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SUMMARY

The deubiquitinating enzyme BAP1 is a tumor suppressor, among others involved in cholangiocarcinoma. BAP1 has many proposed molecular targets,
while its Drosophila homolog is known to deubiquitinate histone H2AK119. We introduce BAP1
loss-of-function by CRISPR/Cas9 in normal human
cholangiocyte organoids. We find that BAP1 controls the expression of junctional and cytoskeleton
components by regulating chromatin accessibility.
Consequently, we observe loss of multiple epithelial
characteristics while motility increases. Importantly,
restoring the catalytic activity of BAP1 in the nucleus
rescues these cellular and molecular changes. We
engineer human liver organoids to combine four
common cholangiocarcinoma mutations (TP53,
PTEN, SMAD4, and NF1). In this genetic background,
BAP1 loss results in acquisition of malignant features
upon xenotransplantation. Thus, control of epithelial
identity through the regulation of chromatin accessibility appears to be a key aspect of BAP1’s tumor
suppressor function. Organoid technology combined with CRISPR/Cas9 provides an experimental
platform for mechanistic studies of cancer gene
function in a human context.
INTRODUCTION
Primary liver cancer is one of the deadliest cancers worldwide.
It can be classified into two main types: hepatocellular carcinoma (HCC) and cholangiocarcinoma (CC). CC displays a

more aggressive phenotype (Blechacz and Gores, 2008) and,
other than surgical resection, an effective cancer therapy
does not exist (Rizvi et al., 2018). In recent years, exome and
whole-genome sequencing together with transcriptomic analysis have described the genetic landscape of CC (Chan-On
et al., 2013; Farshidfar et al., 2017; Fujimoto et al., 2016;
Jiao et al., 2013; Jusakul et al., 2017; Nakamura et al., 2015;
Woo et al., 2017). In addition to some well-understood cancer
genes (e.g., TP53, SMAD4, KRAS), several less characterized
genes are frequently mutated in this tumor type. Among these,
mutations affecting proposed epigenetic regulators and chromatin remodelers, such as BAP1, PBRM1, IDH1 and IDH2,
and ARID1A are common, with almost 50% of the CC
harboring mutations in at least one of these genes (Andrici
et al., 2016; Chan-On et al., 2013; Jiao et al., 2013; Nakamura
et al., 2015). Yet, their specific role in the context of CC remains
largely unknown. Interestingly, the presence of specific mutations correlates with certain pathological and clinical features.
While some studies report that loss of BAP1 expression coincides with high vascular invasion (Fujimoto et al., 2015), high
histological grade (Andrici et al., 2016), and poor prognosis
(Woo et al., 2017), others report a correlation with better prognosis (Andrici et al., 2016) or no specific association with histological grade or invasion (Misumi et al., 2017).
The BAP1 gene encodes a deubiquitinating enzyme (DUB). It
is inactivated in mesothelioma, uveal cell melanoma, and renal
cell carcinoma, in addition to CC (Andrici et al., 2016; Carbone
et al., 2013). Furthermore, germline heterozygous BAP1 mutations cause a cancer predisposition syndrome (Testa et al.,
2011). Genetic experiments in mice have shown that deletion
of Bap1 is lethal during embryogenesis. Conditional ubiquitous
deletion in adult mice leads to myeloid neoplasia (Dey et al.,
2012), but not to any of the common BAP1-mutated tumors
observed in man, likely underscoring inherent differences between mouse and human.
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Figure 1. Engineered BAP1–/– Human Ductal Organoids Lead to a Severe Morphological Phenotype
(A) Strategy to obtain mutant clonal lines of liver organoids: (i) cystic organoids growing in a BMER drop are microinjected with a plasmid expressing Cas9, GFP
and a specific targeting gRNA, and the entire BMER drop is electroporated. 48 h later, organoids display wide areas containing GFP+ cells. (ii) GFP+ organoids are
picked, dissociated into single cells, and re-seeded in a fresh BMER drop. Co-electroporation of BAP1 and TP53 gRNAs allows functional selection of targeted
cells by Nutlin-3, given the high rate of co-electroporation and mutation. Organoids growing from single cells electroporated with gRNA for BAP1 displayed a
different morphological phenotype. (iii) Sequencing of the targeted BAP1 exon confirmed a complete correlation between the phenotype and BAP1/ genotype.
gRNA targeting sequence is highlighted in light blue. Scale bars, 1,000 mm in (i); 2,000 mm in (ii); 500 mm in (iii).
(legend continued on next page)
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BAP1 was identified as the mammalian homolog of Calypso, a
component of a protein complex called Polycomb repressive
deubiquitinase (PR-DUB) that targets H2AK119Ub1 (Scheuermann et al., 2010), a histone modification generally correlated
with repression of gene expression (Balasubramani et al.,
2015; Gao et al., 2012). De-ubiquitination activity of mammalian
BAP1 is reported to control stability of proteins, such as the cytoplasmic IP3R3 (Bononi et al., 2017), HCF-1, and OGT (Dey et al.,
2012). Studies performed in cell line models propose mammalian
BAP1 activity to be involved in various cellular functions that
might be linked to tumorigenesis, including maintenance of
genomic stability and control of double strand-break repair by
stabilizing Ino80 (Ismail et al., 2014; Lee et al., 2014; Yu et al.,
2014; Zarrizi et al., 2014), regulation of cell-cycle progression
(Eletr and Wilkinson, 2011), apoptosis (Bononi et al., 2017;
Sime et al., 2018), and very recently, ferroptosis (Zhang et al.,
2018). Yet, how BAP1 is involved in adult human liver homeostasis and in cancer development remains unclear.
Our laboratory has previously developed tissue stem cellbased, genetically stable 3D structures, called ‘‘organoids’’
from multiple human epithelia (for review, see Artegiani and
Clevers, 2018), including human liver cholangiocytes (Huch
et al., 2015). The organoids grossly recapitulate the physiology
and epithelial architecture of the tissue of origin and have been
used for a plethora of applications, including modeling of human
cancer and hereditary disease (Dekkers et al., 2013 ; Drost et al.,
2015, 2017; Huch et al., 2015; Matano et al., 2015), biobanking
(Boj et al., 2015; Broutier et al., 2017; Fujii et al., 2016; Lee
et al., 2018; Sachs et al., 2018; Seino et al., 2018; van de Wetering et al., 2015) infectious disease modeling (Bartfeld et al., 2015;
Garcez et al., 2016; Heo et al., 2018; Qian et al., 2016; Yin et al.,
2015), and for CRISPR-mediated gene correction (Schwank
et al., 2013).
Here, we use an integrative approach combining CRISPR and
organoid technology with ‘‘multi-omics,’’ histological imaging,
electron microscopy imaging, time-lapse-imaging, and chromatin analyses to determine BAP1 function and interpret the
changes induced by its loss in the process of human liver cell
transformation.
RESULTS
BAP1 Loss in Human Ductal Liver Organoids Yields
Major Morphological Changes
We sought to employ human ductal liver organoids (Huch et al.,
2015) as a platform to unravel the function of uncharacterized
genes involved in human liver biology and cancer such as
BAP1. Single cells isolated from human ductal liver organoids
and transfected by lipofection (Broutier et al., 2016) fail to regrow
into organoids. We established an electroporation protocol
that allows the generation of human liver knock-out (KO) organoids. A plasmid encoding Cas9, a guide RNA (gRNA) targeting
BAP1, and GFP to visualize the transfected cells (pCas9gRNABAP1-GFP) was injected into the intact lumen of human

liver organoids growing in a drop of BMER gel (Figure 1A). Electroporation of the entire gel drop was then performed using
tweezer electrodes, a procedure resembling the in utero electroporation of mouse embryonic brain (Artegiani et al., 2012). By
maintaining cell-to-cell contact in the intact organoid and interaction with BMER, cells recovered readily. Approximately 10%
of cells in single injected organoids were GFP+ upon electroporation, although this number obviously varied (Figure 1A). 48 h
later, single organoids harboring GFP+ cells were picked and
trypsinized, and single cells were replated.
BAP1 loss alone did not allow for an a priori selection method
of mutant clones. We therefore co-injected a plasmid expressing
a gRNA targeting the TP53 gene (pCas9-gRNATP53-GFP)
together with pCas9-gRNABAP1-GFP. Nutlin-3 allows selection
of TP53 mutant organoids (Drost et al., 2015). Given the high efficiency of plasmid co-transfection in our system, Nutlin-3-resistent clones were very likely to be also BAP1 mutant. Single Nutlin-3-resistent cells grew into organoids (Figure 1A). In the
sample co-electroporated with pCas9-gRNABAP1-GFP, some
organoids appeared with a very distinct morphology from control
organoids (Figure 1A). We found a 100% correspondence (5 single organoids sequenced for each of the two different morphologies) between this distinct phenotypic appearance and the
presence of frameshift mutations in both alleles of BAP1 (Figure 1A). The consequent loss of BAP1 protein was verified by
western blot (Figure S1A). Wild-type (WT) liver ductal organoids
were cystic, consisting of a thin layer of polarized epithelial cells
surrounding a large central lumen (Figures 1B and 1D). By
contrast, TP53/ BAP1/ organoids (that we will refer to as
BAP1/ for simplicity) appeared darker, with a thick wall that
progressively invaginated into the lumen, until the organoids
were entirely filled by convoluted cellular invaginations, and
started to display several internal lumina and buds on the organoid surface (Figures 1B and 1C). In addition, KI67+ cell numbers
were increased in BAP1/ organoids as compared to WT organoids (Figure S1B). Importantly, this phenotype was never
observed in single TP53/BAP1+/+ lines, which are morphologically indistinguishable from WT (Figure S1C). Of note, individually picked mutant organoids could be expanded, and
sequencing of the targeted locus confirmed that these organoid
lines were clonal. The phenotype was reproducibly observed in
all BAP1/ organoids lines derived from 3 different human donors (Figure 1D) and using 2 different BAP1 gRNAs.
BAP1 Mutation Results in Loss of Cell Polarity,
Disruption of Epithelium Organization, and Increased
Motility
Thanks to their 3D organization as a near-physiological epithelium, organoids offer the unique opportunity to explore modification of epithelium integrity, assembly, and cell-cell interaction.
Prompted by the dramatic phenotype observed upon BAP1
deletion (Figure 1), we investigated in depth these structural
changes. First, we performed transmission electron microscopy
(TEM) imaging. WT organoids were organized as a simple

