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Abstract  32 

Hepatocellular carcinoma (HCC), the most common form of primary liver cancer, is a leading 33 

cause of cancer related mortality worldwide1,2. HCC occurs typically from a background of 34 

chronic liver disease, caused by a spectrum of predisposing conditions. Tumour development 35 

is driven by the expansion of clones that accumulated progressive driver mutations3, with 36 

hepatocytes the most likely cell of origin2. However, the landscape of driver mutations in HCC 37 

is independent of the underlying aetiologies4.  38 

Despite an increasing range of systemic treatment options for advanced HCC outcomes remain 39 

heterogeneous and typically poor. Emerging data suggest that drug efficacies depend on disease 40 

aetiology and genetic alterations5,6. Exploring subtypes in preclinical models with human 41 

relevance will therefore be essential to advance precision medicine in HCC7. 42 

We generated over twenty-five new genetically-driven in vivo and in vitro HCC models. Our 43 

models represent multiple features of human HCC, including clonal origin, histopathological 44 

appearance, and metastasis to distant organs. We integrated transcriptomic data from the mouse 45 

models with human HCC data and identified four common human-mouse subtype clusters. The 46 

subtype clusters had distinct transcriptomic characteristics that aligned with histopathology.  47 

In a proof-of-principle analysis, we verified response to standard of care treatment and used a 48 

linked in vitro-in vivo pipeline to identify a promising therapeutic candidate, cladribine, that 49 

has not been linked to HCC treatment before. Cladribine acts in a highly effective subtype-50 

specific manner in combination with standard of care therapy.  51 

 52 

Main text  53 

Precision medicine for patients with advanced HCC, has lagged behind other cancers. This is 54 

not because HCC has no discernible subtypes, but because targeting these has proved 55 

challenging. Tyrosine kinase inhibitors (TKIs: e.g. sorafenib8 and lenvatinib9) were the only 56 

first-line treatments for unresectable HCC until 2020. Thereafter, the IMbrave150 study 57 

(atezolizumab with bevacizumab)10 highlighted the potential of combination approaches with 58 

immune checkpoint inhibition (ICI) therapy, with enhanced responses for some patients and 59 

improved overall survival. Alongside advances in treatment options came an increased 60 

appreciation that heterogeneous treatment responses in HCC patients provide a potential for 61 

patient stratification5,6. The lack of necessity for clinical biopsies in advanced HCC has resulted 62 

in a lack of tissue from late-stage disease. This hinders advances in defining clinically relevant 63 

stratification biomarkers and mechanistic understanding within subtypes for these patients. 64 

Preclinical models offer a biological platform for disease interrogation, but currently, few 65 
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models faithfully recapitulate the complexity of human disease or have been validated against 66 

transcriptomic and phenotypic human HCC profiles11,12. Thus, there is currently a need for 67 

human-relevant preclinical models, to investigate therapy efficacies, providing guidance on 68 

subtype-specific treatments for different patient populations. 69 

 70 

Development and characterization of a suite of genetically-driven murine HCC models 71 

 72 

To address this need, we first set out to generate a broad range of mouse models guided by the 73 

most commonly found genetic drivers of human HCC4. Human HCC is thought to evolve from 74 

a  hepatocytic clonal origin3,13. We reproduced this aspect of cancer biology in our models by 75 

introducing the genetic alterations into adult murine hepatocytes using conditional 76 

recombination technology and allowing the premalignant clones to evolve to HCC over time.  77 

We intravenously injected adult mice with a viral vector encoding Cre recombinase with a 78 

hepatocyte tropism due to its thyroxine-binding Globulin (TBG) promoter, AAV8-TBG-Cre. 79 

This drove clonal recombination of endogenous floxed alleles in individual hepatocytes in an 80 

immune-competent environment (Fig. 1a). AAV8 was titrated to a dose (6.4*10^8 genomic 81 

copies (GC)/mouse) that resulted in clonal targeting and was highly hepatocyte-specific 82 

(Extended Data Fig. 1a-d). Recombination occurred primarily in the first five days after 83 

injection, was observed across all three hepatocyte zones14, but was significantly different 84 

between male and female mice (Extended Data Fig. 1e-h). This led to a lower tumour count 85 

and consequently extended survival in females after induction of HCC-related oncogenes 86 

(Extended Data Fig. 1i-k). Furthermore, varying induction dose or mutational burden affected 87 

tumour occurrence and speed of progression to endpoint (Extended Data Fig. 1i+l). 88 

Next, we applied this strategy to a broad range of HCC relevant oncogene/tumour suppressor 89 

combinations using a standardized dose in male mice unless otherwise stated. We particularly 90 

focused on genes identified by a TCGA study4 belonging to the WNT pathway, the cell cycle, 91 

or the RTK/RAS/PI3K pathway growth (Fig. 1b). We decreased the AAV induction titre in 92 

specific instances (Cohorts 14, 15, 23, and 24: 1.28*10^8 GC/mouse) to reduce the clonal 93 

burden, facilitating progression of these more aggressive models to larger individual tumours. 94 

We monitored thirty-five genetically distinct models, including models with a whole-body 95 

knockout of Cdkn1a or Cdkn2a, for liver nodule growth for minimum 230 days following 96 

induction (Extended Data Fig. 1l, Extended Data Fig. 2a).  97 

The majority of our models (83%) developed end-stage tumours within the study timeframe 98 

and most (69%) showed a tumour penetrance of higher than 50%. Surprisingly, some 99 
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combinations, e.g. MYC overexpression + Trp53 alteration, which induced HCC in previously 100 

published models12, had very low to no tumour penetrance using our clonal evolution approach 101 

and did not reach end-stage tumours within the observed period. Reflective of human disease 102 

we observed intra-tumoural haemorrhaging and/or rupture (bleeding) as well as metastatic 103 

spread to the lung, one of the main metastatic sites in human HCC together with bone and 104 

lymph nodes2,15 (Fig. 1b-d, Extended Data Table 1). We observed a negative correlation 105 

between an increased amount of driver mutations and survival, in spite of reduced clonal 106 

induction with a lower AAV titre, and a positive correlation between an increased amount of 107 

driver mutations and tumour proliferation, as well as between mutational burden and lung 108 

metastasis in our cohorts (Extended Data Fig. 2b). Tumour haemorrhage did not correlate 109 

significantly with mutational burden but occurred predominantly in cohorts with an “activated 110 

Ctnnb1 and Pten loss without MYC overexpression” mutational pattern (Extended Data Fig. 111 

2c). Macroscopic and microscopic appearances were consistent with human HCC and covered 112 

a wide range of histological phenotypes. This included well-differentiated HCC (e.g. Cohorts 113 

5 + 19), undifferentiated HCC (e.g. Cohorts 23 + 28), pseudoglandular HCC (e.g. Cohort 30) 114 

and steatotic HCC (e.g. Cohort 35) (Fig. 1c, Extended Data Fig. 3). Lung metastatic lesions 115 

reflected primary tumour histopathology (Fig. 1d). Histopathological assessment of 116 

morphological parameters is currently the gold standard for differential diagnosis of liver 117 

cancer in patients16. They showed strong similarities to human HCC histopathology, including 118 

typically observed architectural patterns (trabecular, glandular, solid, and nested) and 119 

cytological atypia. Different combinations of genetic alterations resulted in distinct 120 

morphologies (Fig. 1e).  121 

In summary, we used combinatorial genetic alterations, relevant to human HCC, to drive the 122 

development of autochthonous tumours in twenty-seven immunocompetent mouse models. 123 

Tumour growth happened progressively over several months with individual hepatocytes as 124 

the cell of origin. These models recreate key features characteristic of human HCC biology, 125 

including histopathological phenotypes and metastatic spread.    126 

 127 

Transcriptional alignment classifies four common human/mouse (HuMo) clusters with 128 

distinct features. 129 

 130 

To determine how well our models further represent human HCC we performed unbiased 131 

transcriptional analysis. We included a range of well-established carcinogen-induced (TOX) 132 
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and transplant (OT) HCC mouse models with our genetically engineered mouse models 133 

(GEMMs) to make this comparison more comprehensive (Fig. 2a).  134 

Using nonlinear dimensionality reduction (Uniform Manifold Approximation and Projection, 135 

UMAP17) we mapped mouse end-stage HCC data onto the human HCC data4 (Fig. 2b). 136 

Individual models, both genetically modified and non-genetically modified, clustered within 137 

different regions in the UMAP plot (Extended Data Fig. 4a). Mutational status, however, is 138 

not always indicative of signalling status18 and genomic profiling of human HCC previously 139 

showed that mutations are not exclusively prognostic of association with specific subtypes4. 140 

This is especially relevant for advanced disease stages with a relatively high mutational 141 

burden19, where different genetic alterations can influence each other. We show that e.g. 142 

mutations in CTNNB1/Ctnnb1 do not always lead to upregulation of expression of downstream 143 

pathway targets (GLUL/Glul, LGR5/Lgr5, LECT2/Lect2, or NOTUM/Notum) in either species 144 

(Extended Data Fig. 4b-f). Our murine data also supports the observation that mutational 145 

status by itself is not always predictive of the resemblance between cohorts (Extended Data 146 

