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INTRODUCTION
Colorectal cancer belongs to the three most frequent types 

of cancer in both men and women and is the second most 
diagnosed cancer and the second leading cause of cancer-
related death worldwide. Despite improvements in screening 
and therapy over the last years, incidence, prevalence, and 
mortality remain high in industrialized countries (1). Patients 
with colon cancer diagnosed with stage 4 disease have only 
an 11% survival rate at 5 years due to the ineffectiveness of 

current treatment regimens, strongly highlighting the need 
for new strategies for cancer screening and therapy that go 
beyond current approaches. Colorectal cancer should not 
be considered as one single disease, but rather as a het-
erogeneous complex of diseases. It would be too simplistic 
to reduce colorectal cancer growth to an accumulation of 
genetic alterations that change the behavior of tumor cells in 
a cell-autonomous manner. Instead, colorectal cancer depends 
on an intricate reciprocal interplay between tumor cells and 
their surrounding stroma and relies greatly on the plastic-
ity of both tumor and surrounding cells within the tumor 
microenvironment (TME; ref.  2). The consensus molecu-
lar subtype (CMS) classification led to the identification of 
four subtypes (CMS1–4) and supports the clinical relevance 
of stromal cells for colorectal cancer (3). CMS1 represents 
hypermutated, microsatellite instable (MSI) tumors that are 
highly immunogenic and display immune cell infiltration and 
responsiveness to checkpoint inhibition (4). CMS2 tumors 
are associated with favorable prognosis and responsiveness to 
anti-EGFR therapy (5). Their gene expression is dominated by 
tumor-intrinsic features that are driven by specific DNA copy- 
number gains (6). CMS3 tumors are enriched for oncogenic 
KRAS variants and display metabolic changes. In contrast, 
CMS4 tumors, which have the worst prognosis of all subtypes, 
are characterized by abundant mesenchymal stroma and 
strong TGFβ signaling profiles (7, 8). Deregulated TGFβ sig
naling induces cancer-associated fibroblasts (CAF) that con-
trol local invasion, metastasis, and immune evasion, thereby 
driving tumor growth and progression (9). Importantly, inhi-
bition of TGFβ signaling in fibroblasts enables T-cell infiltra-
tion and responsiveness to checkpoint inhibition in advanced, 
metastatic non-MSI tumors (10). Development of genetically 
engineered mouse colorectal cancer models that resemble cli
nical features of CMS4 tumors has allowed the study of thera-
peutic strategies such as inhibition of neutrophils or Notch 
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signaling (11, 12). However, cross-species differences compli-
cate the translation, and preclinical models that accurately 
reflect human colorectal cancer subtypes remain limiting.

Patient-derived tumor organoids (PDTO) have emerged as 
an excellent preclinical model for colorectal cancer. The tech-
nology is based on the expansion of primary epithelial cells 
under the control of defined growth factors and in a 3D extra-
cellular matrix (ECM). Originally developed for the mouse 
small intestine (13), protocols have been adapted for efficient 
organoid derivation from normal and tumor tissues from the 
human colon (14) and other tumor entities (15–19). Several 
studies have demonstrated that living organoid biobanks 
can accurately represent the tumor heterogeneity among 
and within patients with colorectal cancer (20–22). More 
recently, coclinical trials have shown a high predictive value 
of colorectal cancer organoids for the individual patient 
response to chemo- and radiotherapy (23–26), demonstrating 
a great potential for personalized testing. However, PDTOs 
can only inadequately recapitulate the cellular contexture of 
the various molecular subtypes. Considering the importance 
of stromal cells, particularly for the prognosis of CMS4 
tumors, PDTO monocultures are most likely limited to pre-
dict clinical responses. Thus, we aimed to establish a tumor 
organoid–stroma biobank to better reflect molecular subtype 
dependencies and to improve drug testing.

RESULTS
Development of a Colorectal Cancer 
Organoid–Stroma Biobank

To generate the colorectal cancer organoid–stroma biobank  
comprising PDTOs and CAFs, 30 tumors from various loca-
tions and stages of disease were included to reflect clinical 
heterogeneity in colorectal cancer (Fig.  1A and B; Supple-
mentary Table  S1). Organoids displayed diverse morphol-
ogies (Supplementary Fig.  S1A), whereas fibroblasts were 
more uniform in adhesive culture (Supplementary Fig. S1B). 
Immunofluorescence analysis showed stable expression of 
α-SMA, VIM, and PDPN after initial and prolonged culture 
of CAFs (Supplementary Fig.  S2A and S2B). Subsequently, 
established fibroblasts from tumor and matched adjacent 
normal tissues were analyzed by RNA sequencing (Supple-
mentary Fig.  S2C and S2D). Principal component analysis 
(PCA) showed distinct clustering and gene set enrichment 
analysis (GSEA) showed upregulation of inflammation and 
contractility signatures in CAFs as well as cell growth and 
translation signatures in normal fibroblasts, indicating that 
classic CAF features (27) are maintained in vitro.

In parallel, the original tumor samples were analyzed on 
the molecular and histologic level using tissue microarrays 
(TMA; see inventory in Supplementary Table  S2). Somatic 
variants in tumors and organoids were identified by whole-
exome sequencing (WES) in comparison with matched 
normal genomic DNA (Supplementary Tables  S3 and S4). 
Total mutation count showed a hypermutation pheno-
type in three of 30 cases (Fig.  1C). Concordance analysis 
showed a 63% ± 19% overlap between tumors and organoids 
(Fig.  1D). Private mutations were more abundant in orga-
noids (24% ± 1%) compared with tumor tissues (13% ± 10%), 
indicating increased detection sensitivity in organoids that 

lack normal stroma. Inspection of recurrent mutations con-
firmed the presence of known driver mutations (Fig.  1E; 
Supplementary Table  S4) in similar frequencies as reported 
previously (28). Hypermutated cases showed alterations in 
MSH3, MSH6, and/or POLE that co-occurred with muta-
tions in BRAF, PIK3CA, and FBXW7. Copy-number variations 
(CNV) were preserved in organoids (Supplementary Fig. S3) 
and average CNVs resembled data reported for colorectal 
cancer (Fig. 1F), validating the established cohort.

PDTOs Remanifest Their Original Molecular 
Subtypes in a Stromal Context

To assess how stable tumor-specific gene expression is main-
tained in vitro, RNA sequencing was performed using tumor 
tissue, organoids, and xenotransplants (Fig. 2A). PCA showed 
distinct clustering between colorectal cancer tissues and cor-
responding organoids that were overall more homogenous 
(Fig. 2B). Gene set variation analysis (GSVA) showed downregu-
lation of stromal and inflammatory signatures in organoids and 
upregulation of proliferative and metabolic genes compared 
with primary tumor samples (Fig. 2C). To model the stromal 
influence, organoids were systematically xenotransplanted into 
NOD-scid IL2Rgammanull (NSG) mice. Tumors from 13 models 
were analyzed by RNA sequencing, followed by species deconvo-
lution of mRNA reads to distinguish gene expression in tumor 
(human) and stroma (mouse). In the tumor compartment, 
xenotransplantation increased the global similarity to clinical 
tissues (Fig. 2B) and partially restored the gene signatures that 
were most differentially regulated in PDTOs (Fig. 2C).

Next, we classified the CMS of all samples (Supplementary 
Table  S5). In tumor tissues, a faithful representation of all 
subtypes was found (Fig.  2D). PCA identified the CMS as 
the strongest source of biological variation (Supplementary 
Fig. S4A) compared with other clinical parameters (sex, age, 
location, prior antitumor treatment, mutation count, CNV 
status; Supplementary Fig.  S4B–S4E). Most organoids were 
classified as of “mixed or indeterminate subtype” (Fig.  2D), 
likely due to the strong impact of the stroma on CMS 
assignment, and only 16.6% concordance was observed to 
matched tumors (Fig. 2E). Moreover, PDTOs did not cluster 
by PCA according to the original CMS or other clinical or 
pathologic parameters (Supplementary Fig.  S4F–S4J). After 
xenotransplantation, the CMS concordance was increased to 
46.6% (Fig. 2D and E) and for CMS1/2/3 tumors an accurate 
subtype was recovered in eight of 10 models. Although classi-
fication using the colorectal cancer–intrinsic subtypes (CRIS; 
ref.  8) should be less sensitive to stromal gene expression, 
high concordance was again observed only after transplanta-
tion (76.9% compared with 26.7% after culture in vitro; Sup-
plementary Fig. S5A and S5B and Supplementary Table S6). 
Thus, PDTOs lose their original subtype under standard 
culture conditions, but they can be partially restored in a 
stromal context. In contrast, CMS4 tumors were not recov-
ered (in five cases analyzed), most likely due to the absence of 
fibroblast transcripts in the human reads.