(B) Images of H&E staining at low (left) and high (right) magnification of WT and BAP1/ mutants. Scale bars, 300 mm.
(C) Bright-field pictures of BAP1/ organoids evolution over time.
(D) Bright-field pictures of expanded individual clonal lines independently derived from 3 different human donors and comparison with a WT line. Scale bars in (C)
and (D), 400 mm.
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Figure 2. BAP1 Mutation Results in Disruption of Epithelium Organization
(A) Representative TEM images of WT and BAP1/ organoids. A tight junction is magnified in the inset. Black arrows indicate intracellular inclusions. Scale bar,
5 mm. N, nucleus.
(B) Representative SEM images of WT and BAP1/ organoids from the luminal (left) and from the outer (right) side.
(C) Confocal immunofluorescent images of WT and BAP1/ organoids stained for the different markers as indicated. For ZO-1 staining, pictures represent single
focal planes on the x (left) and on the y (right) axis, to show the polarization of the ZO-1 expression. Arrowheads point at localization of ZO-1 that considerably
differs upon BAP1 loss. Scale bars, 50 mm. For Vinculin staining, pictures represent single focal planes (low and high magnification). Arrowheads point at
mislocalization of Vinculin upon BAP1 loss. Scale bars, 50 mm. For the Plakoglobin staining, pictures represent a 3D-reconstruction of the epithelium (low and high
magnification). Scale bars, 50 and 20 mm. Pictures are representative of 3 different experiments reproduced using different lines.

(monolayered) epithelium (Figure 2A, left). Cells were polarized
and possessed a basolateral and an apical domain, the latter
characterized by microvilli (Figure 2A, left). Tight junctions are a
930 Cell Stem Cell 24, 927–943, June 6, 2019

crucial exponent of cell polarity (Shin et al., 2006). As magnified
in the inset, they were located near the apical membrane (Figure 2A, left). The nucleus was regular and round, and a few
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Figure 3. Transcriptomic Profiling and Quantitative Mass Spectrometry Analysis of BAP1–/– Mutants Discover Alterations in Junctional and
Cytoskeleton Components
(A) PCA plot showing the clustering of BAP1/ organoid lines (in red), which are distinct from the parental WT lines (in green).
(B) Volcano plot showing the differential gene expression of BAP1/ versus WT organoids. Fold change of gene expression versus the statistical significance of
this change for each gene detected in the dataset is depicted. Each dot represents a gene. Genes in blue have a significant differential expression (padj value <
0.05) and the purple are the ones showing a trend of differential expression (padj value < 0.1).
(C) Volcano plot showing the differentially protein abundance of BAP1/ versus WT organoids (left). Proteins in red have a significant differential abundance
(FDR < 0.05) and the green are the ones showing a trend of differential abundance (FDR < 0.1). Significance was calculated using an adapted t test that is
corrected for multiple testing by permutation-based estimation of the false discovery rate. On the right, the same Volcano plot highlights fold change and significance values for specific proteins related to cell adhesion, migration, and cytoskeleton organization.
(D) Scatterplot showing correlation of transcriptome-proteome. The fold change of expression for each gene (RNA) is plotted against the fold change of
abundance of the respective protein in BAP1/ versus WT (for all the genes and proteins with a log2 fold change >1.5 or <1.5). Each dot represents a gene or
protein.

(legend continued on next page)
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vesicles were located in the cytoplasm. In BAP1 mutant organoids, cell organization and polarity were completely lost (Figure 2A,
right). Cells presented with a very irregular shape, with long cytoplasmic protrusions extending between them. Although cells
maintained points of contact, the intercellular space was considerably wider then in WT organoids. Some tight junctions were
recognizable (see magnification in the inset), but their location
was random, not necessarily defining apical domains. In addition, cells contained intracellular inclusions (arrowheads). These
results were also confirmed with scanning electron microscopy
(SEM) imaging. From the luminal side of WT organoids, a tightly
organized cellular epithelium was visible, while a much looser organization was observed in BAP1/ organoids. From the
outside, we identified an extremely irregular surface upon
BAP1 deletion (Figure 2B).
We performed 72 h time-lapse live imaging to visualize how
these changes on cellular organization correlated with organoid
growth and behavior. WT organoids were cystic and grew simply
by radial expansion (Video S1). While doing so, they rotated and
sometime showed minor contractions. BAP1/ organoids
invaded the BME with cellular protrusions often oriented toward
neighboring organoids, mediating frequent fusion between
mutant organoids. Video S2 and the Actin staining in Figure S2A
visualize cellular protrusions that bulge from the body of organoids toward neighboring organoids. In addition, cells were continuously shed and reabsorbed into the organoid. These features
became more evident when we live-imaged BAP1/ organoids
directly after dissociation into small clumps, which highlighted
the dramatically increased cellular mobility and the formation
into larger 3D structures by active fusion (Figure S2B; Video S3).
We observed changes in the expression and distribution of
junctional and membrane proteins by immunofluorescence.
The abundant tight-junction protein ZO-1 localized apically in
the well-polarized WT organoids (Figure 2C, left). In BAP1/ organoids, its expression was strongly reduced (Figure 2C, right).
In addition, while in WT organoids the apical domain faced the
lumen, this appeared inverted in BAP1/ (at least when some
degree of expression and polarization was maintained) (Figure 2C). The focal adhesion protein vinculin (Ziegler et al.,
2006) did not localize to the cell surface as in WT, but localized
perinuclearly (Figure 2C). Staining for plakoglobin (PG), normally
expressed in adherent junctions and desmosomes, revealed a
highly disorganized epithelium as well as an inversion of cell polarity (Figures 2C and S2C). Altogether, these data showed
massive architectural changes upon BAP1 mutation, with
reduced cell-to-cell adhesion, increased motility, and impaired
epithelial polarity.
Transcriptomic Profiling and Quantitative Mass
Spectrometry Analysis Uncover Alterations in
Junctional and Cytoskeleton Components
To identify global transcriptomic changes occurring upon BAP1
loss, we performed RNA sequencing of BAP1/ and the matching parental organoid lines. As highlighted by the PCA plot (Fig-