Fig. 4a).  147 

We therefore went on to compare the human and mouse transcriptome data based on 148 

functionally and mechanistically relevant pathway enrichment. We used the Louvain method 149 

for community detection20 to identify groups in our human/mouse HCC data set (Fig. 2c). We 150 

detected four major human/mouse (HuMo) clusters (Fig. 2d). Genetic mouse models are 151 

represented in all four clusters with varying heterogeneity within cohorts, whereas the purely 152 

carcinogen-induced models are only representative of HuMo cluster 2 (Fig. 2e). Pathway 153 

enrichment analysis could establish cluster-specific characteristics. HuMo cluster 1 was 154 

enriched for pathways linked to metabolism and differentiation, but had negative enrichment 155 

for proliferation and inflammatory pathways. HuMo cluster 2 was related to cluster 1 but was 156 

distinct particularly through a higher enrichment in pro-inflammatory pathways. HuMo 157 

clusters 3 and 4 were both poorly differentiated and highly proliferative, with cluster 4 showing 158 

enrichment in epithelial-to-mesenchymal transition (Fig. 3a).  159 

To assess if the transcriptional clustering corresponded to similar histopathological features in 160 

mice and human HCC within the same cluster we compared our mouse tumours to TCGA 161 

tissue4. We observed that mouse and human tissue belonging to the same HuMo cluster did 162 

indeed have analogous morphological characteristics (Fig. 3b). Tissue from HuMo cluster 1 163 

showed well-differentiated HCC. HuMo cluster 2 tissue presented with steatosis and immune 164 

cell infiltration. HuMo clusters 3 and 4 tissue displayed deposition of extracellular matrix and 165 

moderately (cluster 3) to poorly (cluster 4) differentiated HCC (Fig. 3b). 166 
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Our clustering is better suited than previously established and clinically used subgroups of 167 

human HCC, such as the Hoshida classification21, for comparing mouse and human data and 168 

identifying common subgroups (Extended Data Fig. 5a). It also surpasses previous attempts 169 

of comparing mouse and human HCC data in scale and detail11,12. Our clustering approach 170 

distinguished two patient populations within Hoshida subclass S3, namely HuMo clusters 1 171 

and 2 (Fig. 2d, Extended Data Fig. 5a+b). Hoshida et al. implied that S3 might consist of two 172 

subpopulations with CTNNB1 as a dividing factor, but did not use this as a factor in their 173 

classification21. This distinction in our analysis resulted in differences in patient survival, 174 

unappreciated when using the Hoshida classification, with patients associated with HuMo 175 

cluster 2 having had an improved survival probability relative to patients associated with the 176 

other HuMo clusters. (Extended Data Fig. 5c+d). Additionally, we observed corresponding 177 

survival probabilities in the related GEMMs when plotting survival of all GEMM mice based 178 

on their HuMo cluster association, with the longest survival in HuMo cluster 2 mice and the 179 

shortest in HuMo cluster 4 mice (Extended Data Fig. 5e).  180 

In brief, we identified four distinct clusters, common across human and mouse models, by 181 

integrating our mouse transcriptional data with human HCC transcriptional data. Our models 182 

recapitulate transcriptionally the full range of human HCC, including within individual 183 

clusters. What is more, this aligned with similar histopathological features and relative survival 184 

within clusters, with specific GEMMs representative of individual subtypes of human HCC. 185 

 186 

Tyrosine kinase inhibition but not immune checkpoint inhibition increased survival in a 187 

representative cohort of HuMo cluster 1. 188 

 189 

To explore the translational potential of our models, we investigated response to standard of 190 

care treatments. We focused on one model in a proof-of-principle set of experiments. 191 

Approximately 30% of HCC patients have mutations leading to activation of the beta-catenin 192 

signalling pathway4. HCC with activated beta-catenin signalling has a low enrichment score 193 

for immune signatures and has been, in most cases, associated with immune exclusion22,23. 194 

Furthermore, active beta-catenin pathway signalling has been linked to ICI resistance in a 195 

prospective HCC cohort study5, suggesting a need for alternative treatment options for this 196 

patient subgroup. In the TCGA data set 64% (56/88) of patients with mutations in CTNNB1 197 

were associated with HuMo 1 and made up 47% (56/118) of patients in that cluster (Extended 198 

Data Fig. 6a+b). Additionally, humans and mice associated with HuMo cluster 1 had immune-199 

cell paucity and a low immune-score (Extended Data Fig. 6c+d). We, therefore, identified 200 
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HuMo cluster 1 as the one most likely to correspond to the group of patients with activated 201 

beta-catenin pathway signalling that would benefit from alternative treatment options. Cohort 202 

5 (Ctnnb1ex3/wt + R26LSL-MYC/LSL-MYC, from here on referred to as BM) mice were used as a 203 

representative model and showed phenotypic resemblance to human CTNNB1-mutated HCC 204 

(Extended Data Fig. 6e). 205 

We aimed to mimic the treatment of established tumour lesions. Therefore, we first performed 206 

a time-course analysis for tumour onset in the BM mouse model (Cohort 5) to determine an 207 

appropriate time point for the start of treatment. We observed clonal induction of hepatocytes, 208 

which evolved over time into microscopic lesions and then macroscopic tumour nodules, with 209 

GS as a marker of beta-catenin driven tumour induction (Fig. 4a-c). Tumour evolution from 210 

single clones led to moderate inter-tumoural and inter-murine transcriptional heterogeneity in 211 

end-stage tumours, including activation of pro-tumorigenic pathways such as proliferation or 212 

angiogenesis. However, while gene expression in tumours was strikingly different to non-213 

tumour tissue, it was also consistently different to livers with a global hepatocytic short-term 214 

expression of the same oncogenes (Extended Data Fig. 7a-d). This implied a consistent 215 

trajectory of clonal evolution occurring during tumour progression3,13. Relevant long-term 216 

models where this evolution can take place are essential for studying HCC in preclinical 217 

models.  218 

We started drug treatment at d90, based on 100% of Cohort 5 (BM) mice having macroscopic 219 

tumours and 96% of Cohort 5 (BM)  mice surviving past this time point (Extended Data Fig. 220 

2a, Fig. 4a-d). Cohort 5 mice showed a significant increase in survival upon treatment with the 221 

TKIs, sorafenib and lenvatinib (Fig4. e+f). However, treatment with the ICI agent anti-PD1 222 

did not impact overall survival in this cohort (Fig. 4g). These results are similar to the reported 223 

drug responses to TKIs and ICI in human patients with activated beta-catenin signalling5. In 224 

contrast, ICI has been used successfully in orthotopic and carcinogen-induced mouse models 225 

as reported by Leslie et al 24. 226 

We observed changes in macroscopic and microscopic appearances in end-stage tumours of 227 

Cohort 5 (BM) mice treated with lenvatinib. Tumours were different in colour and stiffer. 228 

Microscopic HCC patterns shifted from mostly well-differentiated to a poorer differentiated 229 

phenotype with greater stromal presence (Extended Data Fig. 8a-c). Furthermore, more mice 230 

in this treatment arm presented with lung metastases compared to vehicle treatment or other 231 

treatments (Extended Data Fig. 8d). Monitoring of tumour growth via magnetic resonance 232 

imaging suggested a delayed and decreased tumour growth initially upon lenvatinib treatment 233 

(Extended Data Fig. 8e). We also observed a higher metastatic burden in a second model 234 



8 
 

(Cohort 23, BM + Ptenfl/fl + Trp53R172H/wt + Cdkn2aKO/KO) with increased survival after 235 

lenvatinib treatment (Extended Data Fig. 8f-h). We hypothesized that the increased 236 

aggressiveness, manifested by morphological changes and greater metastatic burden, resulted 237 

from the extended survival coupled with an altered phenotype associated with acquired 238 

resistance to lenvatinib therapy. We, therefore, investigated livers of Cohort 5 (BM) mice after 239 

15 days and 30 days of lenvatinib treatment from day 90 post induction (Fig. 4d). We observed 240 

no differences in tumour morphology, but a decreased tumour burden through less proliferation 241 

but without increased cell death, at both 15 and 30 day time points in lenvatinib treated mice 242 

(Fig. 4h-j). There were no detectable metastases at either time point, supporting our hypothesis 243 

that the heightened aggressiveness in this model is a late-stage on-treatment event.  244 

Overall, treatment responses in this specific GEMM, were reminiscent of a distinct, common, 245 

and difficult to treat subtype of HCC, characterised by a transient survival benefit observed in 246 

human phase 3 clinical studies8,9. 247 

 248 

A high-throughput tumoroid assay pipeline identified anti-cancer drugs for repurposing as 249 

potential HCC therapy in a subtype-specific manner.  250 

 251 

After establishing the response to current standard of care treatments of mice representative of 252 

HuMo cluster 1 (Cohort 5, BM), we concentrated on identifying novel therapeutic options for 253 

this difficult-to-treat subgroup. We performed an in vitro high-throughput screen, based on 254 

GEMM-derived HCC organoids (HCCOs)25, with subsequent in vivo validation in the 255 

respective GEMM (Extended Data Fig. 9a).  256 

HCCOs recapitulate the transcriptomic profile, histological organization, and tumorigenic 257 

potential of the primary tumour26,27 and are therefore suited to investigate drug effects on 258 

tumour cells. They allow for rapid testing of a large range of drugs and for a side-by-side 259 

comparison between mouse-derived and human-derived tumour cells.  260 

HCCOs derived from end-stage tumours of Cohort 5 (BM) mice expressed beta-catenin and 261 

downstream target glutamine synthetase, as well as markers of proliferation (Ki67) and 262 

differentiation (HNF4a), features shared with the corresponding primary tumour (Extended 263 

Data Fig. 9b). We tested a comprehensive drug library consisting of the 147 FDA-approved 264 

anti-cancer drugs available at the time (June 2019) plus internal controls and analysed their 265 

effect on HCCO growth (Fig. 5a, Extended Data Table 2). The most efficacious drugs were 266 

a group of antimetabolites: nucleobase analogues that interfere with DNA synthesis (Fig. 5a, 267 