Cancer Cell–Dependent Programming of the TME
To explore whether cancer cells can instruct a subtype- 

specific stromal response, we examined mouse mRNA reads in 
xenotransplants. We compared organoids derived from CMS4 
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and CMS2, which are characterized by high and low CAF 
content, respectively (3). Differential analysis showed increased 
expression of fibroblast/muscle genes (Myh1, Ttn, and Ryr1) in 
CMS4-derived models, and inflammatory gene expression (Ccl6, 
Cd209f, and Ifi27l2a) in CMS2-derived models (Fig. 3A). GSEA 
confirmed induction of fibroblast and CMS4 signatures and 
repression of inflammatory signatures in CMS4-derived models 

(Fig. 3B and C), demonstrating that transplanted PDTOs induce 
a subtype-specific stromal response, which represents an unap-
preciated level of tumor self-organization. To further charac-
terize the cellular microenvironment, we analyzed a TMA of 
tumors by multifluorescent immunostaining (Supplementary 
Fig. S6A and S6B). We used antibody panels specific to tumor 
cells (CK20), CAFs (α-SMA and VIM), and diverse immune cell 
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Figure 1. Clinical and genetic features of the colorectal cancer organoid–stroma biobank. A, Collected biomaterials from primary tumors (T), matched 
organoids (O), and fibroblasts (F). CRC, colorectal cancer; NA, data not available; TCGA, The Cancer Genome Atlas; TIS, tumor in situ; TMA, tissue microarray. 
B, Summary of clinical parameters in the experimental cohort (also see Supplementary Table S1) and public data (TCGA; ref. 28). C, Total detected alterations 
(SNPs and indels; log scale) in T and O. D, Mutational concordance. Note that private mutations are more frequent in organoids reflecting increased detection 
sensitivity in the absence of stroma. E, Recurrent mutations in cancer driver genes (based on OncoKB). Variant allele frequencies (VAF) are color coded. Average 
mutation frequencies (right) in this cohort reflect public data for colorectal cancer (28). Also see Supplementary Table S4. F, Mean copy-number changes in T, O 
(n = 30 each), and TCGA data (n = 319); also see Supplementary Fig. S3.
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populations (CD45, CD4, CD8, and CD163). Automatic image 
analysis and comparison between CMS2 (n  =  9) and CMS4 
(n =  7) models showed a significantly increased frequency of 
α-SMA+/VIM+ CAFs and smooth muscle cells in CMS4 tumors 
(Fig.  3D). In CMS2 tumors, a higher tumor cell percentage 
was found, resulting in a significantly increased tumor–stroma 
ratio. In contrast, the overall presence of immune cells (CD45) 
was not significantly altered. We then studied if the TME is reca-
pitulated in PDTO xenografts. Immunofluorescent analysis of 
human E-Cadherin (tumor cells) and mouse Vimentin showed 
a markedly similar histologic pattern when compared with the 
original tumors (Fig. 3E).

In Vitro Modeling of Colorectal Cancer 
Subtype Determination

Our results indicate that both cell-autonomous and non-
autonomous traits are encrypted in the tumor cell compart-
ment. Niche factor dependency was expectedly linked to 
specific somatic alterations, including positive correlation 
of SMAD4 and KRAS/BRAF mutations with requirement 
for Noggin and EGF, respectively (Supplementary Fig.  S7A 
and Supplementary Table  S7; ref.  21). However, we did not 
detect any significant association with CMS (Supplementary 
Fig.  S7B), and we reasoned that organoid–CAF cocultures 
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could help to understand subtype determination, in particu-
lar for CMS4.

To address compartment specificity, we first tested differ-
ences between autologous and heterologous CAFs. Lucif-
erase/GFP-transgenic organoids derived from two CMS2 and 
two CMS4 tumors were combined in Matrigel with matched 
or unmatched fibroblasts. To allow paracrine signaling, cells 
were cultured in a growth factor–reduced medium (Fig. 4A). 
We then studied the influence on colony number (Fig. 4B), 
organoid size (Fig.  4C), and tumor cell viability (luciferase 
activity; Fig.  4D). Characteristic differences between orga-
noid lines were observed that were largely independent of the 
source of CAFs. The transcriptional response in organoids 
was then assessed after Transwell coculture (Fig.  4E). In a 
comparable setup, we had previously shown that Matrigel-
embedded CAFs induce epithelial-to-mesenchymal transi-
tion (EMT) gene expression in mouse tumor organoids (29). 
We observed organoid-specific induction of EMT markers 
(LUM, SNAIL2, SPARC, and VIM) independently of the CAF 
origin. A weaker response was induced after the transfer of 
the CAF-conditioned medium (Fig. 4F), indicating recipro-
cal signaling activity. RNA sequencing of organoids (Fig. 4G) 
showed similar global transcriptomic effects by autologous 
and heterologous coculture. Thus, the presence of CAFs 
per se causes profound cellular and transcriptional changes 
that were largely defined by the responsiveness of tumor 
cells. RNA sequencing of CAFs showed that coculture with 
autologous or heterologous organoids induced a similar 
gene expression pattern (Fig. 4H) that was characterized by 
interferon and TGFβ signaling (Fig. 4I and J). qPCR analy-
sis of four top-induced genes (NPR3, IFI6, ID1, and ANO1) 
showed a similar expression in CAFs and matched normal 
fibroblasts upon coculture, demonstrating an instructive 
role of tumor-derived signals (Fig. 4K). PDTO-conditioned 
medium, however, only partially recapitulated the effect of 
continuous coculture, suggesting the requirement for direct 
cell–cell contact and/or reciprocal signaling.

Next, we tested the generalized influence of CAFs on 
PDTO phenotypes. Cocultures of all biobank models (n = 29) 
resulted in significantly increased organoid number, size, and 
viability (Fig.  4L; Supplementary Table  S7). Between indi-
vidual lines, profound differences were observed that did not 
correlate with the original molecular subtype (Fig.  4M). We 
then explored whether modulation of the culture environ-
ment affected subtype fidelity in vitro. RNA sequencing and 
GSVA were performed either under regular PDTO culture, 
after growth factor reduction, or after additional Transwell 
coculture with CAFs in comparison with primary tumor tis-
sues (Fig. 4N). In each condition, we focused on the changes 
between models originating from CMS2 and CMS4 tumors 
(n = 9 each). This comparison emphasized the differences in 
microenvironment-induced gene expression (CMS4) and in 
proliferation-associated signatures (CMS2) in primary tumor 
tissues that were essentially lost under regular PDTO cul-
ture conditions (Fig. 4N). In contrast, a stepwise restoration 
of the subtype-specific gene expression was observed after 
growth factor reduction and CAF coculture, which was fur-
ther confirmed by a global correlation of enrichment scores 
for the MSigDB signatures (Fig. 4O). To evaluate if CAFs also 
regulate other subtypes, a similar comparison was performed 

for the mismatch repair–deficient (dMMR; n = 3) and CMS3 
(n =  6) models. Although reduced medium had a moderate 
effect, presence of CAFs did not further improve similarity in 
dMMR and CMS3 models (Fig. 4O), indicating CMS4-selec-
tive responsiveness to coculture. The overall concordance 
of the resulting CMS and CRIS only moderately improved 
(Fig. 4P; Supplementary Fig. S8A and S8B), arguing that addi-
tional stromal signals may be required for increased similarity 
to matched tumors. Together, our results indicate that the 
manifestation of individual colorectal cancer characteristics 
strongly depends on the culture context and that a growth 
factor–rich medium perturbs subtype-specific expression.

