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5-fluorouracil treatment of patient-derived 
scaffolds from colorectal cancer reveal clinically 
critical information
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Abstract 

Background: Colorectal cancer is a commonly diagnosed cancer worldwide. Unfortunately, many patients do not 
respond to standard chemotherapy treatments and develop disease relapse and metastases. Besides cancer cell 
specific genetic changes, heterogeneity in the tumor microenvironment contribute to the clinical presentation of 
the disease and can potentially also influence drug resistance. By using a recently developed patient-derived scaffold 
method monitoring how a standardized reporter cancer cell line adapts to various microenvironments treated with 
chemotherapy, we wanted to clarify how individual patient specific microenvironments influence the chemotherapy 
response in colorectal cancer.

Methods: Surgically resected colorectal cancer specimens from 89 patients were decellularized to produce patient-
derived scaffold, which were seeded with HT29 cells, cultured for 3 weeks, and treated with 5-fluorouracil. Gene 
expression changes of adapted and treated HT29 cells were monitored by qPCR and compared with clinical param-
eters including disease-free survival.

Results: The effects of 5-fluorouracil treatment varied between different patient-derived scaffold, but generally 
induced a reduced expression of proliferation genes and increased expression of pluripotency and epithelial-to-
mesenchymal transition genes. Interestingly, patient-derived scaffold cultures obtained from patients with disease 
recurrences showed a significantly less pronounced anti-proliferative effect of 5-fluorouracil and more pronounced 
increase of pluripotency, with MKI67 and POU5F1 being among the most significant genes linked to disease relapse in 
colorectal cancer.

Conclusions: Colorectal patient-derived scaffold can decode clinically relevant tumor microenvironmental influence 
of 5-fluorouracil treatment effects opening up for optimized precision medicine in colorectal cancer treatment.
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Background
Colorectal cancer is the third most widespread type of 
cancer and the second most common cause of cancer-
related death worldwide. Adjuvant chemotherapy is given 

to patients with high risk of recurrence [1] to ensure 
the suppression of cancer cells that may have remained 
or spread to distant organs. The most commonly used 
chemotherapy for colorectal cancer is 5-fluorouracil 
(5FU) [2] but recurrence after 5-FU therapy is unfortu-
nately common and potentially linked to p53 mediated 
WNT/β-catenin signaling leading to cancer stem cell 
enrichment [3].

Although prognosis has improved for colorectal can-
cer, [4], it has been estimated that 30 to 50% of patients 
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experience tumor relapse within 5  years [5]. Resistance 
or lack of response to chemotherapies is a major cause of 
failure of standard therapies and result in tumor relapse 
with spreading of cancer cells to distant organs [3, 6]. 
A large body of evidence exists showing that different 
components of the tumor microenvironment, including 
vasculature, stromal cells, signaling molecules and extra-
cellular matrix (ECM), mediate the tumor response to 
treatments through various mechanisms [7–9].

Three-dimensional (3D) cell culture models are grow-
ing in popularity as drug screening platforms due to their 
ability to more accurately mimic physiological conditions 
compared to traditional 2D adherent cultures and have 
been valuable in early pre-clinical research for modeling 
complex mechanisms such as anticancer drug resistance 
[10].

We have recently developed an experimental patient-
derived scaffold (PDS) model system and described how 
this 3D culture approach based on in vivo tumor material 
can recapitulate important patient specific clinical char-
acteristics as relapse and cancer specific survival [11, 12]. 
The PDS model system consists of decellularized tumor 
samples including an imprint of important cancer pro-
gressing properties and events [13] that can be decoded 
by monitoring gene expression changes in an adapting 
standard cancer cell line [11, 12]. We have also demon-
strated the advantage of the PDS model approach com-
pared to 2D culture as a drug testing platform to monitor 
cellular responses to breast cancer chemotherapies and 
endocrine treatments in relation to the breast tumor 
microenvironment [14, 15].

The aim of this study was to extend the characteriza-
tion of the PDS model approach to colorectal cancer and 
to evaluate the influence of colorectal tumor microenvi-
ronment on cellular response in relation to chemother-
apy treatment. The colon cancer cell line HT29 was used 
as the adapter cells to monitor the 5FU treatment effects 
in PDS cultures from a large cohort of colorectal cancer 
patients with different clinical features. We have earlier 
shown that HT29 cells repopulated on PDS from colorec-
tal tumors reveal important individual clinical informa-
tion as cancer-specific survival and tumor location [12]. 
The results identified gene marker combinations affected 
by the tumor microenvironment and 5FU treatment 
linked to aggressive disease and high risk of relapse in 
colorectal cancer.