Extended Data Fig. 9c). We validated the dose-dependent effect of cladribine, the most 268 
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effective antimetabolite, both in several distinct mouse and human HCCOs. This confirmed the 269 

results of the screen and demonstrated the nanomolar potency of cladribine (Fig. 5b+c). We 270 

also tested selected other drugs from our screen. Lenvatinib and sorafenib, which are 271 

understood to act principally upon the tumour microenvironment, showed little tumour-272 

epithelial efficacy in both the screen and separate validation (Extended Data Fig. 9d-f). Next, 273 

we treated Cohort 5 (BM) mice, representing HuMo cluster 1, with either cladribine 274 

monotherapy or combination therapy of cladribine and lenvatinib, as a standard of care TKI 275 

(Fig. 6a+b). Cladribine monotherapy led to increased survival but combination therapy 276 

extended survival further (Fig. 6c). Cladribine monotherapy reduced the number of tumours, 277 

but the remaining tumours still progressed to end-stage HCC. Combination therapy with 278 

lenvatinib showed synergistic effect, almost completely eradicating all tumours (Fig. 6d+e).  279 

Study progression to either clinical tumour endpoint or study endpoint (d270 post induction) 280 

was limited in some animals (31% cladribine, 62% cladribine + lenvatinib) due to clinically 281 

significant weight loss (< 80%).  282 

Treatment with either monotherapy or combination therapy showed a decrease in proliferation 283 

in end-stage tumours, but no alteration in apoptotic cell death. Interestingly, we observed an 284 

increase in CD3+ T-cell infiltration into the tumour after combination therapy compared to 285 

vehicle (Extended Data Fig. 10a-d). Since time of endpoint varied greatly between the 286 

different treatments, we analysed tumours at a defined time point of 30 days post treatment 287 

start. Mice on monotherapy or combination therapy showed decreased tumour size and number, 288 

with a significant decrease in proliferation (Fig. 6f+g, Extended Data Fig. 10b+e). Both 289 

healthy and tumour tissue exhibited a greater extent of DNA damage (pH2AX), as expected 290 

after treatment with a nucleobase analogue, but this did not alter upregulation of another 291 

senescence marker (p53) nor apoptosis (Extended Data Fig. 10f-h). Again, we observed 292 

increased infiltration of CD3+ T-cell into the tumour of mice treated with combination therapy 293 

(Fig. 6h). Finally, we tested whether cladribine, either as monotherapy or in combination with 294 

lenvatinib, is equally effective in mouse models representing other HuMo clusters. We treated 295 

Cohort 23 (BM + Ptenfl/fl + Trp53R172H/wt + Cdkn2aKO/KO) mice, representing HuMo cluster 4, 296 

and Cohort 43 (R26LSL-MYC/LSL-MYC + KrasG12D/wt) mice (induced with a higher titre of AAV-297 

TBG-Cre than Cohort 32 to increase tumour burden to make survival time comparable to 298 

Cohort 5), representing HuMo cluster 2 (Fig 6b). Both monotherapy and combination therapy 299 

were effective in prolonging the survival of Cohort 23 mice (Fig. 6i). However, cladribine 300 

failed to extend the survival in Cohort 43 mice, a wild-type Ctnnb1 model with mutated Kras, 301 

either as monotherapy in combination therapy with lenvatinib (Fig. 6j). 302 
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In a proof of concept, we demonstrated the potential of our GEMM platform to identify 303 

epithelial targeting therapies which synergised effectively with the standard of care treatments, 304 

the latter of which mainly targeting the tumour microenvironment. This novel combination of 305 

TKI and repurposed FDA-approved anti-cancer compound led to highly effective subtype-306 

specific treatment responses. 307 

 308 

Discussion 309 

We used a range of genetic alteration frequently associated with human HCC4 to develop a 310 

suite of immunocompetent mouse models that closely resembles the development and 311 

progression of human HCC with hepatocytes as the cell of origin. Overall, our models 312 

successfully recreate different key molecular and pathophysiological events typical of human 313 

HCC, including tumour haemorrhaging and metastases to the lung2,15. Furthermore, they mimic 314 

various tumour microenvironments such as immune active and immune desert tumours or high 315 

stroma and low stroma tumours. We demonstrated clinical relevance of our models by 316 

integrating mouse data with a publically available human HCC data set, defining shared 317 

subtypes, and proving response to standard of care treatment. Furthermore, we showed these 318 

models can be used as a preclinical platform, together with HCCOs, for investigating rapid 319 

drug repurposing, but also in further studies to study tumour evolution and mechanisms as well 320 

as drug resistance.  321 

We appreciate, that not all genetic alterations associated with HCC have been tested in this 322 

study. TERT promoter modifications, despite being very frequent in human HCC (up to 60% 323 

of patients)19, are difficult to model appropriately in mice due to biological differences between 324 

species. Mice have very long telomeres and it would take several generations of crossing mice 325 

with Tert deletions before detecting a noticeable effect of re-activating Tert28. In our opinion 326 

that is an obstacle that will be difficult to overcome in mouse models of HCC and other means 327 

are needed to study TERT promoter mutations and their therapeutic targetability. However, 328 

since TERT promoter mutations are so omnipresent in HCC, they might be less relevant for 329 

subtyping and we did not discover a specific human TERT group that was separate from our 330 

GEMMs. 331 

Furthermore, some combinations of genetic alterations showed low to no tumour penetrance in 332 

our GEMMs, e.g. Trp53 modifications in combination with MYC overexpression, while these 333 

showed high penetrance in HCC in previous models using hydrodynamic tail vein injections12. 334 

Administration of hydrodynamic tail vein injection has been shown to cause apoptosis in the 335 
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liver29, leading to higher inflammation and favourable conditions for tumour development. 336 

Additionally, levels of MYC might be a determining factor in a clone progressing to a tumour30.  337 

Whilst the majority of our studies was performed in male mice, we found no indication that the 338 

results are sex-specific. Indeed, when we used the same genetic alterations in female mice we 339 

observed a similar phenotype and cluster association (Cohort 5, BM, male vs. Cohort 6, BM, 340 

female). However, AAV-TBG-Cre induction seems to be less potent in female mice, which is 341 

particularly prominent in models with a lower mutational burden. Future experiments are 342 

needed to include genetic alterations or risk factors predominantly associated with female HCC 343 

in patient stratification, such as Bap1 mutations or malignant transformation of hepatocellular 344 

adenomas4,31.  345 

Beyond the investigation of further genetic alterations, our models can also be easily combined 346 

with environmental liver disease models, such as high-fat diets. Preliminary data from our 347 

transcriptomic analyses indicated that genetics dominate cluster association, with the addition 348 

of background fibrotic disease having little transcriptomic influence (Cohort 5 vs 37). 349 

However, future research incorporating multifaceted environmental factors is needed to better 350 

understand HCC biology in human patients who usually present with chronic liver disease and 351 

hepatic impairments, which impact the treatment strategy available to them2,16. 352 

Our models strike a balance between allowing time for tumour evolution while still being time-353 

efficient. This enables future detailed investigation of tumour evolution and factors 354 

contributing to malignant transformation, especially as not all of the recombined clones expand 355 

into tumours.  356 

Somatic mutations are poorly clinically actionable in HCC and remain difficult to target 357 

therapeutically. In the case of multiple genetic alterations, each individual contribution to 358 

tumorigenesis might be difficult to determine32–34. Our models with their increased complexity 359 

of multiple genetic alterations, similar to the mutational burden of late stage HCC19, allow for 360 

the exploration of alternative targets and might contribute to understanding mutational 361 

dominance in different contexts. Additionally, by mimicking clonal evolution, they might help 362 

to identify the stage in tumour development – initiation, early nodule growth, malignant 363 

transformation -  when a drug has an optimal effect.  364 

We show that HCCOs are a tractable and rapid platform to identify treatments in combination 365 

with efficacy testing in vivo, and promote the principles of the 3Rs (Replacement, Reduction 366 

and Refinement) for humane animal research. However, current cell culture conditions limit 367 

the translatability of HCCO-based drug response predictions and, therefore, validation in 368 

animal models remains essential. Future research in HCCOs needs to overcome the reduced 369 
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complexity in cell culture, a general issue in organoid culture35, and address options for co-370 

culture with cells shaping the tumour microenvironment36. Modifying HCCOs with CRISPR 371 

technology may also provide useful insights to explore tumour biology and mechanisms 372 

beyond drug vulnerabilities37. 373 

Most importantly, we show that our GEMMs map transcriptionally and histologically to human 374 

HCC. Using a computational biology approach has enabled us to not only position our GEMMs 375 

and select carcinogen-induced models against human HCC, but to furthermore identify four 376 

shared subclasses with defining characteristics. Interestingly, some of our models show a 377 

degree of heterogeneity often observed in human HCC38, with tumours associated to several 378 

HuMo clusters. Our newly developed GEMMs represent all identified subtypes, whereas 379 

chemical carcinogen-induced models included in this study only mapped to one HuMo cluster 380 

(cluster 2).  381 

Our preclinical platform and classification system can be used as a resource for the HCC 382 

research community to streamline preclinical research and increase comparability of different 383 

mouse models. Furthermore, linking preclinical models with patient data can aid in stratifying 384 

patients to treatment, identifying novel therapies, and improving the likelihood of translational 385 

success. The HCCO screen allowed us to rapidly identify and test an FDA-approved anti-386 

cancer drug, cladribine - not previously linked to HCC, in a clinically relevant model. We could 387 

show efficacy and improved survival in vivo together with standard of care treatment, which 388 

will allow for a swift translation into the clinic.  389 

We believe that our approach of linking preclinical models to human data in a subtype-specific 390 

manner will also be applicable, cross-referable, and advantageous in translational research of 391 

other solid cancers.  392 

 393 

Abbreviations:  394 

Ctnnb1ex3/wt + R26LSL-MYC/LSL-MYC (BM), Genetically engineered mouse models (GEMMs), 395 