Manifestation of Subtype-Specific Responses to 
Chemotherapy Depends on CAFs

Given their increased transcriptomic fidelity, we reasoned 
that organoid–stroma cocultures could provide improved 
preclinical models for therapy. To address this hypothesis, 
we developed a platform for drug testing in cocultures. 
We noted that sensitivity to the EGFR inhibitor gefitinib, 
which correlates with response to the anti-EGFR antibody 
cetuximab (20), strongly depends on tumor cell density 
(Supplementary Fig.  S9A and S9B). Therefore, we first nor-
malized the seeding for each model to achieve a compa-
rable colony number (Supplementary Fig.  S9C and S9D). 
To faithfully determine tumor cell viability in cocultures, 
Firefly luciferase–transgenic organoids were co-embedded 
with CAFs in Matrigel in a 96-well format (Fig.  5A; Sup-
plementary Fig.  S9E). For efficient single-cell outgrowth, 
cells were seeded in a regular medium followed by drug 
treatment in the presence of a reduced medium to foster 
tumor–stroma interactions (Supplementary Fig.  S9F–S9H). 
Using this setup, dose responses to the chemotherapeutic 
drugs 5-Fluorouracil (5-FU), oxaliplatin, SN-38, and gefitinib 
were determined (Supplementary Fig. S9I and S9J). CAFs had 
a significant impact on the drug response and could render 
PDTOs either more resistant or more sensitive. Mix-and-
match experiments with autologous and heterologous CAFs  
demonstrated that the impact on the therapy response was 
PDTO-specific and not determined by the molecular subtype 
from which the CAFs originated (Fig. 5B and C; Supplemen-
tary Table S8). Given the growth-promoting effect of CAFs, 
drug sensitivity in CAFs may indirectly affect organoids. To 
monitor both compartments in cocultures, we developed a 
dual luciferase assay by combining Firefly luciferase–positive 
organoids with matched Renilla luciferase–positive CAFs 
(Supplementary Fig. S10A and S10B). CAFs generally showed 
reduced drug sensitivity compared with organoids (Fig. 5D; 
Supplementary Fig. S10C and S10D). Thus, indirect effects 
on CAF survival are not likely the major cause for the differ-
ential drug sensitivity of organoids in cocultures.

Subsequent pharmacotyping of all biobank models (n = 29)  
in the presence and absence of CAFs revealed a heterogeneous 
spectrum of drug sensitivity, as determined by the normal-
ized area under the curve (AUC). Although dose responses 
to 5-FU, oxaliplatin, and SN-38 were nonuniformly affected 
by the presence of CAFs (Fig. 6A; Supplementary Table S9), 
CAFs induced generalized resistance to gefitinib. Spearman 
analysis was performed to study how individual growth 
characteristics are linked (Fig.  6B). The organoid area was 
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correlated with sensitivity to 5-FU and oxaliplatin in accord-
ance with vulnerability of proliferating tumor cells. In con-
trast, the effect of CAFs on colony number was correlated 
with chemotherapy resistance. However, both associations 
were observed in monocultures and cocultures and therefore 
cannot explain the differential influence of CAFs. In mono-
cultures, no subtype-specific drug sensitivity was observed 
(Fig.  6C). In contrast, coculture caused significantly higher 
resistance to SN-38 and gefitinib in CMS4- compared with 
CMS2-derived organoids. The responses to the three chemo-
therapeutic drugs were correlated, reflecting generalized drug 
sensitivity and resistance phenotypes as noted before (Fig. 6D; 
refs. 25, 26). Yet, we observed that the differential drug sen-
sitivity in the presence/absence of CAFs [relative AUC (rel. 
AUC)] showed an even stronger correlation for all four drugs 
(Fig.  6E). Based on this finding, we established a CAF drug 
influence score for each patient. Comparison with the origi-
nal CMS (Fig.  6F and G) showed that CAFs induced drug 
sensitization in CMS2 PDTOs. In contrast, CMS4 PDTOs 
were rendered more resistant to the therapeutic compounds. 
Importantly, such association was not observed when PDTOs 
were treated in monoculture (Fig.  6H). Taken together, our 
results emphasize the requirement of cocultures to faithfully 
reflect subtype-specific responses to therapy.

Chemogenomic Screening Identifies Patient- and 
Drug-Specific Mechanisms of Stromal Resistance

To explore how CAFs modulate therapy responses, we 
performed pharmacologic library screens. We analyzed cocul-
tures of O14 and O23 that showed an exceptional increase 
of resistance to gefitinib (both) and SN-38 (O23; see Fig. 6F). 
The library contained 186 active and 106 negative control 
compounds that had been previously characterized within 
the Donated Chemical Probes (DCP) and Structural Genom-
ics Consortium (SGC) programs or had been assembled as 
part of the EUbOPEN chemogenomic libraries (30–32). Apart 
from kinases, targets included epigenetic proteins and solute 
carriers (Supplementary Table  S10). To identify drugs that 
resensitize the coculture to therapy, we performed the com-
pound screen at a single concentration alone or in the pres-
ence of a sublethal dose of gefitinib (Fig. 6I and J) or SN-38 
(Fig. 6K). In O14 and O23, inhibition of MET (BAY-474) was 
identified as the top sensitizer for gefitinib together with 
other drugs targeting the RTK/RAS pathway, including FAK, 
SOS, p38a/MAPK14, and MAPK7. In contrast to O23, O14 
also showed a pronounced therapy-induced vulnerability to 
bromodomain (BD)-containing proteins (inhibitors for BD1, 
BD2, as well as a pan-BD BET inhibitor and an inhibitor for 
the BDs of SMARCA2/4 and PB1 BD5; Fig. 6I). To overcome 
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SN-38 resistance in O23, different targets were identified, 
including apoptosis regulators (BCL2, RIPK1) or the respira-
tory chain complex 1 (Fig. 6K). Interestingly, inhibition of the 
purinergic receptor P2Y14 sensitized O23 organoids, to both 
gefitinib and SN-38, suggesting that targeting affected CAFs 
rather than tumor organoids, in line with a negligible expres-
sion of P2Y14 on colorectal tumor cells (33). Dose titration 
in resistant cocultures validated that combination with a 
MET inhibitor causes a significant resensitization to gefitinib 
(Fig.  6L; Supplementary Fig.  S11). Dual luciferase assays, 
moreover, showed a direct effect of BAY-474 on tumor cells 
and not on CAFs (Fig. 6M). Collectively, our results highlight 
that CAFs confer therapy resistance by general mechanisms 
but also in a patient- and therapy-dependent manner. Thus, 
organoid–stroma models represent a promising translational 
tool to exploit strategies for individualized treatment.

Pharmacotranscriptomic Signatures in Cocultures 
Allow Prognostic Colorectal Cancer Stratification

To evaluate if the divergent drug responses in organoid–
stroma models are linked with prognosis of patients with colo-
rectal cancer, we derived transcriptomic signatures. Spearman 
correlations were computed between gene expression in tumor 
tissues and the drug responses in corresponding PDTOs in the 
presence or absence of CAFs (Fig. 7A; n = 29). For the average 
AUC in monocultures and cocultures, only a few significant 
sensitivity genes were identified (Fig. 7B; rho < −0.5, P < 0.05). 
In contrast, the CAF drug influence was correlated with 343 
sensitivity genes (Supplementary Table  S11). Genes correlat-
ing with drug resistance (rho >0.35, P < 0.05) were observed 
in all conditions, and, subsequently, we tested the prognostic 
value of each gene signature for relapse-free survival (RFS) 
using a public gene expression cohort (GSE39582; ref.  34). 
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The sensitivity signatures for individual drugs were not linked 
to an altered hazard ratio (HR). In contrast, expression of 
sensitivity genes based on the CAF drug influence identified 
patients with significantly improved RFS [Fig. 7C and D; HR: 
0.67; 95% confidence intervals (CI), 0.50–0.90, P =  0.008]. A 
corresponding resistance signature identified patients with 
significantly worse RFS (Fig.  7E and F; HR:1.67; 95% CI, 
1.23–2.25, P = 0.0009), highlighting that drug testing in orga-
noid–stroma models shows improved potential for prognostic 
stratification compared with monocultures.

