/knockout organoid lines, proceed to
Steps 17 and 18 of Procedure 3. Otherwise, proceed to Step 19 of Procedure 3 and consider whether
you want to carry out additional experiments (Fig. 1d).

Additional materials required for Procedure 2 (Genome engineering of human liver ductal
organoids)
Reagents
e FastGreen (Sigma-Aldrich, cat. no. F7258)
e Forskolin (R&D Systems, cat. no. 1099)
e Human adult liver biopsies
! CAUTION Ensure that you follow national and local guidelines regarding use of human material and
that you obtain appropriate informed patient consent.
! CAUTION We obtained adult liver biopsies from Erasmus Medical Center Rotterdam, The Netherlands.
Approval of our study was granted by the medical ethics council of Erasmus Medical Center Rotterdam.
¢ Opti-MEM reduced serum medium, no phenol red (Life Technologies, cat. no. 11058021)

Equipment

e Borosilicate capillaries with filament (Sutter Instruments, cat. no. BF120-69-10)

e External light source (Schott, cat. no. KL 1600 LED)

e Fluorescence microscope (we use an EVOS M7000 fluorescence microscope, Thermo Fisher Scientific,
and this is used to visualize and/or pick fluorescent transfected or knocked-in organoids)

e Jewelers forceps, Dumont no. 5 (Sigma-Aldrich, cat. no. F6521)

e NEPA21 Super Electroporator (NEPAGENE)

¢ P-97 Flaming/Brown pipette puller (Sutter Instruments)
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e Pico Pump (WPI, cat. no. PV820)
A CRITICAL This equipment needs to have a foot switch.

e Stereomicroscope (Leica MZ6, Leica)

 Tweezers with variable gap 2 round platinum plate electrode, 1-mm diameter (NEPAGENE, cat. no.
CUY650P1)

Reagent setup

Forskolin

Dissolve 10 mg of Forskolin in 2.44 ml of DMSO to make a 10 mM stock solution. Avoid freeze-thaw
cycles by making small-volume aliquots. Store at —20 °C for up to 2 months.

Injection dye

Dissolve 1 mg of FastGreen in 2 ml of PBS to a final concentration of 0.05% (wt/vol). Centrifuge the
solution at maximum speed for 2 min at room temperature to get rid of potential aggregates. Store at
room temperature for up to 1 year.

DUC medium
Use the following volumes to make up 100 ml of medium. Store at 4 °C for up to 1 month.

Component Volume (to make 100 ml)
Wash buffer 86.31T ml
RSPO-1 CM 10 ml
B27 minus vitamin A 2 ml
Nicotinamide (1 M) 1T ml
N-acetyl-L-cysteine (500 mM) 250 pl
Primocin (50 mg/ml) 100 pl
Forskolin (10 mM) 100 pl
A83-01 (5 mM) 100 pl
hFGF-10 (100 pg/ml) 100 pl
hHGF (100 pg/ml) 25 ul
hEGF (500 pg/ml) 10 pl
Gastrin (100 pM) 10 pl

Establishment of human liver ductal organoid lines

Establish and culture human liver ductal organoid lines from adult human liver as described in the
primary research paper by Huch et al.'* and the associated protocol by Broutier et al.”". The com-
position of DUC medium is described above.

Procedure 2 (Genome engineering of human liver ductal organoids)

Preparation of human liver ductal organoids for electroporation @ Timing 3-4 d

1 Three to four days before electroporation, split the organoids at a ratio of between 1:4 and 1:6
(as described in refs. ") in a single 50-ul droplet of BME in a well of a 12-well plate. Do not place
the droplet in the center of the well; instead, place it to the side, as this will facilitate easier DNA
injection with the capillary.
A CRITICAL 1t is important that organoids reach a sufficient size to be suitable for subsequent
injection with DNA and electroporation. Organoids with a diameter of 150-500 pm should be used for
the subsequent steps. Organoids with this diameter are typically reached 3-4 d after splitting (Fig. 4a).
We recommend performing electroporation on three confluent wells per condition (~200,000 cells).
A CRITICAL 1t is essential that the cells be plated at the correct concentration to allow sufficient
growth of the organoids, as this facilitates the DNA injection.

Preparation of the DNA mixture @ Timing 30 min-1h
2 Mix together the required plasmids (as described in ‘Reagent setup’ and Table 1) for gene knockin

or knockout in a 1.5-ml sterile Safe-Lock tube. We recommend using at least 100 pg of total DNA
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resuspended in ~40 pl PBS and the molar ratio of the different plasmids should be considered while
preparing the DNA mixture. A plasmid concentration of 3 pg/pl is optimal, but it should be at least
1 pg/pl, as injection of the diluted DNA into the organoid lumen otherwise requires too large an
injection volume.

A CRITICAL It is essential to use a mixture of DNA that contains a plasmid with a fluorescent
protein under the control of an independent promoter to allow for picking of successfully
transfected organoids based on fluorescence signal.

Add the injection dye to the DNA mixture at a concentration of 1 pl per 20 pl of DNA.

Preparation and loading of the capillaries for electroporation of human liver ductal
organoids @ Timing 30 min-1h

4

Prepare glass borosilicate capillaries with a glass puller using the following conditions: Pull = 200,
Velocity = 140, Time = 400 for pulling. Because each different electroporation condition requires
at least one different capillary, pull enough capillaries for the desired experimental settings.

Load one capillary with the DNA mixture using a P20 pipette and a long pipette tip by aspirating
20 pl of the DNA mixture using a long pipette tip, inserting this tip into the capillary open end and
filling the capillary with the DNA mixture, while slowly retracting the long pipette tip.

Mount the DNA-filled capillary on the nozzle of the capillary holder connected to the pressure
pump (Pico Pump).