ure 3A), hierarchical clustering, and correlation analysis
(Figure S3A), the transcriptome of the BAP1 mutants derived
from the 3 different donors were highly similar and diverged
from the parental lines. Over a total of 16,112 detected genes, differential gene expression analysis identified a surprisingly small
set of 135 downregulated and 124 upregulated genes upon
BAP1 KO (adjusted p value [padj] < 0.05) (Figure 3B; Table S1).
Sequencing of TP53/ only KO lines showed essentially no difference when compared to WT (only 6 genes were changed even
using the less stringent significance criteria of padj < 0.1, and
those were excluded from the following analyses) (Figure S1D).
Transcriptomic changes, as for the morphological changes
before, can be therefore attributed to the BAP1 mutation only.
BAP1/ displayed similar effects on gene expression as
found in human hepatocellular carcinomas that carry BAP1 mutations (as given in Woo et al., 2017) (Figure S3B), implying that
BAP1 mutation in WT liver organoids faithfully phenocopies
some of the transcriptional changes observed in human liver carcinomas. Woo et al. (2017) reported that BAP1 deficiency is often
observed in poorly differentiated cancer and correlates with
increased expression of markers of poor prognosis, such as
CA9. Indeed, we found a downregulation of specific markers of
differentiated ductal cells (such as KRT7, KRT13, and HNF1B)
and of liver functions (such as A1AT, SERPINA5, GSTM genes,
and FABP1) (Figure S3C). Instead, some progenitor markers
(such as EPCAM, LGR4, and TBX3) and CA9 were upregulated
in BAP1/ together with some genes typically upregulated
upon regeneration of the liver following partially hepatectomy,
such as MT1 and MT2 (Su et al., 2002) (Figure S3C).
As previously mentioned, BAP1 is associated with removal of
monoubiquitin from histone H2A (Scheuermann et al., 2010). In
addition, it has been proposed to directly regulate protein degradation, as, for instance, of IP3R3 in cell lines (Bononi et al., 2017)
or HCF-1 and OGT in a mouse model for BAP1 loss (Dey et al.,
2012). We therefore investigated the effect of BAP1 at proteome-wide level by performing quantitative mass spectrometry
analysis of the BAP1/ organoids and of the matching parental
lines. In total, we were able to confidently quantify 6,652 proteins, of which 539 were differentially expressed upon BAP1 mutation (false discovery rate [FDR] < 0.05) (Figure 3C; Table S1).
Among the upregulated proteins, we identified regulators of
cell-cycle progression and proliferation (Figure S3D, top), in
agreement with the increase in KI67+ cells in BAP1/. As also
observed at transcriptomic level, we found a striking downregulation of proteins involved in liver-related function, such as fatty
acid metabolism (e.g., FABP1, FABP1, APOE, UGT1A6, LIPC,
and LIPA) and detoxification of xenobiotics (e.g., GSTM4,
GSTM3, ADH1C, and ALDH1B) (Figure S3D, bottom).
Among the differentially expressed proteins, we noted a number of key cell junction components, factors promoting cell
adhesion and migration, and cytoskeleton assembly-proteins
(Figure 3C, right) including CLDN1, CLDN2, Periplakin, GJA1,
GJB1, AIM1, and tensins, which were all downregulated. Of
note, dysregulation of epithelial junction components could

(E) Scatterplot showing the significance of differential gene expression versus differential protein abundance. Molecules that are significant at both RNA and
protein level (red), at RNA level but with a trend at protein level (purple), and at protein level but with a trend at RNA level (yellow) were selected. **p < 0.05, *p < 0.1.
(F) Heatmap showing the correlation between gene expression and protein abundance fold change upon BAP1 mutation for the gene and protein pairs selected in
(E). Note that only 2 RNAs and/or proteins did not show a positive correlation.
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possibly explain the architectural changes that we observed in
BAP1/organoids.
In the attempt to discriminate between effects of BAP1 deletion
on target protein levels versus transcriptional effects via chromatin
modification, we integrated the transcriptomic and proteomic
data. We compared absolute quantification of the corresponding
mRNA and protein levels in our samples, assuming that their ratio
is a measurement of protein stability (Lindeboom et al., 2018).
Approximately 80 molecules showed a lower protein/mRNA ratio
in BAP1/ as compared to WT (Figure S3F; Table S1). Clearly,
abundance of these proteins could either be affected by direct
BAP1 regulation of their stability or could be influenced as a secondary effect exerted through a direct BAP1 target gene. However, despite the difference in total numbers of identified
transcripts or proteins in the two datasets (Figure S3G), comparison of relative protein abundance and of the corresponding
mRNAs expression showed a consistent correlation (Figures 3D
and S3H). This indicated that proteomic changes are largely a
consequence of transcriptomic rewiring and suggested that, in
general, BAP1 might act through regulating mRNA expression
rather than by directly altering target protein levels.
In order to specifically identify genes that are differentially expressed both at mRNA and protein level, we plotted the significance of differential protein versus mRNA expression (Figure 3E).
We therefore considered genes that were either highly significantly changed both at RNA and protein levels (RNA padj <
0.05, protein FDR < 0.05), highly significantly changed at protein
and changed at RNA (RNA padj > 0.05 and < 0.1, protein FDR <
0.05), or highly significantly changed at RNA and changed at
protein level (RNA padj < 0.05, protein FDR > 0.05 and < 0.1) (Figure 3D). This generated a list of 100 genes. Importantly,
although we considered significance only, independent of upor downregulation, we found a nearly 100% proteome-transcriptome correlation in this dataset (Figure 3F). Interestingly, as also
confirmed by Gene Ontology (GO) term analysis (Figure S3E;
Table S2), within this restricted list we again identified multiple
genes involved in epithelial cell adhesion, cytoskeleton organization, and cell migration (Figure 3F and Table S1 for a full list), altogether suggesting a causal link with the major morphological
alterations that we observed in BAP1/ organoids.
BAP1 Restoration Rescues the Architectural Phenotype
Induced by Its Loss and Requires Catalytic Activity and
Nuclear Localization
To assess whether the phenotype induced by BAP1 loss was
reversible and to document early or direct versus late or indirect
effects of such restoration, we inducibly restored BAP1 expression. For this purpose, we generated a lentiviral construct allowing the expression of BAP1 in an inducible manner (Figures 4A
and S4A). Co-induced GFP allowed monitoring of gene induction
(Figure 4A).
After infecting BAP1/ organoids with the lentiviruses, puromycin selection was applied (Figure 4B). We did not observe any
morphological changes or GFP fluorescence in non-induced organoids, indicative of tight regulation of expression (Figure 4C).
Upon Dox-induction, we observed GFP expression and noticed
a rapid change in organoid morphology, which resembled WT
epithelium architecture over time. Thus, BAP1 acute re-expression alone was sufficient to re-establish normal morphology in

BAP1 KO lines, showing that the tissue organization phenotype
was a direct consequence of BAP1 loss. Transcriptomic analysis
at the early 24 h time point highlighted a general RNA expression
rescue (Figure 4D). In fact, more than 70% of the significant
differentially expressed genes identified in our previous transcriptomic analysis (see Figure 3) showed a positive correlation
when comparing BAP1/ either to WT or to the 24 h rescue organoids (Figure 4D; Table S1). These results confirmed that the
transcriptomic changes observed in BAP1 KO are specifically
driven by BAP1 loss-of-function. In addition, given that the acute
restoration of BAP1 could rapidly counteract many of the effects
of sustained BAP1 loss on the transcriptome, our data suggested that most of the affected genes could be direct BAP1 targets. Using TMixClust analysis, we clustered these genes based
on their expression in WT, BAP1/, and after BAP1 rescue. This
analysis tentatively identified 2 different patterns (Figure 4E).
Expression of genes downregulated in BAP1/ increased
upon BAP1 rescue (including, for instance, the tensins) and,
vice versa, genes decreasing after BAP1 rescue were upregulated in BAP1 KO (including for instance CA9, MT1, and MT2
and the liver-regenerating factor ATF3) (Figure 4E).
A recent study has postulated that, in addition to its roles in the
nucleus, BAP1 also exerts regulatory functions in the cytoplasm
(Bononi et al., 2017). We therefore investigated the importance of
BAP1 catalytic activity and cellular localization in respect to the
phenotype we observed. An inducible lentiviral construct similar
to the one described in Figure 4A, yet expressing a BAP1 mutant
carrying an inactivating point mutation in its catalytic site (C91A)
(Ventii et al., 2008), was generated. We then derived organoid
lines as described in Figure 4B and induced expression of the
catalytically dead BAP1. No phenotypic changes occurred
upon BAP1 C91A expression: the organoids maintained a
morphology indistinguishable from BAP1/ (Figure 5A, top).
Similarly, we built inducible lentiviral constructs expressing
BAP1 specifically in the cytoplasm or in the nucleus. To this
end, we either removed the C-terminal localization signal (NLS)
or added an additional strong C-terminal NLS. Correct localization of cytoplasmic (BAP1cyt) and nuclear BAP1 (BAP1nuc) was
confirmed in HeLa cells (Figure S4A) and in the generated organoid lines (Figure S4B). Only upon restoring BAP1 expression in
the nucleus, we did observe reversion of organoid morphology
(Figure 5A, middle and bottom). 72 h time-lapse imaging of
BAP1cyt and BAP1nuc lines upon doxycycline administration
illustrated that, concomitant with GFP expression, BAP1nuc acquired a cystic morphology while the cellular protrusions disappeared (Figure 5B; Video S4). Instead, organoid behavior in
BAP1cyt did not change upon induction (Figure 5B; Video S5).
Our previous analyses of transcriptome-proteome correlation
and RNA-sequencing upon BAP1 rescue already suggested
that the effect of BAP1 mutation was mainly due to regulation
of mRNA expression. Taken together, we concluded that the
epithelial phenotype upon BAP1 loss was solely due to catalytic
activity of BAP1 in the nucleus.
BAP1 Regulates Gene Expression by Affecting
Chromatin Accessibility and Acts as a Repressor or
Activator Depending on the Epigenetic Landscape
As already anticipated, BAP1 is a mono-deubiquitinase,
shown to remove mono-ubiquitination at Lys119 of histone
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changed genes, we observed a global, positive correlation with
ATAC-changes, as highlighted in the heatmap in Figure 6D. Examples of two genomic regions near two genes with significantly
changed transcription levels (CLDN1, downregulated in
BAP1/ and GATA5, upregulated in BAP1/) showed differences in DNA accessibility that reflected the effect on gene
expression (Figure 6E). Altogether, these data confirmed our previous indications that the main effects observed in BAP1/ were
mediated through a direct effect on gene expression.
Next, we evaluated whether the changes in chromatin accessibility could be rescued by restoring BAP1 expression. We used
the previously described organoid lines in which BAP1 expression can be acutely induced by doxycycline administration and
prepared ATAC-seq libraries after 24 h of induced BAP1 expression (rescue). BAP1 re-expression in BAP1/ mutants restored
H2AK119Ub to level similar to WT, as assessed by western blot
(Figure S5A, top).
Comparison between rescue or WT versus BAP1/ showed a
positive correlation of ATAC-peak changes (Figure 6F). We found
higher similarity of rescue-organoids with WT than with BAP1/
when comparing ATAC-peaks with significantly changed accessibility (Figure S5D).
Our ATAC profiling of BAP/ mutants uncovered increased
chromatin opening upon BAP1 loss. This result was somehow
unexpected, because it is generally believed that H2AK119Ub
(that we showed as increased upon BAP1 loss) is associated
with H3K27me3 (Balasubramani et al., 2015; Blackledge et al.,
2014; Kalb et al., 2014), a repressive histone mark (Gao et al.,
2012; Simon and Kingston, 2013). By manually inspecting the
ATAC-peaks, we noticed a certain correspondence between
ATAC-signal and specific histone marks. Therefore, by focusing
specifically on genomic regions with significantly changed
accessibility (Figures 6G, FDR < 0.001, and S5E, FDR < 0.01),
we systematically compared ATAC-peaks to the location of
different histone modifications, defined by publicly available
chromatin immunoprecipitation (ChIP) data generated from human adult primary liver tissue (Figure 6G) or HepG2 hepatoma
cells (Figure S5E). Interestingly, opening of chromatin in BAP1/
organoids occurred in regions that are characterized by repressive histone marks (i.e., H3K27me3, H3K9me3, and H4K20me1)
(Figures 6G and S5G), while decreases of accessibility correlated with histone marks associated with open chromatin (i.e.,
H3K27ac, H3K4me1, and H3K4me3). The ChIP data from publicly available datasets from primary liver are mostly representative of histone modification profiles of hepatocytes, the most
abundant liver cell type. We therefore performed ChIPmentation