Genomic copies (GC), Hepatocellular carcinoma (HCC), Hepatocellular carcinoma organoids 396 

(HCCOs), Human/Mouse (HuMo), Immune checkpoint inhibition (ICI), Tyrosine kinase 397 

inhibitors (TKIs), Uniform Manifold Approximation and Projection (UMAP)  398 
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 399 
Figure 1: Comprehensive characterization of novel genetic HCC mouse models. (a) 400 

Experimental scheme. Conditional genetically-engineered mice induced with AAV-TBG-Cre 401 

virus develop tumours after clonal recombination of genes classically associated with HCC in 402 
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a TCGA study4. (b) Specific combinations of mutations, but not amount of mutations, drive 403 

model-specific features such as survival, tumour proliferation (Ki67), bleeding from tumour, 404 

and metastasis in murine models of HCC. Arrows represent gain-of-function (green) or loss-405 

of-function (red). For exact values see Extended Data Table 1. (c) Representative images 406 

show variation of macroscopic and microscopic phenotype depends on combinations of 407 

mutations. Glutamine synthetase (GS) serves as indicator of activated CTNNB1 signalling. 408 

Scale bar equals 1cm (macroscopic) or 200µm (microscopic). Full range of GEMMs shown in 409 

Extended Data Fig. 3.  (d) Representative images show lung metastases resembling primary 410 

tumour phenotype as demonstrated by H&E and glutamine synthetase (GS) staining. Scale bar 411 

equals 100µm. (e) Murine HCC models present common patterns and characteristics used for 412 

identification and classification of human HCC based on in-depth histopathological 413 

examination. n = 5-7 mice per cohort as indicated by bars.  414 
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415 
Figure 2: Transcriptional alignment classifies 4 common human/mouse (HuMo) clusters. 416 

(a) Summary overview of murine models used for transcriptional analysis. In addition to the 417 

genetically-engineered mouse models (GEMMs), described in Fig. 1, carcinogen-induced 418 

(TOX) and orthotopic transplant (OT) models were included. These include mice treated with 419 

diethylnitrosamine (DEN), carbon tetrachloride (CCl4), and streptozotocin (STZ), as well as 420 

multiple diets: modified western diet (MWD), American lifestyle-induced obesity syndrome 421 

(ALIOS), high-fat diet (HFD), or normal chow (NC). (b) UMAP visualisation demonstrates 422 

overlap of mouse (GEMM, TOX, and OT) and the TCGA human HCC transcriptional data set. 423 

(c) Unbiased clustering using a Louvain community detection algorithm identifies four groups 424 

within human and mouse (GEMM, TOX, and OT) HCC data. (d) Distribution of subgroups 425 

identified in (c) with UMAP highlights shared human/mouse (HuMo) clusters. (e) All HuMo 426 

clusters are represented in the analysed GEMMs with varying heterogeneity within the 427 

individual cohorts. GEMM = genetically engineered mouse model, TOX = carcinogen-induced 428 

model, OT = orthotopic transplant model.  429 
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430 
Figure 3: Individual HuMo clusters have distinct transcriptional and histological 431 

features. (a) Heatmap of pathway enrichment analysis across the GEMMs, non-GEMMs and 432 

human TCGA-HCC data4 indicates distinct identifying characteristics, including metabolic 433 
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activity/differentiation (metab), MYC/Myc pathway activation (myc), proliferation propensity 434 

(prolif.), epithelial-to-mesenchymal transition (emt), or inflammatory status (infl.), for the four 435 

HuMo clusters.  n = 371 (human) and 187 (mouse). (b) Transcriptional alignment correlates 436 

with histopathological similarities between human and mouse liver samples from the same 437 

HuMo clusters as shown by H&E staining. Scale bars equal 200µm.  438 
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439 
Figure 4: Tyrosine kinase inhibition, but not immune checkpoint inhibition leads to 440 

decreased tumour growth and increased survival in a representative mouse cohort of 441 

HuMo cluster 1. (a) Summary of cohorts used in b-j. (b) Temporal tracking of tumour 442 

development from single clone to established HCC in Cohort 5 (BM, male) mice. Tracking of 443 

early clones and microscopic nodules via glutamine synthetase (GS). Tracking of late nodules 444 

via macroscopic whole liver assessment. Black arrows indicate macroscopic lesions at d90. 445 

Scale bars equal 200µm (microscopic images) and 1cm (macroscopic images). (c) 446 

Quantification of microscopic nodule presence, macroscopic nodule presence and macroscopic 447 

nodule count over time in Cohort 5 (BM, male) mice. n = 5 (d15), 6 (d5, d30, d60, d90), 9 448 

(d125).  Data shown as mean ± s.e.m. (microscopic and macroscopic nodules, %) or individual 449 

data (nodule count, #). (d) Treatment scheme for e-j with drug given from d90 post induction. 450 

(e+f) Treatment with tyrosine kinase inhibitors sorafenib (45mg/kg, oral) (e) or lenvatinib 451 

(10mg/kg, oral) (f) significantly increases survival in a mouse model representative of HuMo 452 

cluster 1 (Cohort 5: BM, male). Dotted vertical line indicates treatment start. n = 17 (sorafenib 453 

vehicle), 15 (sorafenib), 5 (lenvatinib vehicle), 6 (lenvatinib). Log rank test. (g) Treatment with 454 

immune checkpoint inhibitor anti-PD1 (200µg/mouse, ip) does not affect survival in a mouse 455 

model representative of HuMo cluster 1. Dotted vertical line indicates treatment start. n = 6 456 
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(IgG Isotype), 7 (anti-PD1). Log rank test. (h-j) Time point analysis, day 15 and day 30 post 457 

drug, of lenvatinib treated mice show a reduction in total number of liver lesions, and a 458 

significant reduction of proliferation, assessed by Ki67+ cells, in the lesions, but no increase 459 

of apoptotic cell death through cleaved Caspase 3 (CC3) and no change of tumour morphology. 460 

(h) Representative images of glutamine synthetase (GS) and Ki67 staining in lenvatinib and 461 

vehicle treated mice at day 15 and day 30. Dotted line indicates tumour border. Scale bar equals 462 

1mm (GS) or 200µm (Ki67) (i) Quantification of microscopic tumour area (independent of GS 463 

status). n = 5 (day 15 vehicle + lenvatinib), 6 (day 30 vehicle + lenvatinib).  Data shown as 464 

mean ± s.e.m. Unpaired t-test (day 15)/Mann-Whitney test (day 30). (j) Quantification of Ki67+ 465 

and CC3+ tumour area. n = 5 (day 15 vehicle + lenvatinib), 6 (day 30 vehicle + lenvatinib).  466 

Data shown as mean ± s.e.m. Unpaired t-test (day 15)/Mann-Whitney test (day 30). 467 
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468 
Figure 5: A high-throughput HCCO assay pipeline identifies purine analogues such as 469 

cladribine as a novel class of therapeutics for HCC treatment. (a) High-throughput 470 

screening of a panel of 147 FDA-approved anti-cancer drugs plus internal controls highlights 471 

antimetabolites having an effect on growth of tumoroids from Cohort 5 (BM, male) mice, with 472 

cladribine (cl) having the greatest effect. Both lenvatinib (le) and sorafenib (so) only have a 473 

mild effect on the tumour cells directly. For a detailed ranking, see Extended Data Table 2. 474 

(b+c) In vitro validation of cladribine efficacy demonstrates a dose-dependent effect on both 475 

murine (b) and human (c) HCCOs. n = 3 (different passages from one HCCO line per named 476 

mouse cohort, technical duplicates), 3 (different passages from one to ten human HCCO lines 477 

per driver combination, see methods for details, technical duplicates).  Data shown as mean ± 478 

s.e.m.   479 
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480 
Figure 6: HuMo cluster association is indicative of in vivo treatment response to 481 

cladribine. (a) Summary of cohorts used in c-j. (b) Treatment scheme for c-j with drug given 482 

from d60 or d90 post induction determined by mean cohort survival.  (c) Treatment with 483 

cladribine alone significantly prolongs disease specific survival in Cohort 5 (BM, male, HuMo 484 

1) mice, and even more when given as combination treatment with lenvatinib. Dotted vertical 485 

line indicates treatment start. n = 11 (vehicle), 13 (cladribine, cladribine + lenvatinib). Log rank 486 

test. (d) Liver weight/ body weight ratio and tumour count over time prove efficacy of 487 

cladribine and cladribine + lenvatinib treatment to reduce overall tumour burden. Data shown 488 

as bars and symbols for individual mice. n = 10/9 (vehicle), 11/11 (cladribine), 13/12 489 

(cladribine + lenvatinib) for weight ratio/counts. (e) Representative images of macroscopic 490 

tumour burden of mice treated with vehicle, cladribine, or cladribine + lenvatinib at the 491 

indicated days. Scale bar equals 1cm. (f-h) Cohort 5 (BM) mice treated with cladribine + 492 

lenvatinib have fewer proliferating cells in their tumours and more infiltration of CD3+ T-cells, 493 
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but GS expression or general morphology are unaltered when compared at day 30 post 494 

treatment start. (f) Representative images. Scale bars equal 200µm (H&E, GS, Ki67) or 100µm 495 

(CD3). (g) Tumour area (based on GS+) and tumour proliferation (assessed by Ki67) are 496 

reduced after 30d of cladribine treatment. This is even more pronounced with cladribine + 497 

lenvatinib combination treatment. n = 7 (all sample groups).  Data shown as mean ± s.e.m. 498 

Kruskal-Wallis test with Dunn’s correction (Tumour area)/One-way ANOVA with Tukey 499 

correction (Ki67). (h) Infiltration of CD3+ T-cells into the tumour is increased after 30 days of 500 

cladribine + lenvatinib treatment. NT = non-tumour tissue and T = tumour tissue are matched. 501 

n = 7 (all sample groups).  Data shown as mean ± s.e.m. One-way ANOVA with Tukey 502 

correction. (i) Treatment with cladribine significantly prolongs disease specific survival in 503 