Next, we compared the expression of the signatures with 
the CMS classification system. In a clinical cohort, the identi-
fied sensitivity and resistance signatures showed a reciprocal 
pattern of expression in CMS2 and CMS4 tumors, respec-
tively (GSE39582; Supplementary Fig.  S12A and S12B), in 
support of the observed subtype dependency of the drug 
response (Fig. 6). As reported, patients with the CMS4 sub-
type displayed worse RFS compared with the other subtypes 
(Supplementary Fig. S12C; ref. 3). We therefore tested if the 
stromal drug signatures could further stratify the outcome in 
these patients. Indeed, high expression of the sensitivity and 
resistance signatures identified CMS4 patients with markedly 
increased or worsened prognosis, respectively (Supplemen-
tary Fig.  S12D and S12E), whereas fewer differences were 
observed for the other subtypes. Collectively, our results dem-
onstrate that functional profiling in a coculture context can 
provide additional prognostic value to traditional expression-
based classification methods.

DISCUSSION
The TME has been recognized as a key determinant for 

tumorigenesis, therapy response, and prognosis (2). Although 
single-cell RNA sequencing greatly increases the ability to cat-
alog cellular heterogeneity (35–38), which helps to determine 
associations, we lack mechanistic insights to functionally 
explain how cell-intrinsic and cell-extrinsic inputs regulate 
individual colorectal cancer phenotypes. Here, we have estab-
lished an organoid–stroma biobank to demonstrate that indi-
vidual tumor subtypes are encrypted within the cancer cell 
compartment yet critically depend on the cellular context. 
Coculture of PDTOs with CAFs reestablished transcriptional 
features observed in poorly prognosed primary CMS4 tumors 

and affected the response to clinical drugs. These results are 
in line with the recently established IMF [intrinsic epithelial 
subtype (I), microsatellite instability status (M), and fibrosis 
(F)] classification of colorectal cancer, representing a refined, 
epithelial cell–centered CMS classification (38), as we provide 
functional evidence that tumor cell–intrinsic mechanisms 
define the subtype classification. Yet, fibroblasts represent 
modulators of therapy response ultimately affecting patients’ 
overall survival and prognosis.

Using matched clinical samples as a reference, we demon-
strate that standard culture conditions largely erase tumor-
specific features including CMS and CRIS subtypes. Thus, a 
growth factor–rich medium, although required for efficient 
PDTO expansion, critically confounds the tumor cell phe-
notype. Such culture-induced biases are plausible given that 
the TME is characterized by limitations of niche factors and 
metabolites as has been recently noted in pancreatic cancer 
models (39). Indeed, our systematic analysis revealed that the 
reduction of growth factors and culture in the presence of 
CAFs suffice to restore tumor-intrinsic signaling processes, 
including proliferation-related signatures in CMS2-derived 
organoids and reexpression of characteristic EMT gene sig-
natures in CMS4-derived organoids. This paradigm suggests 
that a less instructive environment results in more informa-
tive models. In this context, CAFs allow culture conditions 
that contain more physiologic levels of growth factors and 
cytokines, and more physiologic ECMs should be considered 
(40). Interestingly, although the phenotype of CMS2 tumors 
is more determined by tumor cell–intrinsic features (6), we 
did not observe a bias for niche factor dependency, argu-
ing that the observed induction of CMS4 features does not 
merely reflect increased sensitivity to perturbation.

In addition, PDTOs showed the capacity to instruct subtype-
specific stromal changes demonstrating an unappreciated level 
of tumor self-organization. We observed pronounced fibro-
blast recruitment and immunosuppressive signaling in xeno-
grafts from CMS4-derived PDTOs, two features that could be 
mechanistically linked, for example, via suppressive influence 
of fibroblast-derived TGFβ (7, 10). Retransplantation induced 
stromal features reminiscent of the original histology, suggest-
ing that complex traits of the TME may be induced by cocul-
ture with other cells. Interestingly, we found that phenotypic 
responses were largely determined by the source of tumor cells 

Figure 6. Coculture exposes subtype-specific therapy resistance and individualized drug vulnerabilities. A, Pharmacotyping of four clinical drugs in 
biobank (n = 29, color indicates original CMS). Tumor cell viability was assessed in monocultures (O) and cocultures (O+F) by luciferase measurement. 
Normalized AUC was calculated by dividing the maximum AUC value for each drug. ****, P < 0.0001; n.s.,  P > 0.05 (Wilcoxon matched-pairs signed rank 
test). B and C, Spearman correlation between drug responses and growth characteristics (B; data from Fig. 4) or original tumor subtypes (C). Organoids 
with >1,000 somatic alterations were defined as dMMR. Significant changes are labeled: *, P < 0.05; **, P < 0.01 (Mann–Whitney U test). Gef, gefitinib; Oxa, 
oxaliplatin; Rel luc, relative luciferase. D and E, Pearson correlation between different drug treatments. AUC in monoculture (D) and the relative change 
of drug sensitivity in the presence of CAFs (E; AUCco/AUCmono) are shown. F, Heat map of differential drug sensitivity in the presence of CAFs (AUCco/
AUCmono). Data are sorted according to the CAF drug influence, representing the average relative change of all four treatments. CMS of original tumors 
are labeled. G and H, Subtype comparison between CAF drug influence, (G) and the average (Avg.) AUC in monoculture (H). Medians are marked. Coculture 
induces significantly higher resistance in CMS4- compared with CMS2-derived models. Mann–Whitney U test (*, P = 0.029; n.s., P > 0.05). I–K, Pharma-
cologic screens show patient- and treatment-specific resistance mechanisms. A chemogenomic library containing 186 drugs was tested in O14 and O23 
in coculture with F14. Stroma-induced resistance was analyzed by comparison of the library alone or in combination with a sublethal concentration of 
gefitinib (I/J) or SN-38 (K). Tumor cell viability was assessed by luciferase measurement in transgenic organoids. Mean data from two experimental rep-
licates are shown. Top hits comprise MET inhibitor (METi; BAY-474) and other RTK/RAS pathway–associated proteins (red), BD protein inhibitors (blue), 
and apoptosis regulators (violet). L, MET inhibitor treatment to overcome gefitinib resistance. Heat map shows differential gefitinib response in resistant 
cocultures (AUCco/AUCmono). Addition of 1 μmol/L BAY-474 restores sensitivity in eight of nine tested cocultures. **, P < 0.01 (Wilcoxon matched-pairs 
signed rank test). M, Dual luciferase assay in cocultures (O14 and O23); 1 μmol/L BAY-474 induces vulnerability of tumor cells (Firefly, green) but not of 
CAFs (Renilla, red). Mean viability (+SD in triplicate wells) relative to DMSO alone. Experiments were repeated twice independently. See Supplementary 
Fig. S11 and Supplementary Tables S9 and S10.
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Figure 7. Drug response in the organoid–stroma biobank is linked to distinct colorectal cancer patient outcomes. A, Strategy for the identification of 
pharmacotranscriptomic signatures (see Methods). B, Violin plots show the transcriptome-wide distribution of Spearman correlation coefficients (rho). 
Sensitivity (red) and resistance (blue) genes were filtered (rho < −0.5, rho >0.35, and P < 0.05, respectively). Correlations to the absolute response in 
monocultures and in cocultures (average AUC of 5-FU, oxaliplatin, SN-38, and gefitinib) and the relative response (AUCco/AUCmono) defined as CAF drug 
influence. C and D, Prognostic value of signatures linked with drug sensitivity. A public cohort (GSE39582) was divided into high- and low-expression 
groups. C, Forest plot shows HR with 95% confidence interval (CI) for RFS in the high-expression group. Signatures were derived from AUC in monocul-
ture, coculture, and relative change (AUCco/AUCmono) from each drug alone and from the average. For each signature, the number of genes and log-rank 
statistics (P value) are listed. NA, no correlated genes were present in GSE39582. D, Kaplan–Meier plot for high (red) and low (gray) expression of the 
sensitivity signature (CAF drug influence). E and F, Prognostic value of genes linked to drug resistance. Data are shown as above. F, Kaplan–Meier analysis 
with resistance signature derived from CAF drug influence. P values for C–F were calculated using a univariate log-rank test. See Supplementary Fig. S12 
and Supplementary Table S11.
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and not by the origin of CAFs, strongly underscoring the high 
degree of stromal plasticity. For nonimmune-related pheno-
types, our results indicate that heterologous CAFs or normal 
fibroblasts may be used in cases in which autologous CAFs are 
not available. Future experiments should systematically com-
pare CAF plasticity in cocultures and matched tumors on a 
single-cell level and identify the cellular mediators that control 
interactions between both compartments.