A CRITICAL It is important that the pressure pump has a foot switch, because it enables injection
of the DNA mixture into the organoids with a foot command while leaving the hands free to hold
the plate and inject the organoids with the DNA-filled capillary.

Carefully break the extremity of the capillary tip using jewelers forceps, as the tip of the capillary is
usually fused at the end.

Electroporation of human liver ductal organoids @ Timing 2-4 h

! CAUTION The steps in this section are undertaken in a non-sterile environment outside a tissue
culture hood. The plate containing the organoids should only be opened for the necessary steps, and it is
important to work in a clean (ethanol-wiped) area.

8

10

11

12

13

Remove the culture medium from the well of the plate to be electroporated (established in Step 1)
with a P1000 pipette and add 2 ml of sterile PBS.

Put the plate under an illuminated stereomicroscope. The stereomicroscope is required to visualize
the organoids while performing the injection.

While holding the plate in one hand and looking at the organoids through the microscope, use the
DNA-filled capillary mounted on the capillary holder with the other hand and carefully inject single
organoids of sufficient size (optimal diameter 150-500 um; Fig. 4a). As soon as the capillary is
inside the organoid, press the foot pump switch (for ~1-5 s using an eject pressure of 5-10 p.s.i.
when using a Pico Pump, but optimal settings should be determined each time because the pressure
needed is influenced by the opening of the capillary) to slowly inject the organoids with the DNA
mixture until the organoid is fully loaded as visualized by complete dispersion of the injection dye.
After the organoid is filled, retract the capillary and proceed to inject the next organoid.
To maximize efficiency, inject as many organoids as possible in the same droplet.

A CRITICAL Injection should be performed very gently to avoid collapse of the organoids.

Once sufficient organoids have been injected, use the tweezer electrodes (tip pre-wetted in PBS) to
electroporate the BME droplet containing the injected organoids two or three times at different
angles around the droplet using a NEPAGENE electroporator by gently squeezing the droplet
(Fig. 4a). Electroporation settings as follows: Poring Pulse (Voltage = 50 V, Pulse Length = 10 ms,
Pulse Interval = 50 ms, Number of Pulses = 4, Decay Rate: 10%, Polarity: +) and Transfer Pulse
(Voltage = 20 V, Pulse Length = 50 ms, Pulse Interval = 50 ms, Number of Pulses = 5, Decay Rate:
40%, Polarity: 4+/—).

A CRITICAL During the injection steps, it is important to keep the tip of the tweezer electrodes in
PBS to keep them wet.

Remove the PBS from the electroporated well and add 2 ml of DUC medium. Proceed to the next
well and repeat Steps 10-12. Once all the droplets have been electroporated, transfer the plate to a
cell culture incubator.

Wash the tweezer electrodes with sterile dH,0O, and dry them before storing.
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Establishment of genome-engineered human liver ductal organoid lines @ Timing
6-8 weeks

14

15

16
17
18

19

20

21
22

23
24
25
26
27
28

29

30

31

One to two days after electroporation, monitor successful transfection by assessment of the
transient fluorescence signal using a fluorescence microscope. Usually the electroporated cells lie on
the outside of the organoid and constitute ~10% of the cells within the organoid (Fig. 4c).

? TROUBLESHOOTING

Pick all transfected (fluorescence-positive) organoids with a P200 pipette under a fluorescence
microscope, as similarly described for human hepatocyte organoids in Step 81 of Procedure 1 and
transfer them into a 1.5-ml Safe-Lock tube filled with 500 pl of ice-cold wash buffer.

Disrupt the organoids by repeatedly pipetting with a P200 pipette.

Centrifuge the tube for 5 min at 400g at 4 °C.

Resuspend the sheared organoid pieces in BME resuspension solution (volume depends on how
many organoids have been successfully transfected and picked) and plate single 50-ul droplets in a
well of a pre-heated 24-well suspension culture plate (Fig. 4c). Upon solidification of the BME
droplets, add 1 ml of DUC medium.

A CRITICAL This step is important to enrich for transfected cells.

Monitor the growth of organoids. Usually 5-7 d after plating, the organoids will have regrown as
regular round cysts, and many electroporated cells should be visible by fluorescence. If knockin
lines have been generated, and a constitutively expressed gene has been targeted, the fluorescence
signal resulting from successful knockin usually appears 3-7 d after electroporation; however, this
can be dependent on the specific targeted gene.

A CRITICAL Only after this step can you proceed to single-cell digestion by accutase to obtain
clonal human liver ductal organoid lines (Fig. 4b). We do not proceed to single-cell digestion
immediately after electroporation because this results in very limited outgrowth.

? TROUBLESHOOTING

Remove the culture medium and add 1 ml of ice-cold wash buffer to the well with a P1000 pipette.
Collect the organoids and transfer the organoids into a 1.5-ml Safe-Lock tube.

Centrifuge the tube for 5 min at 400g at 4 °C.

Aspirate the wash buffer carefully with a glass pipette or, alternatively, with a P1000 pipette, leaving
a small volume of wash buffer containing the organoid pellet.

Add an appropriate volume of accutase (e.g., 250 pl) to the organoids. Incubate the organoids for
2-3 min in a 37 °C water bath and occasionally aid single-cell dissociation by manual pipetting the
organoids with a P200 pipette.

Add 1 ml of ice-cold wash buffer to the tube.

Centrifuge the tube for 5 min at 400g at 4 °C.

Aspirate the wash buffer carefully with a glass pipette or, alternatively, with a P1000 pipette, leaving
a small volume of wash buffer containing the cell pellet.

Wash the cells by adding 1 ml of ice-cold wash buffer to the tube.

Centrifuge the tube for 5 min at 400g at 4 °C.