Cohort 23 (BM + Ptenfl/fl + Trp53R172H/wt + Cdkn2aKO/KO, male, HuMo 4) mice, and even more 504 

when given as combination treatment with lenvatinib. Dotted vertical line indicates treatment 505 

start. n = 9 (cladribine vehicle + lenvatinib vehicle, cladribine + lenvatinib vehicle), 10 506 

(cladribine + lenvatinib). Log rank test. (j) Treatment with cladribine does not improve disease 507 

specific survival in Cohort 43 (R26LSL-MYC/LSL-MYC + KrasG12D/wt, male, HuMo 2) mice in 508 

contrast to lenvatinib treatment. Combination treatment does not enhance survival beyond 509 

lenvatinib monotherapy. Dotted vertical line indicates treatment start. n = 8 (cladribine vehicle 510 

+ lenvatinib vehicle, cladribine + lenvatinib vehicle, cladribine vehicle + lenvatinib), 9 511 

(cladribine + lenvatinib). Log rank test. 512 

Censored mice in (c), (i), and (j) were sampled for clinically significant weight loss, not clinical 513 

tumour endpoint.  514 
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515 
Extended Data Figure 1: Induction of clonal tumour outgrowth of hepatocytes depends 516 

on sex and mutational burden. (a) Dose finding for clonal induction using AAV-TBG-GFP. 517 

Experimental scheme for b-d. (b) GFP staining shows a progressive decline in GFP+ 518 
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hepatocytes with decreasing doses of AAV-TBG-GFP. Scale bar equals 200µm. GC = genomic 519 

copies. (c) Immunofluorescent staining demonstrates exclusive and dose-dependent targeting 520 

of hepatocytes by AAV-TBG-GFP. Individual Channels for GFP (yellow), HNF4a (magenta), 521 

DAPI (blue). Scale bar equals 100µm. (d) Quantification of c. n = 3-4 mice. Data shown as 522 

mean ± s.e.m. (e) AAV-TBG-Cre sex-dependent clonal induction variation over time. 523 

Experimental scheme for f-i. (f) Quantification of RFP+ hepatocytes using the zone 3 marker 524 

glutamine synthetase (GS) shows clonal induction within zone 3 and outside zone 3 but no 525 

significant zonal expansion over time using a dose of 6.4*10^8 GC/mouse. n = 5 (male d3 + 526 

d7, female d3 + d7), 8 (female d5), 9 (male d5). Data shown as mean ± s.e.m. Two-way 527 

ANOVA with Tukey correction (g) Male mice recombine at a higher rate than female mice 528 

after induction with 6.4*10^8 GC/mouse with no additional residual recombination from 5 to 529 

7 days post induction. n = 5 (male d3 + d7, female d3 + d7), 8 (female d5), 9 (male d5).  Data 530 

shown as mean ± s.e.m. Kruskal-Wallis test with Dunn’s correction (h) Representative images 531 

of Cre-driven recombination rates in males and females on d3, d5, and d7 post induction. Scale 532 

Bar equals 50µm. (i) Summary of mouse cohorts used in j-l. (j) A lower induction rate in 533 

females leads to a lower tumour burden compared to males with the same mutational 534 

background. n = 19 (Cohort 6), 28 (Cohort 5). Data shown as mean ± s.e.m. Unpaired t-test. 535 

(k) Lower tumour burden due to a lower induction rate causes a prolonged survival in female 536 

mice compared to males with the same mutational background.  n = 22 (Cohort 6), 53 (Cohort 537 

5). Log rank test. (l) Mutational burden and induction dose influence tumour penetrance and 538 

survival outcomes.  n = 11 (Cohort 1), 8 (Cohort 2), 14 (Cohort 3), 9 (Cohort 4), 53 (Cohort 5 539 

– same data as k), 3 (Cohort 7). Log rank test. All panels: GC = genomic copies. 540 

Please note that individual cohort survival data shown for Cohort 5 and 6 is also shown in 541 

Extended Data Fig. 2a to allow direct comparison with data in that figure.   542 
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543 
Extended Data Figure 2: Endpoint survival and tumour penetrance varies depending on 544 

co-occurrence of mutations. (a) Detailed survival data for summary data shown in Fig. 1b. 545 

Median survival reported as days post induction (dpi). Number of mice used per cohort as 546 

shown in the Figure. All cohorts except Cohort 6 and 24 are male mice. Unless otherwise 547 

specified mice were induced with 6.4*10^8 GC/mouse. (H) indicates heterozygosity of an 548 
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otherwise homozygous allele. (b) Correlation analysis of mutational burden and survival, 549 

tumour proliferation, and metastasis. n = 7 (2 Mutations), 9 (3 Mutations), 5 (4 Mutations), 3 550 

(5 Mutations). Spearman Rank Test. (c) Correlation analysis of mutational burden and 551 

bleeding.  n = 7 (2 Mutations), 9 (3 Mutations), 5 (4 Mutations), 3 (5 Mutations). Spearman 552 

Rank Test.  553 

Please note that survival data shown for Cohort 5 and 6 are also shown in Extended Data Fig. 554 

1l to allow direct comparison with data in that figure.   555 
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556 
Extended Data Figure 3: Macroscopic and microscopic tumour nodule phenotype reflect 557 

the heterogeneity of human HCC. Shown are representative images for each Cohort with 558 

staining for general morphology (H&E), glutamine synthetase (GS) for activated beta-catenin 559 

signalling, SOX9 as a progenitor marker, and Sirius Red as an indicator for extracellular matrix 560 

content in the tumours. All cohorts except Cohort 6 and 24 are male mice. Unless otherwise 561 

specified mice were induced with 6.4*10^8 GC/mouse. (H) indicates heterozygosity of an 562 

otherwise homozygous allele. Scale bar equals 1cm (macroscopic) or 200µm (microscopic). 563 

Macroscopic images and microscopic of H&E and GS for Cohorts 5, 19, 23, 28, 30, and 35 are 564 

the same as in Fig. 1c and are shown here to allow direct comparison with data in this figure. 565 
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566 
Extended Data Figure 4: Mutational status alone does not explain cluster association.  567 

(a) UMAPs showing mean distribution of mouse cohorts by specific genetic alterations, 568 

carcinogen treatment (TOX), or orthotopic transplant (OT). (b-f) Samples with mutated 569 

CTNNB1/Ctnnb1 (b) are spread over the whole UMAP spectrum, whereas samples with 570 
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expression of beta-catenin pathway downstream targets GLUL/Glul (c), LGR5/Lgr5 (d), 571 

LECT2/Lect2 (e), and NOTUM/Notum (f) are confined to the lower left quadrant.  572 
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573 
Extended Data Figure 5: Conventional clinically used classifications of human 574 

hepatocellular carcinoma fail to cluster TCGA HCC data distinctly. (a) Hallmark 575 

pathway-based clustering of the TCGA human hepatocellular carcinoma data set does not 576 

reflect previously described and clinically used transcriptional hepatocellular carcinoma 577 

subtypes Hoshida S1-S3 (b) Distribution of Hoshida S1-S3 subtypes by UMAP (c) Survival of 578 

TCGA-LIHC cohort by Hoshida subtype. n = 112 (S1), 75 (S2), 185 (S3). (d) Survival of 579 

TCGA-LIHC cohort by HuMo cluster. n = 119 (HuMo1), 137 (HuMo2), 66 (HuMo3), 50 580 

(HuMo4). (e) Survival of all genetically engineered mice based on individual mouse HuMo 581 

cluster association. n = 65 (HuMo1), 36 (HuMo2), 19 (HuMo3), 40 (HuMo4). 582 
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583 
Extended Data Figure 6: Immune-paucity correlates with activation of beta-catenin 584 

signalling in HuMo cluster 1. (a) Percentage (total number) of human TCGA HCC samples 585 

with mutations in CTNNB1 associated with each HuMo cluster (b) Ratio of wild type and 586 
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mutated CTNNB1 in human TCGA HCC samples within each HuMo cluster  (c) Detailed 587 

immune-pathway analysis shows a clear association of HuMo cluster 1 with immune paucity, 588 

whereas HuMo cluster 2 shows the highest association with immune-cell enrichment. (d) The 589 

immune score is inversely correlated to GLUL/Glul expression (Extended Data Fig. 4b) and 590 

HuMo cluster1 (Fig, 2b) as presented by UMAP. (e) Both human and mouse samples with 591 

activating CTNNB1/Ctnnb1 mutations show high expression of glutamine synthetase (GS) in 592 

the liver tumour tissue as well as very little immune cell infiltration into the tumour of either 593 

CD68+|F4/80+ macrophages, or CD4+ or CD8+ T-Cells. Scale bars equal 200µm. 594 
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595 
Extended Data Figure 7: Tumours in a mouse model representative of HuMo cluster 1 596 

have mild inter-tumoural and inter-murine heterogeneity but differ greatly from non-597 

tumour tissue or global hepatocytic oncogene induction. (a) Summary of cohorts used in 598 

this figure. All mice used in this figure were male. (b) Experimental scheme for samples used 599 

in c+d. (c) Heatmap of differentially expressed genes between liver tissue from mice with 600 

global hepatocyte induction of altered genes and, non-tumour and tumour, tissue from mice 601 

with clonal hepatocyte induction of altered genes. Tumour tissue, despite induction of the same 602 

genetic alterations, differs greatly from the global induction group suggesting evolution of 603 

induced clones to develop tumours. n = 3 (global and non-tumour), 6 mice with up to 3 tumour 604 

samples per mouse (tumour). (d) Gene Ontology over-representation analysis shows 605 

upregulation of processes associated with oncogenesis in tumour tissue.  606 
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607 
Extended Data Figure 8: Treatment with the tyrosine kinase inhibitor lenvatinib leads to 608 

phenotypic changes and increased metastasis. (a) Summary of cohorts used in b-h. All mice 609 

used in this figure were male. (b) Macroscopic liver images of drug and vehicle treated Cohort 610 