Previous studies have reported that patients with mesen-
chymal CMS4 tumors show no benefit from anti-EGFR ther-
apy when combined with oxaliplatin-based chemotherapy 
(5, 41). In contrast, when combined with irinotecan-based 
chemotherapy, all subtypes showed significant survival ben-
efit from anti-EGFR (42). Although previous studies have 
demonstrated a high negative predictive value of PDTO 
models, the response to some drugs including oxaliplatin is 
not well reflected between patients and organoids (25). Here, 
we tested the hypothesis that the addition of an essential 
TME component known to be involved in poor prognosis (3) 
could provide more predictive models. Indeed, we observed 
that CMS-specific drug sensitivities are entirely lost in mono-
cultures. Although we detected a general protective effect by 
CAFs on gefitinib, we found that CMS4 models display the 
most pronounced protective benefit from the stroma. This 
is in line with the recent finding that tumors with acquired 
resistance to cetuximab become enriched for the CMS4 phe-
notype and show increased expression of CAF-derived growth 
factors such as TGFβ, HGF, and FGF family ligands that can 
compensate for EGFR pathway blockade (43). Indeed, drug 
screening confirmed that stromal resistance to gefitinib cre-
ates a vulnerability for RTK/RAS signaling, most prominently 
affecting the HGF receptor MET. In addition, patient-specific 
sensitivity to BET protein inhibition was observed indicating 
that interference with epigenetic plasticity may represent a 
strategy to prevent CAF-mediated resistance. Our results also 
highlight that CAFs can affect therapy in various ways in a 
context-dependent manner. Most likely this is due to the high 
degree of CAF heterogeneity that depends in part on tumor 
cell–derived signals (44). Thus, our data underscore the utility 
of the organoid–stroma biobank to identify both general and 
individual mechanisms of therapy resistance.

A number of recent studies have reported the high prog-
nostic and predictive value of the TME in primary colorectal 
cancer tissues (45). We postulate that functional characteri-
zation of organoid–stroma cocultures can provide an addi-
tional parameter that may be more independent of the high 
spatial variability of the TME (46–48). Intriguingly, testing 
in a stromal context clearly outperforms the response signa-
tures established in monocultures. Coclinical studies should 
address the predictive and prognostic value following the 
perturbation of organoid–stroma models. Yet, CAFs represent 
only one aspect of the complex TME that is comprised of addi-
tional elements such as immune and vascular cells. Incorpora-
tion of immunomodulatory elements such as macrophages 
(49) could help to provide informative preclinical models, in 
particular for immunotherapy (50). We observed an unappre-
ciated capacity of PDTOs to instruct subtype-specific stromal 
changes, indicating that self-organization processes in cocul-
ture may be exploited to unlock the phenotypic plasticity of 
cancers (51). However, until this complexity can be faithfully 

modeled and exploited ex vivo, our results provide evidence 
that organoid–CAF cocultures are instrumental in unleashing 
the full potential of PDTOs for personalized oncology.

METHODS
Collection of Clinical Samples and Data

Resection samples from 30 patients with colorectal cancer were 
provided by the University Cancer Center Frankfurt (UCT). All 
materials were collected as part of the interdisciplinary Biobank and 
Database Frankfurt after prior written informed consent, and the 
study was approved by the institutional review board of the UCT and 
the Ethical Committee at the University Hospital Frankfurt (ethics 
vote: 4/09; project numbers: SGI-06-2015 and SGI-12-2018). Samples 
were pseudonymized, and associated clinical data were obtained (age, 
sex, diagnosis; Supplementary Table  S1). Fresh tissue samples were 
rapidly processed on ice and subjected to routine pathologic assess-
ment for preparation of formalin-fixed, paraffin-embedded (FFPE) 
specimens. From tumor samples, necrotic regions were removed and 
tissues were cut with scalpels into pieces (∼1–2 mm diameter). In par-
allel, fresh tissue samples from tumor-adjacent normal regions were 
processed for calling somatic mutations. From each sample, three to 
five randomly chosen pieces were immediately frozen at −80°C for 
subsequent DNA/RNA isolation. The remaining tumor tissue was 
used for derivation of primary cells (see below). DNA/RNA extrac-
tion was performed by the AllPrep DNA/RNA Micro Kit (Qiagen) 
following the manufacturer’s suggestions. Tissues were homogenized 
in lysis buffer using a scalpel and then passed on a QIAshredder 
microcentrifuge spin-column (Qiagen). DNA was eluted in 100 μL 
PCR-grade water and RNA in 40 μL RNAse-free water and stored 
at −80°C before analysis.

Derivation of the Colorectal Cancer 
Organoid–Stroma Biobank

Organoid cultures were established and maintained as described 
previously (20). Briefly, tissue pieces were collected in a cold wash-
ing medium (DMEM, Thermo Fisher Scientific; 0.4% BSA, Sigma-
Aldrich; 1×  penicillin/streptomycin, Thermo Fisher Scientific) and 
washed twice using cold PBS, followed by incubation for 30 minutes 
in 4 mmol/L EDTA/PBS. Every 10 minutes, the pieces were pipetted 
vigorously to release tumor cells. After the sedimentation of tissue 
pieces, the supernatant containing tumor cells was collected followed 
by the addition of 20 mL of cold washing medium and centrifugation. 
The cell pellet was washed twice using a cold washing medium and 
then resuspended in 75% Matrigel. Matrigel domes were incubated 
for 30 minutes at 37°C before the addition of the culture medium. 
Full tumor medium contained advanced DMEM/F12 supplemented 
with 10 mmol/L hepes, 1 ×  glutamax, 1 ×  penicillin/streptomycin, 
2% B27, 12.5 mmol/L N-acetylcysteine, 500 nmol/L A83-01 (R&D 
Systems), 10 μmol/L SB202190 (Sigma-Aldrich), 20% R-spondin  
1–conditioned medium, 10% Noggin-conditioned medium, and 50 
ng/mL human EGF (PeproTech). Conditioned media were prepared 
as described (52). Y-27632 (10 μmol/L) was added to the medium 
for the first 3 days after seeding or passaging. Primocin (100 μg/mL; 
InvivoGen) was added to the culture medium for the first 2 passages. 
Organoids were passaged by applying mechanical force. Low passage 
number samples were cryopreserved as master aliquots, and cells 
were kept in culture for at most 10 passages before replacement from 
frozen stocks.

For the isolation of primary colon fibroblasts, the remaining tis-
sue pieces were further incubated in fresh 10 mmol/L EDTA/PBS 
for 30 minutes on ice. After vigorous pipetting, the supernatant 
was discarded and the pieces were washed 3 times before seeding 
in DMEM (Thermo Fisher Scientific) including 1 ×  glutamax, 10% 
fetal bovine serum (Sigma-Aldrich), and 1× penicillin/streptomycin 
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on a 10-cm tissue culture dish. Primocin (100 μg/mL) was added to 
the culture medium for the first 2 to 3 passages. After 24 hours of 
culture, the pieces were washed and plated in a fresh tissue culture 
dish that was coated for 30 minutes with 0.1% gelatin/PBS and incu-
bated for 1 week without disturbance to promote attachment and 
migration of the fibroblasts. The medium was changed weekly, and 
the first passage was performed after 2 to 3 weeks. Cells were split at 
confluency in a 1:3 ratio after cell dissociation with TrypLE Express 
(Thermo Fisher Scientific). Low passage number samples were frozen 
as master aliquots.