Materials and methods
Patient material and ethics statement
Colorectal tumor samples were collected at the time of 
surgery, snap-frozen in liquid nitrogen and stored at 
− 80  °C until use. Informed consent was obtained from 

all patients and the study was approved by the regional 
ethical review board in Gothenburg (DNR 118-15).

Tumor decellularization
Tumor decellularization was performed as previously 
described [12]. Briefly, tumors were thawed at room tem-
perature and cut in 5 × 5 × 5 mm pieces. Tumor pieces 
were then washed twice for 6 h in decellularization buffer 
(0.1% SDS (Sigma-Aldrich), 0.02% Na-Azide (VWR), 
5  mM  2H2O-Na2-EDTA (Sigma-Aldrich), 0.4  mM phe-
nylmethylsulfonyl fluoride (Sigma-Aldrich) in distilled 
water). After each wash, tumors were rinsed in the same 
buffer without SDS for 15  min. Decellularized tumors 
were then washed with distilled water for 72 h and finally 
with sterile PBS (Medicago) for 24 h. All wash steps were 
performed at 37  °C in a 10L Incu-shaker (Benchmark 
Scientific) with gentle shaking at 175 rpm. Finally, decel-
lularized tumors (now considered PDSs) were sterilized 
in distilled water containing 0.1% peracetic acid (Sigma-
Aldrich) for 1  h at room temperature and subsequently 
in PDS containing 1% Antibiotic–Antimycotic (Ther-
moFisher Scientific) for 24  h at 37  °C. PDS were stored 
at 4  °C in PBS containing 0.02% Na-Azide and 5  mM 
 2H2O-Na2-EDTA until subsequent use.

2D cell culturing
HT29 cells (ATCC HTB-38) were cultured and expanded 
in 2D conditions in McCoy´s 5A modified medium, sup-
plemented with 10% fetal bovine serum and 1% penicil-
lin/streptomycin (all ThermoFisher Scientific). Cells were 
passaged upon reaching 70–80% confluence.

PDS culture
PDS were cut in 1 × 1 × 1 mm pieces and soaked in cell 
culture media for at least 1 h prior cell seeding to remove 
residual storage buffer. Cells were detached from plastic 
culture plates using trypsin (ThermoFisher Scientific) 
incubation for 2  min at 37  °C. Cells were then centri-
fuged for 3  min at 300 G, resuspended in medium and 
5 ×  105 cells were added onto PDS in 1 mL cell medium 
in 48-well plates. Seeded PDS were incubated at 37  °C 
and not disturbed for 72 h. Subsequently and thereafter 
once a week, PDS were transferred to a new well with 
fresh medium. PDS were cultured for 21 days [12] prior 
drug treatment and downstream analysis.

Matrigel culture
Matrigel (Growth factor reduced, ThermoFisher Sci-
entific) was thawed on ice and diluted 1:2 with ice-cold 
medium. Then, 600 µL cold mixture was added to 24 well 
plates and incubated at 37 °C for 30 min to allow jellifica-
tion. 3 ×  105 cells were then added on top of Matrigel in 
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1 mL cell medium. Matrigel culture were performed for 
21 days, and medium was replaced every second day.

5‑fluorouracil treatment
After 21 days of culture in either PDS or Matrigel, cells 
were exposed to 5FU (Teva, 50 mg/mL, purchased from 
Apoteket, Sweden) diluted in cell medium for 48 h.

Cell viability assays
Cell metabolic activity following 5FU treatment was first 
determined in 2D-cultured cells via alamar blue assay 
(Invitrogen). Cells were seeded in a 96-well plate at a den-
sity of 6000 cells/well and cultured for 24 h. 10% alamar 
blue reagent was then added to the medium and incu-
bated for 4  h at 37  °C. Alamar blue assay was repeated 
after a 48  h 5FU treatment with increasing concentra-
tions (1  µM–200  mM). The post-treatment reading was 
normalized against the pre-treatment reading.

Cytotoxicity was determined in both 2D- and PDS-
cultured cells by quantification of lactate dehydrogenase 
(LDH) in the conditioned medium following 5FU treat-
ment, using Cytotoxicity Detection Kit (Roche).