to identify epigenetic marks present in our WT ductal organoids.
Comparison of these data with the ATAC-seq accessibility
highlighted that hyperaccessible sites upon BAP1 mutation are
associated with repressive histone marks (H3K27me3,
H3K9me3) and, vice versa, less accessible loci with active marks
(H3K4me3) (Figures 6G and S5E). Altogether, these findings
implied that BAP1 regulates gene expression in a contextdependent manner and exhibits different effects depending on
the epigenetic marks landscape.
BAP1 Function Is Essential to Control Epithelium
Organization in a Model of Carcinoma Progression
In Vivo
We and others have previously shown that consecutive CRISPR/
Cas9-induced mutations of colorectal cancer genes in human
small intestine and colon organoids can model human carcinoma progression (Drost et al., 2015; Matano et al., 2015). We
decided to use a similar strategy to confirm our observations
on BAP1 in a human cancer model. In order to model CC, we
used CRISPR/Cas9 to introduce mutations in some additional
genes commonly altered in this type of cancer (Nakamura
et al., 2015), because the presence of BAP1 and TP53 mutations
alone in ductal organoids did not allow for the organoid growth
in vivo upon transplantation (not shown). The genomic landscape
of liver tumors is extremely heterogeneous. It is therefore not
possible to identify a combination of mutations that is ‘‘typical’’
for this type of cancer. The reported incidence of BAP1 mutation
itself is extremely variable, ranging from 1% to 25% in different
studies (Jiao et al., 2013; Wardell et al., 2018). We analyzed publicly available sequencing data from human CCs and found that
mutations in nearly 400 different genes co-occurred with BAP1
(Figure S6A), of which the vast majority with a low incidence.
However, co-mutated genes often belong to certain pathways
or molecular modules, including the kinase-Ras module, TP53
module, and transforming growth factor b (TGF-b) module, in
addition to mutations in chromatin remodelers, whose function(s) in the context of liver cancer are still only partially characterized. Within these, TP53, SMAD4, NF1, and PTEN were
among the top BAP1-co-mutated tumor suppressor genes (Figure S6B). Moreover, mutations in all these genes were never
mutually exclusive and all co-existed at least pairwise in human
CCs (Figure S6C). BAP1 mutant CC cases in which 2, 3, and in
one case, even all 4 of these mutations co-occur have been reported (cBioportal) (Jiao et al., 2013; Jusakul et al., 2017) (Figure 7A). We therefore engineered human ductal organoid lines
to carry mutations in TP53, SMAD4, NF1, and PTEN.

(C) Heatmap showing the relative changes in ATAC-peak accessibility upon BAP1 loss. Each row is an ATAC-peak and significantly changed peaks are plotted
(FDR < 0.001).
(D) Heatmaps comparing changes in RNA expression (left) and ATAC-seq changes for the corresponding genomic region (right). Only differentially expressed
genes are plotted (as in Figure 3B) and ATAC-seq differences are provided as mean of fold changes of BAP1/ versus WT for 3 lines derived from different
donors.
(E) Genomic regions near two differentially expressed genes identified in RNA sequencing analysis. The plots show the ATAC-seq signal around these regions in
WT (blue) and BAP1/ (green) organoid lines. These are representative examples and similar results have been obtained by comparing 3 lines derived from
different donors.
(F) Scatterplot displaying the positive correlation of fold change in ATAC-peaks signal when comparing BAP1/ versus WT or versus rescue line (24 h). Each dot
represents an ATAC-peak. Results represent the average fold change from 3 lines derived from different donors for each genotype.
(G) Heatmaps showing significant ATAC-peak signals in BAP1/ and WT organoid lines (FDR < 0.001) (top) and ChIP tracks (relative to the input track) for the
corresponding regions (middle and bottom). ChIP tracks were obtained for several histone modifications, as indicated, from human primary liver tissue from
publicly available dataset (middle) and from ChIPmentation of WT human ductal liver organoids (bottom).
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Figure 7. BAP1 Loss of Function in Human Liver Is Necessary to Develop Tumorigenic Features In Vivo
(A) Matrix showing genomics alterations in BAP1, TP53, NF1, SAMD4, and PTEN (rows) in BAP1-mutated CCs (columns).
(B) Bright-field image (left) and H&E staining (right) showing the distinct morphology of TP53/SMAD4/NF1/PTEN/BAP1WT (top) or TP53/SMAD4/NF1/PTEN/
BAP1/ (bottom) engineered organoids. Scale bars, 2,000 mm and 400 mm.
(C) Representative pictures of H&E staining (left) and human Cam5.2 (hKRT) (middle) staining of subcutaneous nodules isolated from TP53/SMAD4/NF1/PTEN/
BAP1WT (top) or TP53/SMAD4/NF1/PTEN/BAP1/ (bottom) xenotransplanted mice at low and high magnification. The inset in the high magnification panel
(legend continued on next page)
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Karyotyping of the mutant lines showed an increase of aneuploidy in both presence and absence of BAP1 mutation, in
contrast to the WT and most likely due to loss of TP53 (Figure S7A). In vitro morphological analysis of these lines showed
that while the quadruple TP53/SMAD4/NF1/PTEN mutants
grow as cysts and are morphologically indistinguishable from
WT organoids (Figures 7B and 1 for comparison), additional mutation of BAP1 caused dramatic epithelial disorganization and
polarity loss (Figure 7B), as previously observed in TP53/
BAP1/ mutants.
In order to assess their tumorigenic capacity in vivo, we
subcutaneously transplanted the mutant lines into immunocompromised mice and analyzed tumors 10 weeks after injection.
Histological analysis showed that both types of engineered organoids were able to engraft and grow nodules of comparable size
in vivo (Figure 7C), with comparable level of proliferating Ki67+
cells (Figure S7B). Staining for human-specific cytokeratin
(hKRT) confirmed the human organoid-origin of the nodules (Figure 7C). TP53/SMAD4/NF1/PTEN/BAP1WT consisted of cysts
growing as an organized epithelium that rarely showed cellular
stratification, yet overall presented an adenoma morphology
(Figure 7C, top) and was classified by the pathologist as a biliary
cyst adenoma, a benign pre-neoplastic lesion. Phalloidin staining
showed regular cell shape and expression of the apical marker
EZRIN restrained to the luminal side indicated that proper cell polarity was maintained (Figure 7C, top right). TP53/SMAD4/NF1/
PTEN/BAP1/ xenografts instead resembled the phenotype
observed in the organoids and displayed carcinoma features
such as loss of proper cell polarity and epithelial organization
(Figure 7C, bottom), pleiomorphic nuclei, and the presence of unpolarized signet ring cells (Figure 7C, bottom left, signet ring cells
magnified in the inset), regularly found in human cancers
including CC (Nakanuma et al., 2010). TP53/SMAD4/NF1/
PTEN/BAP1WT human cells were surrounded and directly in contact with abundant, dense mouse stroma, rich in collagen fibers,
as stained by Sirius Red and Masson trichrome staining (Figure S7C, top). Fibrotic changes in the liver stimulates transformation and progression of CC, and collagen deposition is often seen
in CC (Farazi et al., 2006; Uddin et al., 2015). Some cells produce
and secrete Alcian-blue positive mucin into the ductal lumen (Figure S7C, top). Abundant collagen deposition was also evident in
TP53/SMAD4/NF1/PTEN/BAP1/ tumors (Figure S7B, bottom).
However, TP53/SMAD4/NF1/PTEN/BAP1/ grafts were characterized by high secretion of Alcian blue-positive extracellular
mucin in the surrounding tissue. This resulted in stromal tissue
displacement and mucinous dissection, and formation of cysts
containing mucin and clusters of neoplastic transplanted cells
within the stroma, consistent with invasiveness, again recapitulating human CC (International Agency for Research on Cancer,
2010; Nakanuma et al., 2010) (Figures 7C and S7C, bottom).