Available materials of the colorectal cancer organoid–stroma 
cohort are listed in Supplementary Table  S2. Cells from one case 
were excluded from the experiments because the patient had been 
diagnosed with HIV. Several CAF lines did not recover from liquid 
nitrogen or were lost due to a lack of cell proliferation. All fibroblasts 
were inspected after prolonged culture without passaging to detect 
potential tumor cell contamination visible by the presence of tumor 
cell colonies with cobblestone morphology in which case CAF lines 
were excluded. All cells were regularly tested for Mycoplasma.

WES Analysis
From each sample, genomic DNA from tumor, tumor organoids, 

and normal adjacent tissue were subjected to whole-exome analysis. 
Genomic DNA (450 ng) was used for library preparation using the 
Agilent Low Input Exome-Seq Human v6 kit. Indices were introduced 
using the Agilent SureSelect XT kit, and sequencing was performed 
on a HiSeq 4000 at the Genomics and Proteomics Core Facility 
at DKFZ Heidelberg. On average, 98  ±  15 million reads (100 bp, 
paired ends; Supplementary Table S2) were obtained and Q30 values 
were >95% and >93.7% for reads 1 and 2, respectively.

Pathologic variants were detected by following the GATK best prac-
tices (53) using Mutect2 (GATK3 v3.8). In addition, we used the variant 
callers Mutect1 v1.1.7 (54) and Varscan2 v2.4.3 (RRID:SCR_006849; 
ref.  55). Only variants with a variant allele frequency cutoff of 5% 
identified by Mutect2 and confirmed by one of the other two variant 
callers were considered and annotated using the Ensembl variant 
effect predictor (RRID:SCR_007931; ref. 56). Supplementary Table S3 
lists the alterations that were included in the comparisons. For each 
model, the number of detected somatic alterations (shared and spe-
cific for tumors and organoids) is listed in Supplementary Table S4 
and mutation frequencies were compared with published data (28). 
For recurrent mutations, the sum of allele frequencies of all identified 
variants of the indicated locus is shown. Tumor purity and ploidy 
were analyzed in tumor and organoid samples using the Sequenza 
package (RRID:SCR_016662; ref. 57). Heat map of individual CNVs 
was plotted using CNVkit v0.9.3 (RRID:SCR_021917; ref.  58). Aver-
age CNVs were displayed by “GenVisR” (59) and compared with 319 
randomly selected samples from The Cancer Genome Atlas colorectal 
cancer cohort for which copy-number segments obtained through the 
DNAcopy R package (RRID:SCR_012560) were downloaded from the 
GDC Data Portal (RRID:SCR_014514; release 12.0).

RNA Sequencing Analysis
RNA concentration was measured using the Qubit RNA HS Assay 

Kit (Thermo Fisher Scientific). For clinical tissues, the RNA integrity 
was analyzed by RNA ScreenTape (Agilent). For library generation of 
matched tumors, organoids, and xenotransplants (Supplementary 
Table S2), the SMARTer Stranded Total RNA Sample Prep Kit–HI 
Mammalian kit (Takara Bio) was used following the manufacturer’s 
recommendations. Total RNA (1 μg) was fragmentized in a biorup-
tor (Diagenode) for 5 minutes for samples with an RNA integrity 
number (RIN) >7, 4 minutes for RIN 4 to 7, 3 minutes for RIN 4 to 
3, and 2 minutes for RIN ≤3 and chilled on ice water. Final libraries 
were measured by Qubit and ScreenTape analysis before multiplex-
ing. RNA sequencing was performed using the TruSeq RNA 50 cycle 

kit (Illumina) and run on a HiSeq 2000 instrument (Illumina) at the 
Genomics and Proteomics Core Facility at DKFZ Heidelberg. On 
average, 29 ± 9 (SD) million reads per sample were measured. For in 
vitro experiments (Figs. 4 and 5), RNA was collected using the Nucle-
oSpin RNA kit (Macherey-Nagel) according to the manufacturer’s 
instructions and 500 ng RNA was used for sequencing (random 
priming, 50 bp single read) at the Integrative Genomics Core Unit 
of the University Medical Center Göttingen on a HiSeq 4000 instru-
ment (Illumina), and on average 38 ± 9 (SD) million reads per sample  
were measured.

The quality of FASTQ files was checked using FastQC software (ver-
sion 0.11.8) before they were preprocessed to trim adapters, and remove 
artifacts and low-quality reads using Fastp software (version 0.20.1). 
The reads were aligned using STAR version 2.7a (RRID:SCR_004463), 
and read counts were computed by the STAR function “quant-
Mode” using reference genome GRCh38 for human and GRCm38 
for mouse. Gene annotation and species conversion were done using 
the biomaRt R package (RRID:SCR_019214; version 2.38.0). Dif-
ferential gene expression was performed in an unpaired manner, 
unless otherwise mentioned in the text, using the DESeq2 R package 
(RRID:SCR_000154; versions 1.12.4, 1.18.1, and 1.32.0). Genes with 
base mean expression <50 (or <10 for mouse stromal genes) were fil-
tered out, and differential gene expression was considered significant 
if log2 fold change was ≥1 or ≤−1 and the adjusted P value was <0.05. 
For PCA, read counts were normalized using “vst” function of the 
DESeq2 package for the top 1,000 genes and plotted using the 
“autoplot” function of the ggplot2 package (version 3.3.5).

The Xenome tool was used to deconvolute human and mouse tran-
scripts from xenograft bulk RNA sequencing data (60). In short, an 
index file was constructed from the human (graft) and mouse (host) 
reference genomes (GRCh38 and GRCm38, respectively) by convert-
ing the files from NCBI to FASTA format. The “classify” function was 
then used to sort the reads as “graft,” “host,” “both” (graft and host), 
“neither” (graft nor host), or “ambiguous,” and for each category, 
new FASTQ files were generated and subjected to differential gene 
expression analysis as above.

Gene Set Enrichment Analysis
GSEA was performed using the fgsea R package (RRID:SCR_020938; 

version 1.18.0) as previously reported (bioRxiv 060012). Genes with 
base mean <20 (or <10 for the mouse stroma) were removed before 
they were ranked ascendingly based on the log2 fold change. The 
ranked gene list was then compared against MSigDB (RRID:SCR_ 
016863; version 7.4) using the “fgsea” function with the default set-
tings. Normalized enrichment scores (NES) and adjusted P values 
were used for subsequent analyses. In Fig.  3C, the reported CMS4 
signature (61) was filtered for robust expression using the GEO2R 
tool (RRID:SCR_016569; log2 expression  >6; 398 genes) and ana-
lyzed using the preranked GSEA software (RRID:SCR_003199; 
version 4.04).

The GSVA R package (RRID:SCR_021058; version 1.40.1) was 
used to determine gene set enrichment at the single sample level 
(62). Briefly, raw read counts were converted to log2 RPKM using the 
“rpkm” function of the limma package (RRID:SCR_010943; version 
3.48.3) and the “gsva” function was used to calculate enrichment of 
the HALLMARK signatures from MSigDB using the default settings. 
To determine the differentially expressed signatures, the “Bayes” 
function of the limma package was used. The top 20 signatures 
based on the adjusted P value were used to extract sample- or context-
specific signatures and to create heat maps using the Complex
Heatmap R package (RRID:SCR_017270; version 2.8.0).

Colorectal Cancer Subtype Classification
For CMS classification, expression data were normalized using 

the “vst” function of the DESeq2 package. Gene names or Ensembl 
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IDs were transformed to NCBI-Entrez IDs using the biomaRt  
R package. The data were then subjected to the CMSclassifier R 
package (version 1.0.0; to derive random forest and single-sample 
prediction output; Supplementary Table S5). In addition, all samples 
were analyzed using the R package CMScaller (63). For each sample, 
the subtype was assigned if at least two of three prediction methods 
were congruent or otherwise the sample was assigned as “mixed.” 
The CRIS classification was performed using the “predictCRISclass
KTSP” function of the CRISclassifier R package (version 1.0.0; ref. 8) 
using vst-normalized expression data. Sankey diagrams were gener-
ated using the “sankeyNetwork” function of the networkD3 package 
(version 0.4).