Resuspend the cell pellet with an appropriate volume of BME resuspension solution and plate a
single 50-pl BME droplet per well of 24-well suspension culture plate.

After solidification of the BME droplets, add 500 pl of DUC medium supplemented with 10 uM
ROCK inhibitor (Y-27632). We recommend supplementation with the ROCK inhibitor (Y-27632)
to prevent anoikis of single cells. Typically, ~60% of single cells are able to grow out.

Monitor growth of organoids. Seven to ten days after plating, organoids should have regrown from
the single cells, appearing as regular round cysts.

(Optional) Drug selection @ Timing variable

A CRITICAL Any type of selection (including growth factor withdrawal or drug administration; as
examples, TP53 mutations can be screened with 10 uM Nutlin-3a, and Hygromycin B resistance can be
screened with 100 ng/ml Hygromycin B) can now be applied. This section describes drug selection; for
different strategies of selection (Fig. 4b), refer to Table 1.

32

Replace medium with the appropriate selection medium, using DUC medium as the base. For
example, organoids with TP53 mutations can selected for by adding 10 uM Nutlin-3a; Hygromycin
B resistance can be selected for by inclusion of 100 ng/ml Hygromycin B. (See Fig. 4b,c and Table 1
for different selection strategies dependent on the experimental setting.) For any type of drug
selection, it is important to include a proper control (i.e., a well of untransfected cells from the same
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organoid line that have undergone the same steps as the transfected cells), which will serve as the
baseline for selection resistance.

33 Maintain drug selection until selection is clearly visible and control organoids have completely died.
Although this timeframe can vary between donors, typically Nutlin-3a selection takes 2 weeks
and requires one passaging step, and Hygromycin B takes ~7-10 d without the need of passaging
(Fig. 4b,c).

Picking of organoids @ Timing 3-5 h

34 Single surviving organoids after selection (from Step 33) or knocked-in single organoids (as
visualized by positive fluorescence signal) (from Step 31) have to be picked (optimal size for
picking: diameter of >100 um) to obtain clonal organoid lines (Fig. 4b). For picking, use a P200
pipette under either a bright-field or a fluorescence microscope and transfer immediately the picked
organoid into a 1.5-ml Safe-Lock tube filled with 300 pl of ice-cold wash buffer.

35 Disrupt the organoids by repeatedly pipetting with a P200 pipette.

36 Centrifuge the tube for 5 min at 400g at 4 °C.

37 Resuspend the sheared organoids in BME resuspension solution and plate a single 25-pl droplet per
well of a pre-heated 48-well suspension culture plate. Upon solidification of the BME droplets, add
250 ul of DUC medium. About 60% of the picked clones can regrow into lines.
? TROUBLESHOOTING

38 After the first split, spare a well for genotyping as described in Steps 1-16 of Procedure 3. The
clonal genome-engineered organoid lines can then be used for further downstream applications as
described in Procedure 3 and Fig. 1.

Additional materials required for Procedure 3 (Genotyping, further genome engineering
and downstream applications)

Reagents

* Anti-A1AT rabbit polyclonal 1:500 (Abcam, cat. no. ab9373, RRID: AB_307219)

¢ Anti-AFP rabbit polyclonal 1:250 (Thermo Fisher Scientific, cat. no. PAS-16658, RRID: AB_10979157)
e Anti-Albumin goat polyclonal 1:500 (Bethyl, cat. no. A80-229A, RRID: AB_67018)

e Anti-B-CAT rabbit polyclonal 1:500 (Santa Cruz Biotechnology, cat. no. sc-7199, RRID: AB_634603)
¢ Anti-KRT7 mouse monoclonal 1:200 (Millipore, cat. no. MAB3226, RRID: AB_2134453)

e Anti-MRP2 mouse monoclonal 1:100 (Abcam, cat. no. ab3373, RRID: AB_303751)

* Anti-ZO-1 rabbit polyclonal 1:200 (Life Technology, cat. no. 402200, RRID: AB_2533456)

* BSA (Sigma-Aldrich, cat. no. 10-735-094-001)

¢ DAPI solution, 1 mg/ml (Thermo Fisher Scientific, cat. no. 62248)

e Sodium azide, 0.1 M solution (Sigma-Aldrich, cat. no. 08591-1ML-F)

e Triton X-100 (Sigma-Aldrich, cat. no. X100)

Equipment

¢ Confocal microscope equipped with a cell culture chamber (we use an Sp8 confocal (Leica), and this
was used to produce the images shown in Figs. 1d and 5a-d)

e Glass-bottom plate, 12-well (Cellvis, cat. no. P12-1.5H-N)

e Sensoplate, 24-well (Greiner Bio-One, cat. no. 662892)

e Sensoplate, 96-well (Greiner Bio-One, cat. no. 655892)

Reagent setup

Blocking buffer

Dissolve 500 mg of BSA in 10 ml of PBS to a final BSA concentration of 5% (wt/vol). Filter the
solution with a 0.45-um filter. Prepare fresh and store at 4 °C for 1 week.

DAPI-containing staining wash buffer
Dilute the DAPI solution (1 mg/ml) 1:1,000 in staining wash buffer to a final concentration of
1 pg/ml. Do not store; prepare fresh every time.

Lysis buffer
Combine 0.1M Tris-HCl (pH 8.5-9.0), 0.2 M NaCl, 5 mM EDTA and 0.2% (wt/vol) SDS in sterile
dH,O. Store at room temperature for up to 2 years.
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Permeabilization buffer
Dilute the Triton X-100 stock solution (20%) 1:40 in PBS to a final Triton X-100 concentration of
0.05% (vol/vol). Do not store; prepare fresh every time.