We decided to evaluate whether the critical progression toward a malignant phenotype driven by the presence of BAP1
mutation upon subcutaneous transplantations was also seen
upon growth in the natural CC environment, the liver. Thus, we
performed orthotopic transplantation of the TP53/SMAD4/NF1/
PTEN/BAP1/ and TP53/SMAD4/NF1/PTEN/BAP1WT clones
in the liver and sacrificed the animals 10 weeks later. Both lines
could engraft into small nodules in the liver parenchyma. Similar
to the subcutaneous grafts, TP53/SMAD4/NF1/PTEN/BAP1/
tumors displayed malignant features such as presence of polymorphic nuclei, irregular cell shape, signet sing cells, impairment
of cell polarity, and abundant mucin secretion and deposition of
collagen fibers in the stroma surrounding the grafts (Figures 7D,
bottom, and S7D, bottom), in striking contrast to the regular
epithelium observed in the TP53/SMAD4/NF1/PTEN/BAP1WT
liver nodules (Figures 7D, bottom and S7D, bottom). In both
cases, we did not observe metastatic growth. Altogether, these
results validated BAP1’s tumor suppressor function in vivo both
in a subcutaneous transplantation model as well as in the natural
cholangiocarcinoma environment.
DISCUSSION
In this study, we have applied human-derived organoid culture to
understand the functions of BAP1, a gene frequently mutated in
CC (Jiao et al., 2013; Mosbeh et al., 2018). The use of human liver
organoids revealed a major effect of BAP1 mutation on ductal
epithelium organization, cell adhesion, polarity, and motility of
organoids in vitro. Maintenance of cell polarity and cell-to-cell
adhesion are tightly related processes, while loss of cell polarity
and tissue disorganization are hallmarks of cancers (Royer and
Lu, 2011). In fact, in a genetic background of common CC mutations, such as TP53, SMAD4, NF1, and PTEN, the concomitant
loss of BAP1 is required to drive epithelial transformation.
Our comparison of transcriptomic and proteomic data highlighted an altered expression upon BAP1 mutation for many
key components of junction complexes, including periplakin,
claudins, and tensins. We found a direct correlation of their
expression with BAP1-mediated regulation of chromatin accessibility, providing a possible mechanistic link between BAP1
function and malignant transformation. A recent study suggested that reduced BAP1 levels lead to degradation of IP3R3
(Bononi et al., 2017), with a concomitant decrease of apoptosis.
In our proteomic analysis, however, we did not detect a reduction in the cytoplasmic protein IP3R3, and although we cannot
exclude that BAP1 might exert some function in the cytoplasm,
our follow-up studies implied that the massive effects on epithelium organization are driven by BAP1 acting in the nucleus. First,
comparison of transcriptome-with proteome profiling showed
that stability of only a small percentage of proteins is primarily

highlights the regular epithelium organization in TP53/SMAD4/NF1/PTEN/BAP1WT (top) versus the presence of irregular cells with pleomorphic nuclei and signet
ring cells in TP53/SMAD4/NF1/PTEN/BAP1/ transplantation (bottom). On the right, staining with phalloidin and the apical protein EZRIN (EZR) showed irregular
cell shape and loss of proper polarity in TP53/SMAD4/NF1/PTEN/BAP1/ grafts as compared to TP53/SMAD4/NF1/PTEN/BAP1WT. Scale bars, 100 mm (IHC)
and 25 mm (IF).
(D) As in (C), representative pictures of H&E (left) and human hKRT (middle) staining of liver nodules growing in the mouse upon orthotopic liver transplantation of
TP53/SMAD4/NF1/PTEN/BAP1WT (top) or TP53/SMAD4/NF1/PTEN/BAP1/ (bottom) organoids at low and high magnification. Right: staining with phalloidin
and the apical protein EZR.
Scale bars, 50 mm (IHC) and 25 mm (IF). The experiments in (C) and (D) were performed in triplicate for both organoid lines.
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affected, while most of the observed proteomic changes are in
agreement with alterations in gene expression. Second, the
rapid response (24 h) upon BAP1 re-expression suggests that
many of the genes with altered expression are directly regulated
by BAP1. Third, the phenotype induced by BAP1 can only be
rescued when a catalytically active BAP1 is re-expressed in
the nucleus. Finally, profiling and comparison of chromatin
accessibility in WT organoids, BAP1 mutants, and in BAP1 mutants 24 h after BAP1 re-expression showed that BAP1 directly
affects expression of specific genes, in agreement with the transcriptomic data. We therefore hypothesize that BAP1 regulates a
set of genes that are essential for epithelium organization, whose
dysregulation might be important to develop malignant features
in the context of CC development.
BAP1 is associated with deubiquitination of histone H2A
at Polycomb repressive elements (Scheuermann et al.,
2010). Later studies in mammalian cells have shown that
H2AK119Ub and H3K27me3 synergistically maintain gene
repression (Margueron and Reinberg, 2011), and the presence
of H2AK119Ub is important for recruiting the protein complex
responsible for the repressive epigenetic mark H3K27me3
(Blackledge et al., 2014; Gao et al., 2012; Kalb et al., 2014).
When we assessed chromatin dynamics by ATAC-seq in
BAP1/ human liver organoids, we observed both increases
and decreases of chromatin accessibility at different genomic
loci. Our data suggest that BAP1-mediated regulation of DNA
accessibility is dependent on the epigenetic landscape. Based
on these observations, we hypothesize that BAP1 function
might vary based on cell type as a function of their epigenetic
state. This could have important implications for the development of tissue-tailored cancer therapies targeting epigenetic
regulators (e.g., EZH2). For instance, LaFave et al. (2015)
showed that in mouse myeloid progenitors and mesothelioma
cell lines, BAP1 mutation regulates overexpression of EZH2
and sensitivity to EZH2 inhibition. Instead, BAP1 status did
not influence either EZH2 expression or sensitivity to its inhibition in uveal melanoma (Schoumacher et al., 2016), a lesion
where BAP1 is often mutated (Harbour et al., 2010). This highlights how studying the effect of BAP1 mutation on gene regulation in the relevant cell type is essential to uncover its specific
regulatory functions. For instance, while studies in a BAP1-deficient mouse model postulated that BAP1 acts by stabilizing the
transcriptional regulators OGT and HCFC-1 (Dey et al., 2012),
thus affecting gene expression, we did not detect an altered
level of these proteins in our quantitative proteomic experiments. From this perspective, human organoids may currently
constitute the experimental model that recapitulates most
closely the oncogenic process in specific human tissues.
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sc-28383 RRID:AB_626723

Anti-Ezrin rabbit polyclonal

Cell signaling

3145 RRID:AB_2100309

Anti-GAPDH rabbit polyclonal

Abcam

Ab9485 RRID:AB_307275

Anti-BAP1policlonal

Abcam

Ab199396

Anti-FLAG mouse monoclonal M2 clone

Sigma

F3165 RRID:AB_259529

Anti-ubiquityl-histone H2A K119

Millipore

05-678 RRID:AB_309899

Anti-ubiquityl-histone H2A K119

Cell signaling

#8240 RRID:AB_10891618

Anti-g-catenin (plakoglobin) D12

Santa Cruz

Sc-398183

Anti-Vinculin clone 7F9 mouse monoclonal

Sigma

MAB3574 RRID:AB_2304338

Phalloidin-Atto 647N

Sigma

65906-10NMOL

Antibodies

Primers
BAP1 fw

50 -GGATCACAGCAAGGACACCT-30

BAP1 rev

50 -AACAAAGCACAGAGTCCAGC-30

TP53 fw

50 - CAGGAAGCCAAAGGGTGAAGA-30

TP53 rev

50 - CCCATCTACAGTCCCCCTTG-30

SMAD4 fw

50 - TGGAGTGCAAGTGAAAGCCT-30

SMAD4 rev

50 - AGCACTCCATCTTAATTGTCGGT-30

PTEN fw

50 - GACCTATGCTACCAGTCCGTA-30

PTEN rev

50 - TGTCTCTGGTCCTTACTTCCC-30

NF1 fw

50 - AAGGGCTCGTTTGGTGAACA-30

NF1 rev

50 - TGCGACTAAAGACTGCATTGA-30

Chemicals and Reagents
TRIzol

Thermo

15596-018

BMER

AMSBIO

3533-005-02

Advanced DMEM/F-12

Thermo

12634028

Cultrex Organoids Harvesting Solution

Trevigen

3700-100-01

Sequencing Grade Modified Trypsin, Frozen

Promega

V5113

Recovery Cell Culture Freezing Medium

GIBCO

12648010

HEPES

Thermo

15630-056

GlutaMax

Thermo

35050-038

Penicillin-Streptomycin

Thermo

15140-122

EGF

Peprotech

AF-100-15

FGF10

Peprotech

100-26-100 mg

N-Acetylcysteine

Sigma-Aldrich

A9165

Gastrin

Tocris

3006

Nicotinamide

Sigma-Aldrich

N0636

HGF

Peprotech

100-39-100 mg
(Continued on next page)
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Continued
REAGENT or RESOURCE