TMA and Multiplex Immunofluorescent Analysis
FFPE tissues from 25 of 30 tumors were assembled into a TMA 

using TMA Grand Master (3DHISTECH). Regions were defined 
by expert pathologic assessment and for each tumor, one to three 
paraffin cores (1 mm diameter) were included. Paraffin sections 
(3-μm thick) were stained with Opal 7-Color Automation IHC Kits 
(Akoya Bioscience) in the BOND-RX Multiplex IHC Stainer (Leica) 
following established protocols (64). Each section was put through 
6 sequential rounds of staining, which included blocking in 5% 
BSA, followed by incubation with primary antibodies of two panels 
that were used to study tissue architecture with a focus on fibro-
blast activation—PanCK, CD45, VIM, α-SMA, KI67, and PD-L1—or 
the immune microenvironment—CD3, CD4, CD8, CD163, FoxP3, 
and PD-1 (for staining conditions and RRIDs, see Supplemen-
tary Table S12). Nuclei were counterstained with 4′,6-diamidino-2- 
phenylindole (DAPI) contained in the Opal 7-Color Automation 
IHC Kits, and slides were mounted with Fluoromount-G (South-
ernBiotech). Imaging was performed with the VectraPolaris imag-
ing system (Akoya Bioscience). Tumor regions of interest were 
defined manually, and out-of-focus images or high background 
signals were excluded from further analysis. Images were analyzed 
by using the phenotyping application of inForm software V2.54.10 
(Akoya Bioscience; RRID:SCR_019155). Cell numbers of assigned 
phenotypes were then exported, and identifiers for each core were 
annotated using R. For tumors that were represented by multiple 
cores, cell numbers were summed over all replicates before calculat-
ing the ratios. P values for comparisons of indicated groups were 
calculated using the Mann–Whitney U test.

For immunofluorescence of fibroblasts, cells with low and high 
passage numbers were seeded in a 48-well plate coated with 0.1% 
gelatin/PBS. The cells were fixed using 4% PFA for 30 minutes at 
room temperature, followed by one wash with PBS. Cells were stored 
in PBST + 1% sodium azide at 4°C prior to staining. The following 
primary antibodies were diluted in PBST + 3% BSA: PDPN/VIM/α-
SMA or CD31/EPCAM were coincubated overnight at 4°C. CD45-PE 
was incubated for 1 hour. Cells were washed 3 times with PBST and 
incubated for 1 hour at room temperature with the respective sec-
ondary antibodies. Finally, cells were washed 3 times with PBST and 
mounted with Prolong Gold Antifade with DAPI (Thermo Fisher 
Scientific), and confocal images were captured using a Cytation 
C10 Confocal Imaging Reader (Agilent; 10 × objective). A full list of 
antibodies, including staining conditions and RRIDs, is shown in 
Supplementary Table S12.

Transplantation Experiments and Tumor 
Histologic Analysis

All animal housing and experimental procedures were approved by 
the institutional animal care and the regional animal welfare office, 
Darmstadt (F123/1004 and F123/1038). For xenotransplantation, 
organoids were collected in a cold medium, mechanically dissoci-
ated, and centrifuged for 5 minutes at 1,200 RPM, and the pellet was 
resuspended in full tumor medium (see above) supplemented with 

25% Matrigel and 10 μmol/L Y-27632. Per mouse, 100 μL organoid 
suspension representing two confluent wells (12-well plate) was 
injected subcutaneously into the right flank of NSG mice. Mouse 
cohorts were gender- and age-matched, and tumors were collected after 
10 to 16 weeks and processed for RNA isolation (as above) or used for 
immunofluorescent analysis as described (29). Antibodies used were 
anti–E-Cadherin (BD Biosciences, cat. #610181; RRID:AB_397580) 
and anti-Vimentin (Abcam, cat. #ab92547; RRID:AB_10562134; Sup-
plementary Table  S12). Images were scanned using a Cytation C10 
microscope (widefield optics; 10 × objective).

Niche Dependency and Coculture Experiments
For each tumor organoid, individual niche factor requirements 

were tested by weekly passage (1:4 split ratio) and culture in full 
medium and media lacking individual factors. After each passage, 
organoids were imaged to document dependency of the deprived fac-
tor and organoids were considered independent if they maintained 
growth for  >5 passages (Supplementary Table  S7). For culture in 
growth factor–reduced medium, organoids were kept in a medium 
containing advanced DMEM/F12 supplemented with 10 mmol/L 
hepes, 1 × glutamax, and 1 × penicillin/streptomycin.

For all cocultures, except in swapping experiments, autologous 
CAFs were preferentially used. When unavailable, heterologous CAFs 
were used that were derived from the tumors of the identical CMS 
(Supplementary Tables S2 and S9). All cocultures were performed in 
a reduced medium (as above). Transwell cocultures were performed 
as described (65) using 12-well tissue culture inserts (Transwell 
Corning; pore size 8 μm). In the lower compartment, 50,000 fibro-
blasts were embedded in 50 μL BME (Amsbio). In the top compart-
ment, PDTOs were seeded after mechanical dissociation in 60 μL 
Matrigel and cells were cultured for 96 hours in the presence of a 
2 mL reduced medium. As a control, each organoid was cultured 
in a reduced medium in the absence of fibroblasts. Organoid RNA 
was collected using the NucleoSpin RNA kit (Macherey-Nagel) and 
used for RNA sequencing (described above). For RT-qPCR analysis, 
cDNA was generated from 500 ng of RNA using random hexamers 
and M-MLV reverse transcriptase as described (29). Gene expression 
was measured using Power SYBR Green PCR Master Mix (Thermo 
Fisher Scientific) on a StepOneplus instrument (Applied Biosystems) 
using the primer pairs shown in Supplementary Table  S12. The 
relative expression (normalized to HPRT) was calculated using the  
2(−ΔΔCT) method.

For direct coculture, organoid cells after single-cell dissociation 
by 3 to 5 minutes of enzymatic digest with Accutase (Thermo Fisher 
Scientific) and filtration (40 μmol/L, Greiner) were seeded alone or 
with 5,000 fibroblasts in 15 μL 90% Matrigel in 96-well round-bottom 
plates (Sarstedt). Cells were overlaid with 100 μL/well medium and 
sealed with Breathe-Easy membranes (Sigma-Aldrich). The required 
number of organoid cells was determined for each line by a prior 
colony formation assay. For this, 500, 1,000, 2,000, and 5,000 live 
cells after trypan blue staining and manual counting were seeded per 
well and the colony number was determined after 9 days of culture 
in full organoid medium from images (EVOS FL; Thermo Fisher 
Scientific, 2  ×  objective) of triplicate wells using ImageJ software 
(RRID:SCR_003070). Linear regression analysis was performed with 
GraphPad Prism to calculate the number of organoids/2,000 input 
cells (Supplementary Table S7).

Tumor cell viability in cocultures was measured by luciferase assay. 
For this purpose, tumor organoids (n = 29) were individually trans-
duced with a Luciferase2-P2A-EGFP lentivirus as described (66) and 
stable expression was selected by expansion in the presence of 0.5 to 
1 μg/mL puromycin. Monocultures and cocultures (as above) were 
then studied using the ONE-Glo EX assay (Promega) according to 
the manufacturer’s instructions and luminescence was recorded on a 
SpectraMax iD3 Multimode Microplate Reader (Molecular Devices). 
Average results from triplicate wells were measured (Supplementary 
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Table  S7). For automated image morphometry, brightfield images 
from four independent wells were captured (EVOS, 2  ×  objective), 
and the organoid number and mean organoid area were measured 
using OrganoSeq software (ref. 67; Supplementary Table S7).