Preservation staining buffer

First prepare sodium azide-PBS solution by adding 1 ml of 0.1 M sodium azide solution to 1 L of
PBS. This solution can be stored at room temperature for up to 1 year. Use the sodium azide-PBS
solution to dissolve 100 mg of BSA in 10 ml of PBS to a final BSA concentration of 1% (wt/vol). Filter
the preservation staining buffer with a 0.45-um filter. Prepare fresh and store at 4 °C for 1 week.

Staining wash buffer
Dissolve 100 mg of BSA in 10 ml of PBS to a final BSA concentration of 1% (wt/vol). Filter the
solution with a 0.45-um filter. Prepare fresh and store at 4 °C for up to 1 week.

Triton X-100 stock solution (20%)

Dissolve 4 ml of Triton X-100 in 16 ml of H,O to a final Triton X-100 concentration of 20% (vol/vol).
Heat up the solution until dissolved; it might take a while to be completely dissolved. Store at room
temperature for up to 1 year.

Genotyping primers

Before starting genotyping of the organoid lines, genotyping primers should be designed for the
potential targeted genomic region of interest. In case of gene knockin, primers should span the region
of insertion, to be able to check for correct insertion, amplifying a product containing the region of
sgRNA targeting fused to the piece of inserted DNA. In case of gene knockout, the region of PCR
amplification should flank the expected region of sgRNA targeting. In general, it is recommended to
design primers in such way that PCR products of 400-800 bp are generated. We recommend
designing at least two sets of genotyping primers to ensure amplification of the right genomic region.

Procedure 3 (Genotyping, further genome engineering and downstream applications)

Genotyping of genome-engineered organoids from human liver @ Timing 3-5 d

A CRITICAL Use the spare well containing clonal lines from the genome-engineered organoids for

genotyping.

1 Aspirate the culture medium and harvest the BME droplet containing the organoids in 1 ml of ice-
cold wash buffer using a P1000 and transfer the suspension to a 1.5-ml Safe-Lock tube.

2 Centrifuge the tube for 5 min at 400g at 4 °C.

3  Discard the wash buffer and resuspend the organoid pellet in 400 ul of lysis buffer.

4 Incubate the tube for 2-3 h at 55 °C.

5  Add 500 pl of isopropanol to the tube and mix the well by shaking.

6  Centrifuge the tube for 15 min at full speed (>12,000g) at room temperature.

7 Inspect the tube for the presence of a white pellet that contains the DNA. Remove the supernatant
and wash the pellet with 1 ml of 70% (vol/vol) EtOH.

8  Centrifuge the tube for 5 min at full speed (>12,000¢) at room temperature.

9  Remove the supernatant and allow the pellet to dry.

10 Depending on the pellet size, add an appropriate volume of dH,O and resuspend the pellet.
Typically, 20-50 ul of dH,O is sufficient to allow complete resuspension of the DNA.

11 Measure the DNA concentration and quality.

B PAUSE POINT DNA can be stored at —20 °C until further use.

12 Perform a PCR reaction on the genomic DNA with the designed genotyping primers using
appropriate standard protocol. Usually, an input of 2 ng of genomic DNA suffices.

13 Run the PCR product on a 1% (wt/vol) agarose gel and extract the PCR product from the gel.

14 Sanger sequence the PCR product and analyze the results.

15 If you have undertaken gene knockout, subclone the PCR product to assess the genomic
modifications on each single allele. This is required because the two alleles are likely modified in
different ways. If you have undertaken gene knockin, subcloning of the PCR product is not required
because, in the vast majority of cases, the exogenous DNA is incorporated in a heterozygous manner.

16 If you confirmed by genotyping that a knockout organoid line has been generated, we highly
recommend confirming functional gene knockout at the protein level by western blotting.
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Multiplexing gene knockin with gene knockout or generation of multi/sequential gene

knockin/knockout organoid lines @ Timing 6-8 weeks

A CRITICAL For the generation of double or multiple knockin lines using CRISPR-HOT, the tagging of

endogenous genes has to be performed sequentially. This is mandatory, because insertion of the desired

tag at the right locus is uncontrollable, and the likelihood of simultaneous insertion of each tag correctly
at each different locus is very low. In addition, different tags should be used to tag different genes. To
generate a combined gene knockin and gene knockout organoid line, it is mandatory that these steps are
performed sequentially because the exogenous DNA could insert at the desired locus for gene knockout,
which is an unwanted outcome. In most cases, gene knockin should be performed before gene knockout
if gene function is to be studied. For the generation of double/multiple gene knockout lines, two options
can be considered. First, multiple sgRNAs can be co-electroporated together within one experiment to
generate multi-gene knockout organoids within one experiment. Alternatively, if mutations are to be
introduced in a sequential order, another/multiple round(s) of gene knockout can be performed on an
established knockout organoid line.

17 Once the first knockin or knockout organoid line has been generated and established, it should be
expanded until enough material can be spared for a subsequent round of genome engineering
(multiple gene knockin or gene knockout or a combination of the two). We recommend using two
wells of a 12-well plate for hepatocyte organoids and ~4-6 wells of a 24-well plate for human liver
ductal organoids as starting material for the electroporation.

18 Perform genome engineering for the respective organoid system and genotyping as described in the
appropriate earlier section.