SOURCE

IDENTIFIER

B27 Supplement (minus Vitamin A)

Thermo

12587-010

A83-01

Tocris

2939

Primocin

InvivoGen

Ant-pm-1

Collagenase (Type IV)

Sigma-Aldrich

C5138

Accutase

Life technologies

00-4555-56

Nutlin-3

Cayman Chem.

548472-68-0

Cell Recovery Solution

Corning

354253

Normal Donkey Serum

Jackson Lab

017-000-121

Microcon Centrifugal Filters Ultracel YM-30

Merck

MRCF0R030
2215

Empore Solid Phase Extraction Disk C18

3M

Empore Solid Phase Extraction Disk Anion

3M

2252

UPS2

Sigma

UPS2-1SET

Tn5 enzyme

In-house made

N/A

Agencourt AMPure XP

Beckman Coulter

A63882

Nextera XT Index Kit

Illumina

15055294

KAPA HiFi HotStart ReadyMix

KAPA Biosystems

KK2602

QIAquick PCR Purification Kit

QIAGEN

28104

EndoFree Plasmid Maxi Kit

QIAGEN

12362

pGEM-T Vector System

Promega

A3600

DAPI

Thermo

D1306

Hashimshony et al., 2016

N/A

Adobe Photoshop CS4

Adobe

https://adobe-photoshop.en.softonic.com/
windows/download

Adobe illustrator

Adobe

https://www.adobe.com/products/illustrator.html

Critical Commercial Assays
Thermo Scientific reagents for CEL-Seq2
Software and Algorithms and Data Repository