5 (BM) mice at endpoint. Scale bar equals 1cm. (c+d) Treatment with lenvatinib, but not 611 

sorafenib or anti-PD1, results in a more aggressive tumour morphology (indicated by black 612 

arrows) and increased number of mice with detectable metastasis at endpoint in Cohort 5 (BM) 613 

mice. Scale bar equals 1mm. n = 17 (sorafenib vehicle), 13 (sorafenib), 5 (lenvatinib vehicle + 614 

lenvatinib + IgG Isotype), 7 (anti-PD1) (e) Non-invasive magnetic resonance imaging of 615 

Cohort 5 (BM) mice reveals delayed tumour growth in lenvatinib treated mice with liver 616 

volume as a proxy for tumour burden. n = 5 (lenvatinib Vehicle), 6 (lenvatinib). (f) Treatment 617 

scheme for g-h with drug given from d60 post induction to accommodate for faster model 618 

progression (see Extended Data Fig. 2a). (g) Lenvatinib treatment improves endpoint survival 619 

in a representative GEMM of HuMo cluster 4 (Cohort 23, BM + Ptenfl/fl + Trp53R172H/wt + 620 
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Cdkn2aKO/KO). Dotted vertical line indicates treatment start. n = 8 (lenvatinib vehicle), 7 621 

(lenvatinib). Log rank test. (h) Cohort 23 (BM + Ptenfl/fl + Trp53R172H/wt + Cdkn2aKO/KO) mice 622 

treated with lenvatinib have increased number of mice with detectable metastasis at endpoint. 623 

n = 6 (lenvatinib vehicle), 7 (lenvatinib).  624 
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625 
Extended Data Figure 9: A high-throughput tumoroid assay pipeline identifies anti-626 

cancer drugs for repurposing as potential HCC therapy. (a) Schematic of murine HCCO 627 

assay pipeline. HTP = high-throughput, GEMM = genetically-engineered mouse model, HCC 628 

= hepatocellular carcinoma, HCCOs = HCC organoids. (b) HCCOs keep characteristics of 629 

primary tumour tissue such as beta-catenin (CTNNB1), glutamine synthetase (GS), 630 

proliferation marker Ki67, and differentiation marker HNF4a. Scale bars equal 100µm (c) 631 
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Volumetric measurements of HCCOs after 9d treatment with indicated drugs. Ranking position 632 

in parenthesis. Nucleobase/Nucleoside analogues indicated by asterisks. (d) In vitro dose-633 

dependency testing of drug efficacy in murine HCCOs validates results from screen. n = 3 634 

(different passages from one HCCO line per named mouse cohort, technical duplicates). Data 635 

shown as mean ± s.e.m. (e) Representative images of dose-dependent drug effects on murine 636 

HCCOs after 9 days of treatment. Scale bar equals 200µm. (f) In vitro dose-dependency testing 637 

of drug efficacy in human HCCOs validates results from screen. n = 3 (different passages from 638 

one to ten human HCCO lines per driver combination, see methods for details, technical 639 

duplicates). Data shown as mean ± s.e.m.  640 
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641 
Extended Data Figure 10: Cladribine-induced DNA damage decreases tumour burden by 642 

increasing immune cell infiltration and decreasing proliferation but not by upregulating 643 

apoptosis. (a+b) Cohort summary and schematic of treatment regimens used in c-h. All mice 644 

used in this figure were male. (c+d) Cohort 5 (BM) mice treated with cladribine + lenvatinib 645 

have fewer proliferating cells in their tumours and more infiltration of CD3+ T-cells, but levels 646 

of cleaved Caspase 3 (CC3) as well as general morphology are unaltered when compared at 647 

endpoint.  (c) Representative images. Scale bars equal 200µm (H&E, GS, Ki67, CC3) or 648 

100µm (CD3). (d) Quantification of Ki67, CC3, and CD3 in matched non-tumour (NT) and 649 

tumour (T) tissue. n = 6 (cladribine vehicle, cladribine), 8 (cladribine + lenvatinib, two of the 650 

mice did not present with microscopic tumours).  Data shown as mean ± s.e.m. Kruskal-Wallis 651 

test with Dunn’s correction (Ki67, CD3)/One-way ANOVA with Tukey correction (CC3). (e) 652 

After 30 days on treatment, Cohort 5 (BM) mice on cladribine + lenvatinib combination therapy 653 

have smaller and fewer tumours. n = 7 (all sample groups).  Data shown as mean ± s.e.m. 654 

Kruskal-Wallis test with Dunn’s correction. (f-h) Cladribine treatment for 30 days, either as 655 

monotherapy or combination therapy, induces DNA damage in matched tumour (T) and non-656 

tumour (NT) tissue as determined by phosphorylation of Histone 2AX (pH2AX). This does not 657 

result in increased senescence, assessed by p53, or apoptosis, assessed by cleaved caspase 3 658 
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(CC3). (f) Representative immunohistochemistry images. Scale bars equal 200µm (pH2AX, 659 

p53) or 100µm (CC3). (g) Quantification of pH2AX in matched non-tumour (NT) and tumour 660 

(T) tissue. n = 7 (all sample groups).  Data shown as mean + s.e.m. Two-way ANOVA with 661 

Tukey correction. (h) Quantification of p53 and CC3 tumour tissue. n = 7 (all sample groups).  662 

Data shown as mean ± s.e.m. One-way ANOVA with Tukey correction.  663 
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Methods 664 

Mice, diets and treatments 665 

All animal experiments were performed in accordance with UK Home Office licences 666 

(70/8891, PP0604995, 70/8646, 70/8468, and PP8854860) and in accordance with the UK 667 

Animal (Scientific Procedures) Act 1986 and EU direction 2010. They were subject to review 668 

by the animal welfare and ethical review board of the University of Glasgow and the University 669 

of Newcastle upon Tyne. ARRIVE guidelines were followed for reporting of animal 670 

experiments39. To minimize pain, suffering, and distress to the animals we used single use 671 

needles and non-adverse handling techniques. Mice were housed under controlled conditions 672 

(specific pathogen free, 12hr light-dark cycle, 19-22 °C, 45-65% humidity) with access to food 673 

and water ad libitum. We added environmental enrichments, in the form of gnawing sticks, 674 

plastic tunnels, and nesting material to all cages. 675 

Unless otherwise specified male mice on a mixed background were used. The following 676 

transgenic mice strains were used: Gt(ROSA)26Sortm14(CAG-tdTomato)Hze (R26LSL-Tom) 40, 677 

Ctnnb1tm1Mmt (Ctnnb1ex3) 41, Gt(ROSA)26Sortm1(MYC)Djmy (R26LSL-MYC) 42, Trp53tm1Brn (Trp53fl) 678 
43, Trp53tm2Tyj (Trp53R172H) 44, Cdkn2atm1.1Brn (Cdkn2aKO) 45, Ptentm2Mak (Ptenfl) 46, 679 

Gt(ROSA)26Sortm1(Notch1)Dam (R26LSL-NICD) 47, Krastm4Tyj (KrasG12D) 48, Cdkn1atm1Led 680 

(Cdkn1aKO) 49, Axin1 (Axin1fl) 50. Genotyping was performed by Transnetyx using ear notches 681 

taken for identification purposes at weaning (3 weeks of age). Mice were induced between 8 682 

and 12 weeks of age, unless otherwise indicated, with AAV8.TBG.PI.eGFP.WPRE.bGH 683 

(AAV8-TBG-GFP) (Addgene, 105535-AAV8), AAV8.TBG.PI.Cre.rBG (AAV8-TBG-Cre) 684 

(Addgene, 107787-AAV8) or AAV8.TBG.PI.Null.bGH (AAV8-TBG-Null) (Addgene, 685 

105536-AAV8). Virus was diluted in 100µl PBS to the desired concentration and injected via 686 

the tail vein. Unless otherwise specified, mice received a dose of 6.4*10^8 GC/mouse. 687 

For the GEMM+MWD model 6-week old mice were kept on a modified western diet (Envigo 688 

-TD.120528) plus sugar water (23.1 g/L fructose and 18.9 g/L glucose) in combination with 689 

repeated CCl4 injections (ip, 0.2 µl/g of body weight, Veh: Cornoil) as previously described51 690 

and were induced with AAV-TBG-Cre at 10 weeks of age.  691 

For the DEN/ALIOS model, C57BL/6 WT mice, were injected with a single dose of DEN (80 692 

mg/kg by i.p. injection) at 14 days of age. Mice were fed ALIOS diet (Envigo, TD.110201) 693 

and sugar water (23.1 g/L fructose and 18.9 g/L glucose) from 60 days of age. Mice were 694 

harvested at day 284. 695 
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For MWD+CCl4 model mice were kept on a modified western diet (Envigo -TD.120528) plus 696 

sugar water (23.1 g/L fructose and 18.9 g/L glucose) in combination with repeated CCl4 697 

injections (ip, 0.2 µl/g of body weight, Veh: Cornoil) as previously described51. 698 

For the streptozotocin (STZ) model, male and female C57BL/6J WT mice were injected with 699 

a single dose of STZ (200µg in 0.1M citrate buffer, pH 4.0) subcutaneously at 2 days of age. 700 

Mice were fed high-fat diet (TestDiet 58R3, cat.no. 1810835) from 30 days of age.  All STZ–701 