Downstream applications of genome-engineered organoids from human liver @ Timing is

variable depending on the application

19 Genome-engineered organoid lines can be whole-mount stained, as described in option A for
human fetal hepatocyte organoids and in option B for human liver ductal organoids. Alternatively,
organoids can be live imaged as described in option C.
(A) Whole-mount staining of genome-engineered human fetal hepatocyte organoids

® Timing 3 d
A CRITICAL If a knockout line has been generated, this procedure is recommended to reveal
potential (expected) phenotypes. If knockin lines have been generated and antibodies exist for
the endogenous protein, we recommend co-staining for the endogenous protein to confirm
localization of the tagged protein. Analysis of the localization of the endogenously tagged
protein by microscopy often has higher resolution than antibody staining owing to antibodies
having limited penetration into organoids.
A CRITICAL Organoid loss of ~30% of the starting material can be expected when staining
organoids using this procedure, as a consequence of the multiple incubations and washes that
require removal and replacement of the liquid surrounding the organoids. Therefore, it is
critical to start with sufficient material to be able to obtain reliable and fully representative
results. We recommend starting with two wells of a 12-well plate at least 3 d after organoid
splitting so that organoids have formed of sufficient size (100-200 um). It is also important to
allow sufficient time for organoids to sink to the bottom of the tube by gravity or undertake
appropriate centrifugation each time liquids need to be replaced (see Step 19A(iii) for specific
guidance).

(i) Harvest two wells of a 12-well plate in 2 ml of ice-cold wash buffer in a 15-ml conical tube
and top up the volume with ice-cold wash buffer to a total volume of 15 ml.

A CRITICAL Be very gentle when pipetting the organoids to avoid disruption of the structure.

(ii) Incubate the tube on ice for 30 min with occasional inverting of the tube to ensure
complete dissolution of the BME.

(iii) Allow the organoids to sink to the bottom of the tube by gravity (this usually takes 10 min)
or, alternatively, by low-speed centrifugation (100g).

(iv) Carefully aspirate the wash buffer, leaving the organoids in as little volume of the wash
buffer as possible.

(v) Fix the organoids by adding 1 ml of 4% (vol/vol) formaldehyde and transfer the solution
with the organoids to a 1.5-ml Safe-Lock tube. For gene knockin, depending on the tag
used, avoid extensive fixation, as this might result in quenching of the endogenous
fluorescence signal. We recommend 30 min-1 h fixation at room temperature on a rolling
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wheel. For gene knockout, fixation can be performed for at least 1 h or, alternatively,
overnight at 4°C.

! CAUTION When handling formaldehyde, be sure to execute all steps in a ventilated
fume hood.

(vi) After fixation, ensure that the organoids are settled at the bottom of the tube and remove
the fixation solution carefully with a P1000 pipette. Add 1 ml of PBS to the tube to wash
the organoids. Upon settling of the organoids, carefully remove the PBS with a P1000
pipette and add 1 ml of PBS.

B PAUSE POINT At this point, organoids can be stored in PBS for a few weeks at 4 °C.
However, we recommend performing whole-mount staining as soon as possible.

(vii) To initiate whole-mount staining, carefully remove the PBS and permeabilize the organoids
with 1 ml of permeabilization buffer. Incubate for 1 h at room temperature on a rolling wheel.

(viii) Allow the organoids to settle to the bottom of the tube (see Step 19A(iii) for details) and
remove the permeabilization buffer. Block the organoids by adding 1 ml of blocking buffer.
Incubate for 1 h at room temperature on a rolling wheel. In the meantime, prepare the
primary antibody solution by diluting the specific desired primary antibodies in blocking
buffer.

(ix) Allow the organoids to settle to the bottom of the tube, carefully remove the blocking buffer
and add 200-500 pl of the primary antibody solution. Incubate overnight at 4°C on a
rolling wheel.

(x) Allow the organoids to settle to the bottom of the tube and carefully remove the primary
antibody solution. Wash the organoids with 1 ml of staining wash buffer. Incubate for 5 min
at room temperature on a rolling wheel.

(xi) Repeat the washing steps as described in Step 19A(x) two more times. Be careful to allow the
organoids to settle to the bottom each time to avoid loss of the organoids.

(xii) After the last washing step, carefully remove the staining wash buffer and add 200-500 pl of
secondary antibody solution. Incubate for 2 h at room temperature on a rolling wheel.

(xiii) Allow the organoids to settle to the bottom of the tube and carefully remove the secondary
antibody solution. Wash the organoids with 1 ml of staining wash buffer. Incubate for 5 min
at room temperature on a rolling wheel.

(xiv) Repeat the washing steps as described in Step 19A(xiii) one more time.

(xv) Allow the organoids to settle to the bottom of the tube and then wash the organoids using
DAPI-containing staining wash buffer. Incubate for 15 min at room temperature on a
rolling wheel.

(xvi) Allow the organoids to settle to the bottom of the tube and then carefully remove the DAPI-
containing staining wash buffer and add 1 ml of staining wash buffer. Incubate for 5 min at
room temperature on a rolling wheel.

(xvii) Allow the organoids to settle to the bottom of the tube and then carefully remove the staining
wash buffer and add 100 pl of preservation staining wash buffer to the organoids.

(xviil) Transfer the organoids to one well of a 96-well Sensoplate in the preservation staining wash
buffer.
B PAUSE POINT Organoids can be stored in the preservation staining wash buffer for
1-2 weeks.

(xix) Proceed to image, preferably using a confocal microscope. Post-imaging analysis can be
performed using software such as Image] and Imaris.

(B) Whole-mount staining of genome-engineered human liver ductal organoids

(i) Because the human liver ductal organoids are cystic structures, they are very prone to break
and collapse during harvesting. For this reason, whole-mount staining should be
performed on a BME droplet containing the organoids in a plate.

(ii) Three to four days before staining, split the organoids as described in Step 1 of Procedure 2
and plate them in a 50-pl droplet in one well of a pre-heated 24-well Sensoplate.

A CRITICAL Because the Sensoplate is not a suspension culture plate, BME is more likely
to spread and not form firm circular droplets. Optionally, a more concentrated BME
resuspension solution can be used (BME:wash buffer 4:1 instead of 3:1).