ImageJ

NIH

https://imagej.nih.gov/ij/

Rstudio

Rstudio

https://www.rstudio.com/

BWA

Li and Durbin, 2009

N/A

MaxQuant 1.5.1.0

Cox and Mann, 2008

N/A

MACS 2.0

Zhang et al., 2008

N/A

TMixClust

N/A

https://bioconductor.org/packages/release/
bioc/html/TMixClust.html

Picard

N/A

https://broadinstitute.github.io/picard/

DESeq2

Love et al., 2014

N/A

Imaris software

Bitplane

https://imaris.oxinst.com

Proteomic dataset

This study

PXD013353

RNA-seq, ATAC-seq, ChIP-seq

This study

GEO: GSE129457

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hans
Clevers (h.clevers@hubrecht.eu)
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human material for organoid culture
Human liver tissue was obtained from transplanted healthy livers from donors of any gender undergoing surgery at Erasmus Medical
Centre, Rotterdam. The Medical Ethical Council of the Erasmus Medical Center approved the use of this material for research purposes, and informed consent was provided
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Mice
Experiments on NSG mice were carried out at the Hubrecht Institute according to local and international regulations and ethical
guidelines, and were approved by the Central Authority for Scientific Procedures on Animals (CCD) and the local animal experimental
committee at the Hubrecht Institute (IvD-HI-KNAW HI16.1012). Females of NOD Scid Gamma (NSG) mice of an age of 12-15 weeks
were used.
METHOD DETAILS
Tissue processing, cell isolation and organoid culture
Liver cells were dissociated from the human biopsy by collagenase digestion, as described in Huch et al. (2015). Cells were washed
with cold Advanced DMEM/F12, filtered with a 70 mm filter and the cell pellet resuspendend in BMER (Amsbio). Isolation medium was
based on AdDMEM/F12 (Invitrogen) supplemented with: 1X B27 (both from GIBCO), 1.25 mM N-Acetylcysteine (Sigma), 10 nM
gastrin (Sigma), 50 ng/ml EGF (Peprotech), 10% RSPO1 conditioned media (homemade), 100 ng/ml FGF10 (Peprotech), 25 ng/ml
HGF (Peprotech), 10 mM Nicotinamide (Sigma), 5 mM A83.01 (Tocris), 10 mM FSK (Tocris), 25 ng/ml Noggin (Peprotech), 30%
Wnt conditioned media (homemade), and 10 uM Y27632 (Sigma Aldrich). After 3-4 days, the isolation medium was changed into
a medium without Noggin, Wnt conditioned media, Y27632. Organoids could be splitted after ca. 14 days by mechanical shearing
and re-plated into fresh BMER. Passage was performed in a 1:5 split ratio once every 7–10 days for at least 6 months.
Generation of Cas9-gRNA plasmid, organoid electroporation and generation of KO lines
Sequences of BAP1 gRNA targeting the exon 4 of human BAP1 were designed using the online tool http://zlab.bio/guide-designresources (BAP1#1 50 - AGGAAGATAAATCCATATAC-30 and BAP1#3 50 -GCTCTTCGATCCATTTGAAC-30 ). BAP1-targeting gRNAs
were cloned into the pSpCas9(BB)-2A-GFP vector (Addgene plasmid #48138), as described in Ran et al. (2013). For the targeting
of TP53 and SMAD4 we used the pSpCas9(BB)-TP53-2A-GFP and pSpCas9(BB)-SMAD4-2A-GFP generated by Drost et al.
(2015) and for NF1 and PTEN we used 2 different gRNAs cloned in pSpCas9(BB)-2A-GFP vector (NF1#1 50 -GTCGTGAAGGAAAC
CAGCAT-30 ; NF1#2 50 - GAGATTAGATGAAACGATGC-30 ; PTEN#1 50 -GGTTTGATAAGTTCTAGCTG-30 and PTEN#2 50 -GGTGGG
TTATGGTCTTCAAA-30 ). Plasmid DNA was prepared using the EndoFree Plasmid Maxi Kit (Quiagen) and diluted in PBS 1X at a concentration of 2-5 mg/ml. DNA was mixed with 0.05% FastGreen dye to be able to visualize the injected DNA in the organoid lumen.
pCas9-gRNABAP1-GFP and pCas9-gRNATP53-GFP plasmids were co-injected. To generate the TP53/SMAD4/NF1/PTEN and
TP53/SMAD4/NF1/PTEN/BAP1 mutants the 4 or 5 specific gRNA plasmids were co-injected. Plasmids-dye mixture was loaded
in a pre-pulled borosilicate glass capillary. Organoids were individually injected while embedded into the BMER drop, until their lumen
was not filled with DNA mixture (ca. 1 ml/organoid). Tweezer-electrods (CUY650P1, Nepagene) were used to electroporate the BMER
drop containing the injected organoid, using the following parameters on the NEPAGENE electroporator: Poring Pulse (Voltage = 50
V, Pulse Length = 10 msec, Pulse Interval = 50 msec, Number of Pulse = 4), Transfer Pulse (Voltage = 20 V, Pulse Length = 50 msec,
Pulse Interval = 50 msec, Number of Pulse = 5). 48 hr later, organoids were checked for GFP fluorescence and positive organoids
were picked using a P20 pipet, dissociated into single cells by accutase digestion, washed twice with cold Advanced DMEM/F12
and replated in a BMER drop. To select for mutated cells, we supplement the culture medium with Nutlin-3 10 mM (Cayman Chemicals), which only allowed TP53 mutant cells to grow. Given the high efficiency of co-transfection, TP53 mutant organoids in the vast
majority of the cases carried mutation in the other targeted genes as well. Organoid lines were derived by picking single organoids,
and expand them in culture. sgRNA transfections and subsequent selections were performed at least in 3 different donors and using
2 different sgRNA. We derived at least 2 KO lines for each liver donor. TP53/SMAD4/NF1/PTEN and TP53/SMAD4/NF1/PTEN/BAP1
KO lines were derived from 1 donor each. Mutant lines were splitted at a ratio of 1:3 every 7 days and we cultured them for at least
12 months.
Organoid genotyping
For genotyping of the mutant lines, organoids were lysated using the lysis buffer (0.1 M Tris-HCl pH 8.5, 0.2 M NaCl, 0.2% SDS,
0.05 M EDTA, 0.4 mg/ml ProteinaseK) and DNA isolated by ethanol precipitation. The primers listed in the Key Resources Table
were used for PCR amplification of the targeted region. PCR products were cloned in pGEM-T Vector (Promega). DNA was extracted
and sequenced from at least 10 different bacteria colonies for gene, to ensure the sequencing of both gene alleles.
Immunohistochemistry, immunofluorescence staining and confocal imaging
For immunohistochemistry, organoids were washed from the BMER using Cell recovery solution (Corning), fixed overnight in 4% PFA
and embedded in paraffin blocks. 5 mm-tick sections were processed for H&E staining and immunohistochemistry using Ki67 antibody (Abcam). For whole mount immunofluorescence staining, organoids were isolated from the BMER using Cell recovery solution
(Corning), fixed overnight in 4% PFA, permeablilized and blocked by incubation in Triton X-100 0.2% and 5% normal donkey serum
(Jackson Laboratories) in PBS for 1h at RT. Primary antibodies were incubated at 4 C overnight. After washing with PBS 1X, conjugated secondary antibodies were added for 1h at RT. DAPI was used to counterstain nuclei. Phalloidin (Sigma) was used for Actin
staining. Organoids were mounted and imaged on an Sp8 confocal microscope (Leica). Images were processed using Photoshop
CS4 or ImageJ software. Imaris software was used for images 3D-reconstruction.
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Scanning and transmission electron microscopy
For SEM and TEM, organoids were processed as described in Heo et al. (2018). Briefly, they were collected and incubated in Cell
Recovery Solution (Corning) on ice for 20–30 min to remove the BMER and fixed with 1% (v/v) glutaraldehyde (Sigma) in PBS at
4 C overnight and transferred onto 12 mm poly-L-lysine-coated coverslips (Corning). The organoids were serially dehydrated by
consecutive 10 min incubations in 2 mL of 10% (v/v), 25% (v/v) and 50% (v/v) ethanol/PBS; 75% (v/v) and 90% (v/v) ethanol/H2O;
and 100% ethanol (2X), followed by 50% (v/v) ethanol/hexamethyldisilazane (HMDS) and 100% HMDS (Sigma). Coverslips were
removed from the 100% HMDS and air-dried overnight at room temperature. Organoids were manipulated with 0.5 mm tungsten
needles using an Olympus SZX9 light microscope and mounted onto 12 mm specimen stubs (Agar Scientific). Following gold coating
to 1 nm using a Q150R sputter coater (Quorum Technologies) at 20 mA, samples were examined with a Phenom PRO table-top scanning electron microscope (Phenom-World).
For TEM, organoids were placed in Matrigel on 3 mm diameter and 200 mm depth standard flat carriers for high-pressure freezing
and immediately cryoimmobilized using a Leica EM high-pressure freezer (equivalent to the HPM10), then stored in liquid nitrogen
until further use. They were freeze substituted in anhydrous acetone containing 2% osmium tetroxide and 0.1% uranyl acetate
at –90 C for 72 h and warmed to room temperature at 5 C for hour (EM AFS-2, Leica). The samples were kept for 2 h at 4 C and
for 2 h more at room temperature. After several acetone rinses (4 X15 min), samples were infiltrated with Epon resin for 2 days
(acetone/resin, 3:1 for 3 h; 2:2 for 3 h; 3:1 overnight; pure resin for 6 h + overnight + 6 h + overnight + 3 h). Resin was polymerized
at 60 C during 96 h. Ultrathin sections from the resin blocks were obtained using a Leica Ultracut UC6 ultramicrotome and mounted
on formvar-coated copper grids. They were stained with 2% uranyl acetate in water and lead citrate. Sections were observed in a
Tecnai T12 Spirit equipped with an Eagle 4kx4k camera (FEI Company) and large electron microscopy overviews were collected using the principles and software described previously (Faas et al., 2012).
Time-lapse live-cell imaging
For live cell imaging, organoids were plated in BMER in a 24-well plate and mounted on an inverted microscope (Leica AF7000), which
was continuously held at 37 C and equipped with a culture chamber for overflow of 5% CO2. For imaging of BAP1/ organoids
growing from small clumps of cells, organoids were digested with accutase to reach an average size of about 10-20 cells for tissue
fragment, replated and live imaging started 2 days after plating. For GFP detection, we used minimal amounts of excitation light. Images were taken with a time interval of 15 min over a period of 72 h. ImageJ was used for images analysis and Video assemby.
Mass spectrometry
Samples were prepared and mass spectrometry performed as described in Lindeboom et al. (2018). Briefly, organoids were harvested with Cultrex Organoids Harvesting Solution (Trevigen) and lysed by using SDS buffer (4% SDS, 1 mM DTT, 100 mM Tris
pH 7,5) for 3 min at 95 C followed by sonication (Biorupter Pico, 5 cycles 30 s on/off). Protein lysates (65 mg / sample) were alkylated
with chloroacetamide and digested with trypsin using Filter Aided Sample Preparation (FASP) (Wi
sniewski et al., 2009b). For absolute
quantification, 1,5 mg of a standard range of proteins (UPS2, Sigma) was added to each lysate. The digested peptides were subjected
to a Strong Anion eXchange (SAX) (Wi
sniewski et al., 2009a) fractionation, flow through, pH11, 8, 5, and 2 samples were collected.
The peptides were desalted and stored on StageTips (Rappsilber et al., 2007). Samples were applied to on-line Easy-nLC 1000
(Thermo) separation using different 214-min gradients of acetonitrile (7%–30%, 5%–23%, 8%–27%, 9%–30%, 11%–32%, and
14%–32% for unfractionated, flow through, pH 11, 8, 5, and 2, respectively) followed by washes at 60% followed by 95% acetonitrile
for 240 min of total data collection. Mass spectra were collected on a LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo) in
data-dependent top-speed mode with dynamic exclusion set at 60 s.
Raw mass spectra were analyzed in MaxQuant 1.5.1.0 (Cox and Mann, 2008) with match-between-runs, iBAQ, and label-free
quantification enabled. A human UniProt protein sequence database downloaded at 01-12-2015 was used to identify proteins. Identified proteins were filtered for reverse hits and potential contaminants. We only considered proteins that were identified in at least all
of the replicates of the same sample, for downstream analyses. Missing values were semi-random imputed using Perseus (default
settings, MaxQuant software package). Identification of significantly changing proteins was done using an adapted t test that is corrected for multiple testing by permutation-based estimation of the false discovery rate (default settings, Perseus of the MaxQuant