HFD-treated liver showed pale yellow colour at 6 week, mild swelling at 8 week, granular 702 

surface at 12 week and tumour protrusion at 20 weeks of age52 . Mice were harvested between 703 

17 and 35 weeks of age. 704 

For the orthotopic model, Hep-53.4 cells (female C57BL/6J hepatoma cell line) were injected 705 

intrahepatic into the left lobe of male C57BL/6J mice. The procedure was performed under 706 

isoflurane general anaesthesia. Analgesia were given to the mice for pain management. Mice 707 

were harvested at 28 days post implantation or left to reach an approved humane endpoint. 708 

For therapeutic intervention drugs were given at 60 days or 90 days post induction as indicated 709 

in the figures. The following drugs were used: Sorafenib (LC Laboratories S8502, daily, OG, 710 

45mg/kg, Veh: 50%Chremophor/50% EtOH - then before dosing 3 part H2O added), 711 

Lenvatinib (SelleckChem S1164 [endpoint studies] or Eisai [monotherapy timepoint studies], 712 

daily, OG, 10mg/kg, Veh: 3mM HCl), anti-PD1 (Biolegend RMP1-14; 2x week, IP, 200 µg, 713 

Veh: PBS; Ctrl: IgG, Biolegend RTK2758), Cladribine (SelleckChem S1199, daily, IP, 714 

20mg/kg, Veh: PBS). To help with drug-induced weight loss, mice on Cladribine treatment 715 

received irradiated peanuts and sunflower seeds as diet supplements. If mice reached 83% of 716 

weight at treatment start cladribine treatment was withheld until they gained weight to at least 717 

90% of weight at treatment start. Mice who dropped below 80% of weight at treatment start 718 

were sampled according to license limitations. Confounding factors (e.g. litter mates, induction 719 

date) were taken into consideration when allocating mice into groups but mice were not 720 

randomised using a specific method. Mice who presented with a visible tumour before 721 

treatment start were excluded from the experiments as per a priori established criteria. Animal 722 

technicians dosing the mice were blinded to the genotype of the mice.  723 

The number of biological replicates ≥ 3 mice per cohort for all experiments. See Figure legends 724 

and Extended Data Table 1 for details.  725 

 726 

Animal tissue harvesting  727 

GEMMs were sampled at specific time points or at endpoint. Endpoint was defined as having 728 

reached a liver weight/ body weight ratio of >20% or having adverse side effects from the 729 
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tumour, such as tumour haemorrhaging. Mice who died of tumour haemorrhaging were 730 

included in survival analysis but not in any downstream analysis. Tumours were measured 731 

macroscopically using digital callipers and visible tumours were counted. Images of whole 732 

livers were taken with a Canon PowerShot G9X camera with a ruler present in each picture. 733 

Tissue was either sampled in neutral buffered saline containing 10% formaldehyde or snap 734 

frozen on dry ice.  735 

 736 

Histology and immunohistochemistry 737 

Liver, tumour, and lung-tissues were fixed using neutral buffered saline containing 10% 738 

formaldehyde, dehydrated and embedded in paraffin, and cut into 4 μm-thick sections. Sections 739 

were dewaxed and stained with haematoxylin-eosin or Sirius Red using standard protocols. 740 

Additional sections were stained immunohistochemically using the primary antibodies detailed 741 

in Extended Data Table 3. Primary antibodies were detected by HRP-labelled secondary 742 

antibodies and subsequently stained using a peroxidase DAB kit (Vector Laboratories, SK-743 

4100) with haematoxylin as a counterstain (IHC) or by fluorescent-labelled secondary 744 

antibodies (Invitrogen) with DAPI used as counterstain (SouthernBiotech, 0100-20) (IF).  745 

 746 

Microscopy and quantitative analysis of immunohistochemistry 747 

Images were obtained on a Zeiss Axiovert 200 microscope using a Zeiss Axiocam MRc 748 

camera. For image analysis, stained slides were scanned using a Leica Aperio AT2 slide 749 

scanner (Leica Microsystems, UK) at 20x magnification. Quantification of blinded, stained 750 

sections (GS, Ki67, CC3, CD3, yH2AX, p53) was performed using the HALO image analysis 751 

software (V3.1.1076.363, Indica Labs). 752 

Lungs were microscopically analysed for the presence of extrahepatic HCC spread by 753 

examining H&E and GS sections. Metastasis was scored binary as detected or not-detected but 754 

was not analysed in respect to individual metastasis burden per mouse.  755 

Images for tissue comparison to HCCOs were taken on a Zeiss 710 confocal microscope.  756 

 757 

Tumour scoring 758 

H&E-stained sections and tumours were additionally assessed by a consultant liver 759 

histopathologist and UK liver pathology External Quality Assessment scheme member (T.J.K.) 760 

working in the national liver transplant centre. All assessment was undertaken blind to all other 761 

data, including genotype and sampling times. An initial screen of the first available 135 cases 762 
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was made to identify prominent histological features in lesional and non-lesional liver that 763 

could be semi-quantitatively assessed. 764 

Accepting the inherent limitations of semi-quantitative subjective histological assessment but 765 

using a single observer to remove inter-observer considerations, semi-quantitative/ordinal 766 

scoring systems were created for lesional and non-lesional features. Slides containing 767 

transections of whole lobes from each animal were assessed as a whole, giving an overall score 768 

or impression rather than scoring on an individual-lesion basis. 769 

Non-lesional liver was scored for steatosis (none, focal, abundant) and lobular inflammation 770 

(none, focal, abundant). A minority of slides included insufficient non-lesional liver for 771 

assessment. 772 

For lesional assessment, the presence of glandular tumour i.e. meriting designation as 773 

adenocarcinoma (none, focal, extensive) and undifferentiated carcinoma (none, focal, 774 

abundant, exclusive) were assessed first. All hepatocellular neoplastic lesions had the 775 

morphological and cytological appearances of malignancy i.e. hepatocellular carcinoma. In all 776 

cases where there was hepatocellular carcinoma the following features were assessed using the 777 

categories in parentheses: lesional pattern (any from nested, trabecular, solid), lesional steatosis 778 

(none, focal, abundant), lesional cell ballooning (none, focal, abundant), intra-lesional 779 

inflammation (none, focal, abundant), lesional necrosis (none, focal, confluent, extensive), 780 

lesional cell apoptosis (none, focal, many), intra-lesional peliosis (none, focal, abundant), 781 

lesional nuclear grade (low – minimal/low pleomorphism, high – highly pleomorphic).    782 

 783 

Quantitative analysis of fluorescent immunohistochemistry  784 

Fluorescent tiled images were generated on an Opera Phenix High-Content Screening System 785 

(Perkin Elmer) at 20x magnification. Fluorescence was detected using the same settings 786 

throughout. Consecutive, non-overlapping fields were analysed blindly using Columbus Image 787 

analysis software (2.8.0.138890, Perkin Elmer). Positivity gating thresholds were defined using 788 

negative controls. For representative images, processing adjustments were performed equally. 789 

 790 

Whole tumour RNA-Sequencing 791 

Whole tumour and healthy tissue was snap frozen and stored at -80C. To cover the breadth of 792 

our models, for each cohort tissue from the shortest and longest surviving mouse as well as 793 

tissue from mice with survival closest to median cohort survival was chosen. Tissue was 794 

homogenized using the Precellys Evolution homogenizer and bulk RNA was isolated using a 795 

Trizol (Invitrogen) extraction protocol according to the manufacturer’s instructions. RNA 796 



44 
 

quality and quantity was analysed on a Nanodrop 2000 (Thermo Fisher Scientific) and an 797 

Agilent 2200 TapeStation (D1000 screentape). Only samples with a RIN value >7 were used 798 

for library preparation. Libraries were prepared using a Lexogen QuantSeq FWD Kit (Disease 799 

positioning) or the Illumina TruSeq stranded mRNA Kit (Tumour heterogeneity). Library 800 

quality and quantity were assessed using 2200 TapeStation (Agilent) and Qubit (ThermoFisher 801 

Scientific). The libraries for the disease positioning were sequenced by Novogene Europe. The 802 

libraries for the tumour heterogeneity were run on an Illumina NextSeq 500 using the High 803 

Output 75 cycles kit (2x36cycle paired end reads).  804 

 805 

Mapping of RNASeq expression data 806 

Quality checks and trimming on the raw RNASeq data files were done using FastQC version 807 

0.11.9 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), FastP version 0.20.1 53, 808 

MultiQC version 1.9 54, and FastQ Screen version 0.14.0 55. RNA-Seq paired-end reads were 809 

mapped to the GRCm39.103 version of the Mus musculus genome and annotation56  using 810 

STAR version 2.7.8a 57. Expression levels were determined by FeatureCounts from the Subread 811 

package version 2.0.1 58.  812 

 813 

Computational disease positioning based on human TCGA data 814 

TCGA data were downloaded using GenomicDataCommons R package (version 1.12.0, 815 

https://bioconductor.org/packages/GenomicDataCommons)59. TCGA “HTSeq – counts” and 816 

corresponding clinical annotations. TCGA mutational data were downloaded using maftools 817 

(version 2.4.2)60. Both human and mouse RNASeq counts were normalised using VST from 818 

DESeq2 package61 and then centred within a sample. Genes were reduced to those with direct 819 

one-to-one gene mapping between human and mouse genomes established by Ensembl, as 820 

retrieved from biomaRt package62,63. Singular-value decomposition (SVD) of the human data 821 

was performed followed by matrix factorisation of both the human and mouse data into a 100-822 

rank human space. UMAP of the combined dataset was executed using R package uwot 823 