(iii) On the day of staining, remove the medium and fix the organoids by adding 1 ml of
4% (vol/vol) formaldehyde to the well for 1 h.

! CAUTION When handling formaldehyde, be sure to execute all steps in a ventilated
fume hood.
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(vi)

(vii)

A CRITICAL During this step, the BME droplet tends to partly disintegrate, which will
result in loss of ~20% of the organoids. Handle all subsequent steps with great care to avoid
significant loss of the organoids.

Remove the formaldehyde and proceed with the washing and staining procedure as
described for the human hepatocyte organoids (Steps 19A(vi-xvii), except that the
incubation steps should be performed on a shaker, not a rolling wheel), using working
volumes of ~500 pl for all the solutions.

Before imaging, add 500 pl of preservation buffer to the well containing the stained
organoids.

Proceed to imaging the organoids, preferably using a confocal microscope.

B PAUSE POINT Organoids can be stored in the preservation staining wash buffer for
2-3 days.

Post-imaging analysis can be performed using software such as Image] and Imaris.

(C) Live imaging and analysis of organoid knockin lines @ Timing 3-5 d

(i)

(ii)
(iii)

Troubleshooting

Split the organoids as described in Steps 30-33 of Procedure 1 for human fetal hepatocyte
organoids and Step 1 of Procedure 2 for human liver ductal organoids but placing the
organoids into a single 50-ul BME droplet per well of a pre-heated 12-well glass-bottom
plate or a pre-heated 24-well Sensoplate.

A CRITICAL Because these imaging plates are not suspension culture plates, BME is more
likely to spread and not form firm circular droplets. Optionally, a more concentrated BME
resuspension solution can be used (BME:wash buffer 4:1 instead of 3:1).

Incubate organoids in normal culture conditions until they reach the correct size and
density for imaging (usually 2-4 d).

Image the organoids using a confocal microscope equipped with a temperature-
controllable system or using a spinning disk. Optimize acquisition settings to avoid
phototoxicity and bleaching of the endogenous fluorescence signal. The endogenous
fluorescence signal driven by abundantly expressed genes usually allows imaging for at least
96 h without causing noticeable cytotoxicity and decrease in fluorescence signal. Labeling
of cellular structures, such as the cell membrane and mitotic spindle, allows quantitative
analysis and tracing of cell movements and cellular division in 3D over time. For these
types of analyses, live-imaging files can subsequently be processed in Image]. This enables
cell movement and cellular division of single cells to be traced manually and analyzed using
custom-written Python scripts (e.g., as described in ref. >*).

Troubleshooting advice can be found in Table 3.

Table 3 | Troubleshooting table

Step Problem

Possible reason Solution

Procedure 1, 27 Low viability of isolated
hepatocytes

Procedure 1, 36 Hepatocyte organoid line
is contaminated with
outgrowing cystic ductal-
like organoids

210

Incubation time with HEP digestion Digest the liver tissue for a shorter time
solution was too long and the tissue was
overdigested

Enzymatic activity of the HEP digestion Check carefully that the correct concentration of
solution was too high and the tissue was collagenase type IV was used to prepare the HEP
overdigested digestion solution

Mincing and pipetting was too vigourous Mince the tissue more gently and avoid too much
pipetting repetitions

Inclusion of white tree-like structures Manually remove the white tree-like structures
during the digestion steps present in the liver tissue during tissue dissection

Inevitable outgrowth of cystic ductal-like Remove the cystic ductal-like organoids as soon as
organoids they appear in the cultures by manual picking

Centrifugation speed was too high and so  Use the correct centrifugation at low speed
did not allow hepatocyte enrichment

Table continued
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Table 3 (continued)

Step

Problem

Possible reason

Solution

Procedure 1, 44

Box 1, 1

Procedure 1, 66;
Procedure 2, 14

Procedure 1, 67

Procedure 1,

67,77;
Procedure 2, 19

Low yield of organoid
formation after seeding

Hepatocyte organoid line
stops growing or
growth slows

Poor recovery of the
thawed frozen
hepatocyte organoid line

Poor transfection of
hepatocytes and liver
ductal cells

Poor outgrowth of the
hepatocytes into
organoids after
electroporation

No successful gene
editing or lack of visibility
of fluorescent tag
expression in case of
gene knockin

Poor quality or too little primary material

Mistakes in the preparation of HEP
isolation medium

Cells are too sparsely seeded

Inherent capacity of the line owing to
variability between donor material

Suboptimal seeding upon passaging at the
wrong density

Suboptimal passaging (shearing) of the
organoids

Suboptimal freezing of hepatocyte
organoids

Suboptimal thawing of hepatocyte
organoids

Suboptimal outgrowth of hepatocyte
organoids

Inherent capacity of the line owing to
variability between donor material

Plasmid size is too big
Too low or too diluted
concentration of DNA

Too much DNA is transfected

Inherent capacity of the line owing to
variability between donor material

The single-cell dissociation step was
performed too harshly and/or for too long

An insufficient number of cells were used
for electroporation
Wrong electroporation settings used

Wrong medium used for outgrowth

Inactive, poorly working sgRNAs

Poorly accessible locus

For knockin, the target gene is not
constitutively or sufficiently expressed
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Process another sample

Carefully check all medium component
preparations and their correct storage and that all
the components have been added to the HEP
isolation medium

Recollect the seeded organoids, and re-plate them
in a lower volume of BME resuspension solution

Establish another hepatocyte organoid line

Recollect the seeded organoids and re-plate them
in a lower volume of BME resuspension solution
and allow the organoids to grow to a proper
density before splitting