software package). For absolute quantification, we applied a linear regression between supplied amounts and the iBAQ intensities
of the spike-in proteins in the unfractionated sample, followed by a second linear regression between the absolute abundances and
iBAQ intensities in the fractionated sample.
Lentiviral constructs, virus preparation and generation of inducible rescue lines
Full-length human cDNA for BAP1 and BAP1C91A catalytically dead mutant were PCR-amplified from the Addgene plasmids #81024
and #81025 and cloned using the NheI and BamHI sites into the doxycycline-inducible lentiviral vector pCW-Cas9 (Addgene plasmid
#50661) after removal of the Cas9 coding sequence, to generate the pCW-BAP1 and pCW-BAP1C91A plasmids. In order to generate
the pCW-BAP1-T2A-GFP and pCW-BAP1C91A-T2A-GFP, first the EGFP sequence was cloned in the pCW backbone using NheI
and BamHI sites. The BAP1 and BAP1C91A were amplified with a forward primer containing the FLAG sequence and a reverse
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primer containing the T2A sequence. FLAG-BAP1-T2A or FLAG-BAP1-T2A were cloned in the pCW-EGFP vector using the MluI site.
BAP1cyt was generated by PCR amplification of BAP1 lacking the C-terminal NLS (using primers: BAP1cyt fw, 50 -GCTAGCGC
CACCATGGACTACAAGGATGACGATGACAAGAATAAGGGCTGGCTGGAGCTGGAGAGCGACC-3 0 BAP1cyt rev, 50 -CTCCGCTTCC
ACGCGTCACGGAGATGTTCTGCTCC-30 ) and BAP1nuc was generated as a gBLOCKR Gene Fragment (Integrated DNA Technology)
containing BAP1 full length and a C-terminal exogenous NLS. BAP1cyt and BAP1nuc were cloned into pCW-EGFP. Localization of
BAP1cyt and BAP1nuc was validated in HeLa cells. Briefly, cells were transfected using Lipofectamine2000 (Invitrogen) according
to manufacturer’s protocol. 48 h later, HeLa cells were fixed with 4% PFA for 2 hr and stained as described for the organoids using
Ab anti-FLAG (Sigma) as primary antibody. Samples were imaged using a confocal Sp8 (Leica) and images processed with ImageJ.
Lentiviruses were produced and organoids lines were infected following a previously described protocol (Koo et al., 2013). 3 days
after lentiviral infection, puromycin was added to the culture media (1 mg/ml) for selection of infected cells and to generate the inducible lines. We generated 3 independent BAP1 inducible lines from 3 BAP1/ mutant lines derived from different donors. For expression induction, 2.5 mg/ml of Doxycycline were added to the media and media was refreshed every 48 h.
RNA isolation, sequencing and analysis
RNA was extracted from organoids contained in 2 50 mL BMER drop 3-4 days after splitting by TRIzol extraction following the manufacturer protocol (Invitrogen). RNA was extracted from TP53/BAP1/, the 24h BAP1 rescue and parental WT lines derived from 3
different matching donors. For the TP53/BAP1+/+, 1 line was sequenced. Quality of RNA samples was checked using a 2100 Bionalyzer Nano 6000 Chip (Agilent) and only samples with a RIN number higher than 8.5 were used for library preparation. Libraries were
prepared as previously described (Artegiani et al., 2017). RNA was first reverse transcribed using the Ambion Kit (Thermo Fisher). RT
primers contained a 8-mer random molecular barcode (UMI), which allows for absolute molecule quantification. 2-5 ng of cDNA from
each sample was used as a template for overnight linear amplification, and then RT-PCR amplified into sequencing libraries.
Sequencing was performed on an Illumina NextSeq500 using 75-bp paired-end sequencing. Paired-end reads were aligned to
the human transcriptome genome by BWA (Li and Durbin, 2009). For each barcode, the number of different UMIs for every transcript
was counted, and transcript counts were then adjusted to the expected number of molecules based on counts, 16,777,216 possible
€n et al., 2014). DESeq2 (Love et al., 2014) was used for sample read
UMI’s combinations and poissonian counting statistics (Gru
normalization and for differential expression analysis. For normalization, all samples sequenced in the same sequencing run or
compared to each other were normalized together. Gene-ontology analysis were performed using EnrichR and ToppFun and results
displayed using GOplot package in R environment and reducing redundant terms with more than 50% gene overlap. Pearson’s correlation coefficients were calculated pairwise between different samples and lead to hierarchical clustering visualized in a correlation
plot by using the R package Corrplot. Principal component analysis was performed on total normalized DESeq2 read counts and
visualized using ggplot2. TMixClust was used for clustering analyses of the gene expression upon BAP1 rescue. All data analyses
were performed on Rstudio environment and ggplot2 was used for data visualization unless otherwise specified.
Western blot and FACS staining
Organoids contained in 3 50 mL BMER drop were harvested in ice-cold Cell Recovery Solution (Corning). Proteins were isolated by
incubation of the organoid sample in ice-cold RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% Na-Deoxycholate,
1% NP-40, 1X Complete protease inhibitors (Roche)), snap-freezing and mechanical shearing. Protein lysates were loaded on
gradient polyacrylamide gels 12% and subsequently transferred to PVDF membranes (Millipore). Membranes were blocked (BSA
5% in T-TBS) and probed with Abs H2AK119Ub, GAPDH, and BAP1.
For FACS staining, same number of cells (100,000) from the different samples was isolated from the BMER, digested into single
cells with accutase, fixed with 4% PFA, permeabilized with 0.1% Triton X-100 in PBS, blocked with 5% normal donkey serum
and stained with Ab H2AK119Ub for 1.30 h. FACS analysis was performed using a FACS Aria (BD) and FloJo software.
ATAC-sequencing and analysis
ATAC-seq was performed on approximately 75,000 cells from BAP1/ and parental WT lines in triplicate. For the BAP1 expression
rescue ATAC-seq experiment, 2 lines with BAP1 full-length rescue and 1 line with BAP1nuc rescue were used. Organoids were resuspended in Recovery Cell Culture Freezing Medium (GIBCO) and stored at 80 C prior to the ATAC-seq procedure. Once thawed,
they were washed with PBS and ATAC-seq was performed as described (Lindeboom et al., 2018), based on a modified protocol from
Buenrostro et al. (2015). In short, nuclei were tagmented with in-house made Tn5 enzyme followed by DNA purification using 2 3
SPRI beads (Ampure). DNA was PCR amplified by using KAPA HiFi Hotstart Ready Mix (KAPA Biosystems) and Nextera Index Kit
(Ilumina) primers followed by reverse phase 0.65 3 SPRI beads purification and a QIAquick Spin Column (QIAGEN). Amplified
DNA libraries were sequenced with an Illumina NextSeq 500. Paired-end 50-bp sequencing reads were aligned to hg19 with BWA
(Li and Durbin, 2009) allowing one mismatch. Reads were filtered for a quality score of at least 1, PCR duplicates were removed
with Picard, and reads mapping to the mitochondrial chromosome were discarded. Peaks were identified with MACS 2.0 (Zhang
et al., 2008) with a false discovery rate of 0.01. Peaks with significantly changing DNA accessibility were identified with DESeq2
(Love et al., 2014).
ChIP-sequencing and analysis
ChIP-seq was performed on cells harvested from WT human ductal organoid lines in triplicate.
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Cell pellets were collected and crosslinked as described in Lindeboom et al. (2018) and ChIPmentation and library preparation was
performed as in Schmidl et al. (2015) with the modifications described in Lindeboom et al., (2018). The chromatin of 250,000 cells was
incubated overnight at 4 C rotating in dilution buffer (1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8, 167 mM NaCl), 1 3 Protease
Inhibitor Cocktail (Roche), and 1 mg of antibody (H3K4me3, H3K27me3, H3K9me3). Sequencing was performed using an Illumina
HiSeq 2000, and 50-bp paired-end reads were generated. Paired-end sequencing reads were aligned to mm9 with BWA (Li and Durbin, 2009) allowing one mismatch. Reads were filtered for a quality score of at least 1, and PCR duplicates were removed with Picard.
Peaks were identified with MACS 2.0 (Zhang et al., 2008) with a false discovery rate of 0.01.
Publicly available ChIP tracks for different histone modifications were downloaded from Roadmap epigenomics project (from
consolidated epigenomes E066 and E118).
Karyotyping
For karyotyping, 3 days after splitting organoids were treated with 0.1 mg ml-1 colcemid (GIBCO) overnight. Organoids were collected
and dissociated into single cells using TrypLE (GIBCO) and processed as described in Drost et al. (2015). Cells were spread on a slide,
mounted with DAPI-containing vectashield and imaged on a DM6000 Leica microscope. At least 40 metaphase spreads for each line
were analyzed.
In vivo xenotransplantation assay and tissue processing
For genomic analysis of human patient cholangiocarcinomas, we used publicly available genomic data collections from the
cBioportal and previously published sequencing data from Jiao et al. (2013) and Jusakul et al. (2017), resulting in a total of 61
BAP1-mutated CCs. Visualization of co-mutational analyses was performed in Rstudio. OncoPrints were generated using the
ComplexHeatmap package.
TP53/SMAD4/NF1/PTEN and TP53/SMAD4/NF1/PTEN/BAP1 mutant organoids were collected for transplantation 3-4 days after
splitting. Organoids were washed twice with ice-cold PBS 1X to remove the BMER, an organoid suspension containing 500,000 cells
was prepared in 100 mL of culture media and BMER (1:1) and injected subcutaneously into the flank of NSG mice. Small nodules were
detectable 4-5 weeks after injection. Animals were sacrificed 10 weeks after injection. Nodules were immediately collected, fixed
overnight in PFA 4% and embedded in paraffin blocks. 5 mm-tick sections were processed for H&E, Alcian blue, Sirius Red,
Trichrome staining, and immunohistochemistry using human specific-Cam5.2 antibody (Abcam). Immunofluorescence staining
was performed using anti-EZRIN, Ki67 antibodies and Phalloidin on paraffin sections. Images were acquired using a Leica
DM4000 microscope or a confocal Sp8. Histological slides were examined and classified by an experienced gastrointestinal pathologist. For the orthotopic transplantations, mutant organoids were collected and processed as described for the subcutaneous transplantations. For each mouse transplantation, an organoid suspension of 150,000 cells was prepared in 50 mL of culture media and
BMER (1:1). Before the transplantations, NSG mice were anesthetized by isoflurane, abdomen opened by a short longitudinal cut and
cells injected directly into one liver lobe in multiple injections of small volumes. Animals were sacrificed 10 weeks after orthotopic
transplantation, the injected liver lobe immediately dissected, fixed in PFA 4% and embedded in paraffin blocks. 5 mm-tick sections
were processed and assessed as described for the subcutaneous grafts.
QUANTIFICATION AND STATISTICAL ANALYSIS
The experiments described in this study are based on the analysis of at least 3 different organoid lines derived from 3 independent
donors, unless otherwise specified in the Method Details. Immunofluorescence imaging results were analyzed based on z stacks
acquired with confocal microscope. RNA sequencing data, proteomic data and ATAC-sequencing data were normalized and
analyzed in Rstudio using different packages as described in the Method Details. Significance is opportunely stated in main text
or figure legends.
DATA AND SOFTWARE AVAILABILITY
Sequencing, proteomic and chromatin accessibility profiling results are provided in Table S1.
RNA sequencing data, ATAC-seq and ChIP-seq are deposited in Gene Expression Omnibus (GEO), accession number GEO:
GSE129457.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD013353.
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