(version 0.1.11, https://CRAN.R-project.org/package=uwot). An adjacency matrix was 824 

constructed from a nearest neighbours search (RANN package version 2.6.1, https://CRAN.R-825 

project.org/package=RANN) of the human & mouse SVD objects for clustering analysis. R 826 

package igraph64 was used to construct a graph object and community structure was determined 827 

using Louvain clustering.  828 

ssGSEA analysis was performed using R package corto65 with the Hallmark gene-set66,67 829 

downloaded using msigdbr (version 7.4.1. https://CRAN.R-project.org/package=msigdbr). 830 
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Hoshida21 (also downloaded utilising msigdbr), subclass classification was determined by the 831 

highest enriched subclass. Tumour immune cell estimation performed using ConsensusTME68. 832 

 833 

Visualisation of data by a combination of ComplexHeatmap69, ggplot270, cowplot (version 834 

1.1.1. https://CRAN.R-project.org/package=cowplot), and viridis71 packages.  835 

 836 

Human H&E stained tissue sections were obtained from the TCGA collection 837 

(https://portal.gdc.cancer.gov/) 838 

 839 

Differential expression analysis for inter-tumoural heterogeneity 840 

Genes were restricted to those with significance in all comparisons (with significance defined 841 

as adjusted p-values <0.05 and log2FC >1). Data were scaled and visualised using 842 

ComplexHeatmap69 package. Gene Ontology over-representation analysis was performed 843 

using the clusterProfiler72 package. 844 

 845 

Human sample ethical approval 846 

The use of consenting patients’ tissues surplus to diagnostic requirements for research purposes 847 

was approved by the Newcastle and North Tyneside Regional ethics committee, the Newcastle 848 

Academic Health Partners Bioresource (NAHPB) and the Newcastle upon Tyne NHS 849 

Foundation Trust Research and Development (R&D) department, in accordance with Health 850 

Research Authority guidelines. (References 10/H0906/41; NAHPB Project 48; REC 851 

12/NE/0395; R&D 6579; Human Tissue Act license 12534). 852 

 853 

Magnetic resonance imaging (MRI) 854 

MRI scans were performed on liver tumour bearing mice using a nanoScan® imaging system 855 

(Mediso Medical Imaging Systems, Hungary). Mice were anaesthetised and maintained under 856 

inhaled isoflurane anaesthesia (induction 4-5% v/v; maintenance 1.5-2.0% v/v) in 95% oxygen 857 

during the entire imaging procedure. Whole body T1-weighted Gradient Echo (GRE) 3D 858 

Coronal/Sagittal MRI Sequences [Echo time (TE) 3.8msec, Repetition time (TR) 20msec, Flip 859 

Angle 30 degrees, and slice thickness 0.50mm] were used to obtain MRI images. For 860 

quantification of scans, volume-of-interests (VOIs) were manually drawn around the liver 861 

region on MRI scans by visual inspection using VivoQuant software (version 4.0, InviCRO 862 

LLC, MA). For each scan, separate VOIs were prepared to adjust for the position and angle of 863 

each mouse on the MRI scanner and their tumour size. 864 



46 
 

 865 

Murine HCCO culture, drug screening, and imaging 866 

HCCOs were extracted and cultured as previously described26,73, with the exception that 867 

HCCOs from mice with activated beta-catenin signalling were cultured in the absence of Wnt 868 

and Rspo-1. All murine HCCO cultures were regularly tested for mycoplasma. 869 

For the high-throughput screen Cohort 5 (BM) HCCOs were dissociated with TrypLE and 870 

plated at a density of 1×103 cells in 10 μL BME in pre-warmed 384-well plates (Greiner 871 

BioOne, 781091) five days before adding the drugs. On day 0, a panel of 147 FDA-approved 872 

oncology drugs (AOD IX- acquired June 2019, 873 

https://dtp.cancer.gov/organization/dscb/obtaining/available_plates.htm) was added at a final 874 

concentration of 10µM. Staurosporin was used as an internal positive control, DMSO and 875 

untreated cells were used as an internal negative control. Medium was changed on day 4 and 876 

the compounds were freshly added. Incucyte NucLight Rapid Red (Sartorius, #4717) was 877 

added on day 6 and cells were imaged using the Opera Phenix High-Content Screening System 878 

(Perkin Elmer) on day 9. Volumes were determined using Icy BioImage software 879 

(https://icy.bioimageanalysis.org)74. The experiment was performed twice (using different 880 

passages from one HCCO line) in technical quadruplicates. 881 

For the drug dose response curves screen HCCOs (1 line per cohort) were dissociated with 882 

TrypLE and plated at a density of 1×103 cells in 10 μL Matrigel (Corning, #356231) in pre-883 

warmed 96-well plates (Greiner BioOne, 655098). The treatment schedule was the same as for 884 

the HTP screen, except the medium was changed and fresh drugs added on day 3 and 7. Drugs 885 

and concentrations are shown in the figures. Drugs were purchased from Selleckchem, 886 

dissolved in DMSO to 10 mM, aliquoted and stored at -20°C. Cell viability was measured on 887 

day 9 using CellTitre-Glo 3D reagent (Promega, G9682) according to the manufacturer’s 888 

instructions. Luminescence was measured on a Spark Microplate Reader (Tecan). Results were 889 

normalized to vehicle. Curve fitting and IC50 calculation was performed using a nonlinear 890 

regression equation. All experiments were performed in duplicate and at least three times using 891 

different passages from one HCCO line per Cohort. 892 

Images of HCCOs were taken on an Olympus CKX41 with a Qimaging Retiga Exi Fast 1394 893 

camera. 894 

For IF HCCOs were washed with ice-cold PBS, fixed with 4%PFA and permeabilised with 895 

0.2% Triton X-100. Antibodies are listed in Extended Data Table 3. Images were taken with a 896 

Zeiss 710 confocal microscope. 897 

 898 
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Human HCCO culture and drug screening 899 

Human HCCOs were derived from liver cancer needle-biopsies or liver resections as described 900 

before27. The following human HCCO lines were used: D386-O and D953-O (CTNNB1 WT, 901 

TP53 WT); C948-O, C949-O and D455-O (CTNNB1 MUT, TP53 WT); C655-O, C798-O, 902 

C975-O, D045-O, D046-O, D324-O, D803-O, D804-O, D876-O and R035-O (CTNNB1 WT, 903 

TP53 MUT); D359-O (CTNNB1 MUT, TP53 MUT).  904 

For expansion, the human HCCOs were seeded into reduced growth factor BME2 (R&D 905 

Systems, 3533-005-02), and cultured in expansion medium (EM): advanced DMEM/F-12 906 

(Gibco, Cat. No. 12634010) supplemented with 1x B-27 (Gibco, Cat. No. 17504001), 1x N-2 907 

(Gibco, Cat. No. 17502001), 10 mM Nicotinamide (Sigma, Cat. No. N0636), 1.25 mM N-908 

Acetyl-L-cysteine (Sigma, Cat. No. A9165), 10 nM [Leu15]-Gastrin (Sigma, Cat. No. G9145), 909 

10 μM Forskolin (Tocris, Cat. No. 1099), 5 μM A83-01 (Tocris, Cat. No. 2939), 50 ng/ml EGF 910 

(Peprotech, Cat. No. AF-100-15), 100 ng/ml FGF10 (Peprotech, Cat. No. 100-26), 25 ng/ml 911 

HGF (Peprotech, Cat. No. 100-39), 10% RSpo1-conditioned medium (v/v, homemade). 912 

HCCOs were passaged after dissociation with 0,25% Trypsin-EDTA (Gibco). All human 913 

HCCOs were regularly tested for Mycoplasma contamination with the MycoAlert™ 914 

Mycoplasma detection kit (Lonza, Cat. No. LT07-118). 915 

Drugs were purchased from ApexBio and Selleckchem, dissolved in DMSO to 10 mM, 916 

aliquoted and stored at -20°C. For the screening, human HCCOs were dissociated with 0.25% 917 

Trypsin-EDTA (Gibco) to single cells and 1×103  cells per well were plated in a 384-well plate 918 

(Greiner BioOne, 781986) on a layer of BME2 (R&D Systems, 3533-005-02) previously 919 

diluted with EM (50:50 v/v). Cells were cultured for 3 days without treatment to allow for 920 

organoid formation. At day 3, an 8-point half-log dilution series of each compound (ranging 921 

from 10 μM to 0,00316 μM) was added using a Tecan D300e. Cell viability was measured after 922 

5 days of treatment using CellTiter-Glo 3D reagent (Promega, G9682). Luminescence was 923 

measured on a Synergy H1 Multi-Mode Reader (BioTek Instruments). Results were 924 

normalized to vehicle (DMSO). The maximal DMSO concentration was 0.2%. Curve fitting 925 

was performed using Prism (GraphPad) software and the nonlinear regression equation. Results 926 

are shown as mean ± s.e.m.  927 

 928 

Quantification and statistical analysis 929 

Statistical analyses were performed using GraphPad Prism software (v9 GraphPad Software, 930 

La Jolla, CA, USA) and R (version 4.0.2 and higher) with statistical tests as indicated in the 931 
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Figure legends. Data were tested for normal distribution. All performed t-tests were two-tailed. 932 

P-values are included in figures. 933 

 934 

Figures were assembled using Scribus v1.4.8 (https://www.scribus.net/). Images were 935 

processed using Gimp v2.10.14  (https://www.gimp.org/). 936 

 937 

HCCO availability 938 

Tumour derived murine HCCOs (available from all GEMMs) will be shared upon reasonable 939 

request. 940 

 941 

Data availability 942 

All data will be deposited with accession codes, unique identifiers or web links for publicly 943 

available datasets provided before publication.  944 

 945 

Code availability 946 

Scripts used for disease positioning is available at https://github.com/Beatson-CompBio (full 947 

project link will be made available before publication) 948 

 949 
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