Adjust the passaging procedure by less vigorous
shearing

Use the recommended commercial

freezing medium

Freeze down sufficient organoids in an appropriate
volume to allow proper recovery

Plate thawed organoids at the correct density
(rather too dense than too sparse) and perform
regular medium changes to remove the
remaining DMSO

Pre-check the capacity of the lines to be
transfected

Whenever possible, use plasmids smaller
than 10 kb

Minimize the DNA volume while maximizing the
DNA concentration
Adjust the amount of DNA to be transfected

Pre-check the capacity of the line to grow from
single cells

During the process of cell dissociation, check the
cells at regular intervals and stop the dissociation
as soon as most of the cells are single cells; do not
prolong the digestion

Start with a higher number of cells

Check that the correct electroporation settings
have been used

Check that HEP isolation medium has been used
for cell recovery after isolation

Design and test multiple sgRNAs

Design and test novel sgRNAs targeting a different
region of the gene (for instance, the second last
exon for gene knockin or another early exon for
gene knockout)

Check RNA and protein expression of the gene of
interest to be tagged

Table continued
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Table 3 (continued)

Step Problem Possible reason Solution
Procedure 1, 89;  Poor efficiency of clonal Organoids established when the wild-type  Start as early as possible with genome engineering
Procedure 2, 37 line establishment of line had been passaged a large number on the wild-type line to be used (especially
genome-engineered cells  of times relevant for human liver ductal organoid lines)
into organoids
Lethality of the introduced genome edit Check whether heterozygously edited clones are

instead growing out and viable, and use specific
inhibitors, if possible, to screen for gene lethality

The cell dissociation step to obtain clonal ~ During the process of cell dissociation, check the

lines was performed too harshly and for cells at regular intervals and stop the dissociation

too long as soon as most of the cells are single cells; do not
prolong the digestion

Timing
All Procedures
Preparation for CRISPR-Cas9 genome engineering of organoid cultures from human liver
Component preparation, designing of sgRNAs takes ~1-2 h. Cloning of the sgRNAs, including
screening and preparation of DNA, takes 4-5 d. Hands-on timing for this procedure is ~12-14 h
Procedure 1
Establishment of human fetal hepatocyte organoid cultures
Steps 1-27, collection and isolation of human hepatocytes from human fetal liver. Hands-on timing is
usually 3-4 h for collection of the liver and dissociation into single hepatocytes. Hepatocyte isolation
should be performed within 24 h from collection of the liver
Steps 28-33, hands-on timing for seeding of human fetal hepatocytes for organoid formation is ~1-2 h.
This procedure should be immediately performed after Steps 1-27
Steps 34-44, establishment and culture of human fetal hepatocyte organoid lines. This phase can take
~6-8 weeks. A hepatocyte organoid line can be considered established from five passages onwards.
Hands-on timing is ~3-4 h per week for medium change and splitting
Box 1 Freezing and thawing of human fetal hepatocyte organoids. Freezing of the organoids is
recommended as soon as the organoid line has been establishe (i.e., at Step 44). Hands-on timing for
freezing is ~1 h and for thawing is ~2 h
Genome engineering of human fetal hepatocyte organoids
Step 45, hands-on timing for preparation of the DNA mixture for transfection takes ~30 min-1 h
Steps 46-57, hands-on timing for preparation of the human fetal hepatocyte organoids for
electroporation takes ~1-2 h
Steps 58-65, hands-on timing for electroporation of the human fetal hepatocyte organoids with the
DNA mixture and subsequent organoid seeding takes ~1-2 h
Steps 66-89, genome-engineered human hepatocyte organoid line establishment. This phase can take
~6-8 weeks
Steps 68-77, (optional) FACS of human fetal hepatocyte organoids. Hands-on timing for preparing cells,
FACS and subsequent plating of single cells is ~4-5 h
Steps 78-79, (optional) drug selection. This step can take ~2 weeks depending on the selection method.
Hands-on timing is ~6-8 h
Steps 80-89, hands-on timing for picking of organoids is ~4 h
Procedure 2
Establishment of human liver ductal organoid lines
Component preparation, establishment of human liver ductal organoid lines from adult liver biopsies
takes 3-4 weeks to scale up to sufficient material to be used for genome engineering of the organoids.
Refer to Broutier et al.’' for detailed timing
Genome engineering of human liver ductal organoids
Step 1, preparation of the human liver organoids should be performed 3-4 d before electroporation.
Hands-on timing is ~1-2 h
Steps 2 and 3, hands-on timing for preparation of the DNA mixture for transfection takes ~30 min-1 h
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Steps 4-7, hands-on timing for preparation of the capillaries and their mounting takes ~30 min-1 h
Steps 8-13, hands-on timing for electroporation of the human liver ductal organoids with the DNA
mixture takes ~2-4 h

Steps 14-37, establishment of genome-engineered human liver ductal organoid lines. This phase can
take~6-8 weeks

Steps 32 and 33, (optional) drug selection. This step can take ~2 weeks depending on the selection
method. Hands-on timing is ~6-8 h

Steps 34-37, hands-on timing for picking of organoids and subsequent seeding is ~4 h

Procedure 3

Genotyping of genome-engineered organoids from human liver

Steps 1-16, the entire procedure to genotype takes ~3-5 d. Hands-on timing for DNA isolation, PCR
purification, subcloning (optional) and sequencing is ~6-24 h

Multiplexing gene knockin with gene knockout or generation of multi/sequential gene knockin/
knockout organoid lines

Steps 17-18, this phase can take ~6-8 weeks. Applying drug selection (optional), picking, organoid
seeding and medium changes is ~48-96 h distributed over the whole phase

Downstream applications of genome-engineered organoids from human liver:

Whole-mount staining of genome-engineered organoid knockin and knockout lines.