Drug Testing in Cocultures
The influence of cell density on drug sensitivity was tested by seed-

ing 1,000 or 5,000 live cells in full medium in a 96-well format as 
above. After 4 days, the cells were exposed to different concentrations 
of gefitinib (Selleckchem). Medium containing drug was replenished 
after 3 days, and after 6 days of treatment, cell viability was assessed in 
triplicate wells using CellTiter-Glo assay (Promega) according to the 
manufacturer’s instructions. In all subsequent experiments, the input 
organoid cell number was adjusted to obtain 150 organoids per well.

Organoid viability in cocultures was measured using Firefly lucif-
erase/GFP transduced organoids (as above). Different media were 
tested to identify conditions that facilitate single-cell outgrowth 
and stromal interactions. Cells were cultured either for 9 days in 
full medium, reduced medium (both as above), or for 3 days in full 
medium, followed by two rounds of washes and culture for 6 days 
in reduced medium (mixed). Drug screening in monocultures and 
cocultures (n =  29) was performed in the mixed condition. On day 
3, drugs were added to the reduced medium with a D300e digital 
dispenser (Tecan): 0.1 to 5 nmol/L SN-38 (Selleckchem), 0.5 to  
60 μmol/L 5-FU (Sigma-Aldrich), 0.5 to 60 μmol/L oxaliplatin 
(Sigma-Aldrich), and 0.01 to 10 μmol/L gefitinib (Selleckchem) were 
administered in 7-point dilutions. Compounds were dissolved in 
DMSO, and DMSO content in all wells was normalized, not exceed-
ing 1% final volume. The medium was replenished after 3 days, and 
cell viability was assessed in triplicates after 6 days of drug exposure 
using the ONE-Glo EX assay (as above).

For dual luciferase assays, CAFs were transduced with a Renilla 
luciferase-P2A-dsRED-T2A-Puro (Supplementary Fig.  S10A). The 
vector was generated by the introduction of a Renilla luciferase-P2A- 
dsRED fragment into the BamHI and SgrDI sites of pCDH-CMV-Nluc-
P2A-copGFP-T2A-Puro, a gift from Kazuhiro Oka (RRID:Addgene_ 
73037), and stable expression was selected in the presence of 
0.5 to 1 μg/mL puromycin. Cocultures were seeded and treated as 
described above, followed by Dual-Glo luciferase assay (Promega). 
For cell lysis, the medium was replaced by Dual-Glo Luciferase 
Reagent mixed with ONE-Glo EX Lysis Buffer at a 1:1 ratio, and 
the below steps were performed as suggested by the manufacturer. 
Staurosporine (0.001–1 μmol/L; Selleckchem) was used as a control.

Luciferase signals were normalized to the average of DMSO control. 
Individual values were excluded if cells were lost due to technical errors 
or if seeding was not uniform. Dose–response analysis was performed 
in GraphPad and curve fit (R2 value), IC50, and AUC values are listed in 
Supplementary Tables S8 and S9. The normalized AUC was obtained for 
each drug by dividing the AUC by the maximum AUC measured among 
all models. The range of the normalized AUC is between 0 and 1. Relative 
IC50 and AUC values were determined by division of monoculture and 
coculture values, and the CAF drug influence represents the mean of the 
relative AUC values of the four drugs.

Chemogenomic Drug Library Screen
For pharmacologic screening in resistant cocultures, luciferase-

expressing organoids (O14 or O23) and nonmodified CAFs (F14) 
were seeded as described above in a rich medium. The library con-
tained 186 test compounds and 106 corresponding inactive controls, 
which were assembled as part of the SGC Chemical Probe programs 
including the donated probe program and the EUbOPEN consor-
tium (see Supplementary Table S10; refs. 30–32). For master plates, 
compounds were dissolved in DMSO at 1 mmol/L or 10 mmol/L.  
Three days after seeding, the culture medium was changed to a 
growth factor–reduced medium (as above) following cotreatment. 

The library was administered with an automatic multichannel 
pipette (Integra Mini 96) at a final concentration of 0.1 or 1 μmol/L 
(10,000-fold dilution) to cocultures in presence and absence of a 
sublethal dose of gefitinib (O14: 1 μmol/L and O23: 0.2 μmol/L) or 
SN-38 (O23: 1.36 nmol/L). Each experiment was performed in two 
replicates. The medium was renewed after 3 days, and treatment was 
stopped after 6 days, followed by measurement of organoid viability 
using ONE-Glo EX (Promega). Raw data were normalized to the 
average of the DMSO controls present on each plate, and the mean 
viability is listed in Supplementary Table S10. The effect of 1 μmol/L 
BAY-474 was validated in resistant cocultures as described above.

Pharmacotranscriptomic Analysis and Study 
of Prognostic Value

To derive pharmacotranscriptomic signatures, we adopted a strategy 
described recently in pancreatic cancer organoids (68). The Spearman 
rank correlation coefficients (rho) were calculated for the 10,000 most 
variably expressed genes in tumor tissues (Log2 count per million) 
and drug response in vitro. Specifically, we tested the AUC in mono-
culture and coculture and the relative drug sensitivity in the presence 
of CAFs (AUCco/AUCmono) for each drug alone and for the average of 
all four drugs (Supplementary Table S9). Genes were filtered by t test 
statistics using P < 0.05. Genes that correlated negatively (rho < −0.5) 
or positively (rho >0.35) with drug response were defined as sensitivity 
or resistance signatures, respectively. The signatures based on the CAF 
drug influence are shown in Supplementary Table S11.

For Kaplan–Meier analyses, the raw expression and phenotype 
data of GSE39582 was downloaded using the “getGEO” function 
of the GEOquery R package (RRID:SCR_000146). Affymetrix probe 
IDs were converted to Emsembl IDs using the biomaRt R pack-
age before Z-score normalization. For each signature, the sum of 
Z-scores was determined and a median split was performed to divide 
the cohort into two groups of high and low expression. Kaplan–
Meier plots were generated using the “ggsurvplot” function of the 
survminer R package (RRID:SCR_021094). The “coxph” function of 
the same package was used to calculate the HR, P values (log-rank 
test), and 95% CIs displayed in Kaplan–Meier and Forest plots using 
default parameters.

Statistical Analysis
All error bars represent SD. Statistical significance was per-

formed using GraphPad Prism 9.2.0 (RRID:SCR_002798). Two-
tailed unpaired t tests were performed assuming unequal variance, 
with P < 0.05 considered statistically significant. In the case of mul-
tiple testing, P values were further investigated as indicated using 
the FDR approach with 1% FDR or by Bonferroni correction. The 
influence of coculture was assessed by paired nonparametric tests 
(Wilcoxon matched-pairs signed rank test). The average normalized 
AUC and average relative sensitivity values in different CMS mod-
els were compared by Mann–Whitney U tests. All the experiments 
were repeated at least two times independently unless mentioned 
in the legend.

For Pearson correlation of signature enrichment (NES from MSigDB) 
and drug response data, the “similarity matrix” function of the 
Morpheus software (Broad Institute; RRID:SCR_017386) was used. 
For correlation analysis of clinical, genetic transcriptomic and func-
tional data, tumor location and T1 to T4 stages were converted to 
numerical values. P values for comparisons between two groups were 
calculated using the Fisher exact test for binary variables and the 
Mann–Whitney U test for nonbinary variables. Correlations between 
variables were calculated using Spearman rank correlation.

Data and Material Availability
The sequencing data have been deposited to the European Genome-

phenome Archive (www.ebi.ac.uk/ega/) under accession numbers  

https://www.rdocumentation.org/packages/GEOquery/versions/2.38.4
http://www.ebi.ac.uk/ega/
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(EGAS00001007300; RNA sequencing data) and (EGAS00001007301; 
exome sequencing data). Raw drug screening data are available on 
Mendeley Data (doi: 10.17632/fypp6xhkjy.1). Patient-derived cells 
and materials can be provided upon reasonable request and following 
approval by the institutional review board of the UCT. DCP com-
pounds can be ordered via https://www.sgc-ffm.uni-frankfurt.de/#! 
setorderview; SGC compounds can be ordered via https://www.thesgc.
org/chemical-probes; and EUbOPEN chemogenomics compounds 
are accessible via contact information on the consortium homepage:  
https://www.eubopen.org/.
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