Step 19, options A and B, the entire procedure for both human fetal hepatocyte organoids and human
liver ductal organoids takes 3 d. Hands-on timing, including preparation of the sample, imaging and
post-imaging analysis, takes ~12-48 h

Live imaging and analysis of organoid knockin lines.

Step 19, option C, live imaging takes ~3-5 d. Organoids should be plated 2-4 d before imaging.
Hands-on timing for organoid plating, imaging and post-imaging analysis takes ~3-12 h

This protocol, if executed correctly and using the appropriate reagents, should lead to establishment
of 3D hepatocyte organoid lines from human fetal liver. Moreover, this protocol describes the
procedures to efficiently generate gene knockin and gene knockout for both organoid cultures
from human liver (i.e., adult human liver ductal organoids and human fetal hepatocyte organoids).
Availability of fresh material is considered a prerequisite for successful line generation. High-quality
growth factors and quality-checked RSPOI1-CM and BME batches are important assets in the
establishment of the lines. Starting from fresh liver material to successful and stable hepatocyte
organoid line establishment should take ~2 months and might occasionally require picking out
outgrowing cystic ductal-like organoids from the culture (Fig. 2c,d). We have so far tested
organoid line formation from 20 donors with a success rate of 70% (i.e., 14 lines established, defined
as a line capable of being passaged for more than five passages). Human fetal hepatocyte
organoid cultures should present as dense organoids, either spherical or in variable, more cauliflower-
like, structures, sometimes with small internal lumina (Figs. 2c and 5a). Hepatocytes within
the organoid should display a typical cuboidal shape, with a small percentage being binucleated
cells, as, for example, revealed by B-CAT staining marking the cell membrane (Fig. 5a). The
hepatocyte organoid morphologies can be easily distinguished from the cystic appearance of the
human liver ductal organoids (Fig. 5b). Immunofluorescent stainings of the hepatocyte organoid
cultures should reveal abundant, uniform expression of typical hepatocyte markers, including
ALB and A1AT (SERPINAI). Staining for a bile canalicular marker (e.g., MRP2) should highlight
the presence of an intact, structured bile canalicular network (Fig. 5a). In our experience,
established human fetal hepatocyte organoid lines can be stably cultured for over 40 passages with
a 7-12-d split ratio of 1:3-1:5; this has meant that some have grown for over 1 year in culture.
Transcriptomic profiling of the organoid cultures over multiple passages has demonstrated stability
of gene expression, and there are some similarities in gene expression profile when compared
to PHH*” (Supplementary Fig. 1). Additionally, lines established from donors of different gestational
age demonstrate some similarities in mRNA expression for some hepatic markers (Supplementary
Fig. 2).

Adult human liver ductal organoids can be stably cultured for ~15-20 passages with a 5- to
10-d split ratio of 1:4-1:6, lasting for ~6 months'*, Immunofluorescent stainings of human
liver ductal organoids should detect typical biliary markers, such as KRT7 or KRT19, and there
should not be expression of hepatocyte markers, such as ALB (Fig. 5b). Staining for polarity markers,
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such as ZO-1, reveals the overall proper organization and polarity of the ductal cells within the
organoid (Fig. 5b).

We have achieved robust genome engineering of both the human fetal hepatocyte and the adult
liver ductal organoids (Figs. 3,4 and 5¢,d and Table 2). The transfection efficiency and the tolerance of
the lines for electroporation, and, therefore, gene editing, is, however, donor dependent for both
organoid culture systems. We have not determined, as yet, why and have not observed any correlation
with the age and sex of the donor. The rate of establishment of clonal genome-engineered organoid
lines does depend on the outgrowth from single cells. Proper and delicate handling of the organoids is
critical for robust genome engineering. In particular, the optimal duration of dissociation and
appropriate washing of the cells to remove any residue of dissociation enzymes are critical when
dissociating organoids into single cells or small clumps of cells. We have generated genome-
engineered organoids from the vast majority of the lines we have tested. We have generated genome-
engineered lines from a total of five hepatocyte lines and 20 liver ductal lines but found clonal
outgrowth, and, thus, the amount of desired genome-engineered lines obtained varied between 5 and
100 clones within different donor lines and experiments (Table 2). We, therefore, recommend testing
the capacity of each organoid line to regrow from single cells before using a particular line for genome
engineering. A suitable line should be able to regrow ~60% of the single cells seeded. This process
takes time; obtaining clonal genome-engineered organoid lines typically takes 2-3 months from
initial transfection.

Genotyping is a must to confirm proper genome engineering. When we have used gene knockin
using CRISPR-HOT, all fluorescence-positive lines had the fluorescent tag precisely integrated in the
desired location®”. Antibody staining should be used to confirm that gene tagging does not interfere
with localization of the native protein. When we have compared antibody staining and endogenous
tagging, we have found that tagging of the endogenous protein reveals better resolution of fine details.
As a consequence, there is not always an exact overlap between the two signals. We hypothesize that
this could partially be due to limited antibody penetration or antibody specificity. To date, we have
not observed protein mislocalization (including for the structural proteins encoded by the TUBB and
CDHI1 genes); however, such effects could be gene dependent.

For any genome-engineered organoid line, it is important to critically observe the behavior of the
line and to perform basic organoid characterization experiments (e.g., evaluation of typical cell
marker expression as shown in Fig. 5). When undertaking gene knockin using CRISPR-HOT, we
have not observed changes in behavior of these lines when compared to the wild-type parental line in
terms of growth speed, morphology and passaging number. For gene knockout, there might
be changes in these parameters owing to the specific gene targeted. In such cases, it is important
to assess the robustness of the phenotype over multiple clones and in organoid cultures derived
from different donors.

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.
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