RNA extraction and quantitative polymerase chain 
reaction
2D- and PDS-cultured cells were washed twice with PBS, 
lysed in RLT buffer (Qiagen), snap-frozen and stored at 
− 80 °C. Matrigel samples were collected in 700 µL Qia-
zol (Qiagen), snap-frozen and stored at −  80  °C. Sam-
ples were then thawed on ice and homogenized using 
a stainless steel bead in TissueLyser II (Qiagen). RNA 
was extracted using RNeasy Micro Kit (Qiagen), includ-
ing DNase treatment (Qiagen). RNA concentration was 
measured by NanoDrop (ThermoFisher Scientific).

Complementary DNA (cDNA) synthesis was per-
formed using GrandScript cDNA synthesis kit (TATAA 
Biocenter). Reverse transcription of 100–500  ng RNA 
was performed on a T100 Thermal Cycler (BioRad) in 
20 µl reactions at 22 °C for 5 min, 42 °C for 30 min, 85 °C 
for 5 min. The obtained cDNA was diluted 1:5 with water.

Quantitative polymerase chain reaction (qPCR) was 
performed on a CFX384 Touch Real-Time PCR Detec-
tion System (Biorad) using 6  µl reaction containing 
1 × SYBR GrandMaster Mix (TATAA Biocenter), 400 nM 
of each primer (Sigma Aldrich, listed in Supplementary 
Table S1) and 2 µl diluted cDNA. The temperature profile 
was 95  °C for 2 min followed by 40 cycles of amplifica-
tion at 95 °C for 5 s, 60 °C for 20 s and 70 °C for 20 s. Data 
pre-processing was performed using GenEx software 
(MultiD). All experiments were conducted in accordance 
with the Minimum Information for Publication of Quan-
titative Real-Time PCR Experiments (MIQE) guidelines 
[16].

Data analysis and statistics
For experiments with n numbers lower than 9, statisti-
cal analysis was performed with Graphpad Prism (v9.0) 
using one-way analysis of variance with Dunnet’s post 
hoc test, unless otherwise stated. The statistical analy-
sis of the large patient material data set (n = 89) was 
performed with SPSS Statistics (v25.0, IBM). Mann–
Whitney U test was used to statistically compare two 
groups, Spearman’s rank correlation was used to deter-
mine paired associations in 5FU- treated and untreated 
PDS, and univariate Cox regression analysis was used 
to model disease free survival (DFS), defining events as 
tumor relapse or death by colorectal cancer.

Results
HT29 sensitivity to 5FU treatment in different cell culture 
conditions
To assess the sensitivity of the adapter cancer cell line 
HT29 to 5FU treatment independently from the influ-
ence of the surrounding environment, Alamar Blue 
assay was performed on 2D-cultured HT29 cells treated 
with increasing concentrations of 5FU. Metabolic activ-
ity of 2D-cultured HT29 cells was significantly reduced 
following a 48  h exposure to 5FU doses higher than 
1 mM, and virtually absent with 200 mM 5FU (Fig. 1A).

Based on these results, we selected 5FU concentra-
tions between 100 µM and 100 mM for further testing 
in 3D cultures. Since the Alamar Blue reagents were 
not suitable for 3D cultures, LDH activity assay was 
used to determine cytotoxicity. LDH levels of 5FU-
treated 2D-cultured HT29 cells significantly increased 
with 100  mM 5FU, whereas cytotoxicity was detected 
in PDS-cultured cells when exposed to 10 mM 5FU. For 
Matrigel-cultured cells, no cytotoxicity was observed 
for any tested 5FU concentration (Fig. 1B).

In addition, RNA yield quantification was used as 
a surrogate measurement of cell numbers, which is 
affected by both proliferation effects as well as cell 
death. In 2D-cultured cells, RNA yields dropped sig-
nificantly with all tested 5FU concentrations, reflecting 
a substantial decrease in cell numbers. The RNA yield 
of PDS-cultured cells decreased more gradually with 
increasing 5FU concentration and was significantly 
lower than untreated PDS-cultured cells for 5FU con-
centrations beyond 1 mM. For Matrigel-cultured cells, 
the RNA yield decreased significantly for all the 5FU 
concentration tested, but the drop in RNA yield was 
somewhat lower compared to 2D- and PDS-cultured 
cells. These results indicated that 3D-cultured cells, and 
in particular Matrigel-cultured cells, were less suscep-
tible to 5FU treatment compared to 2D-cultured cells.
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Gene expression responses to 5FU treatment in different 
cell culture conditions
Gene expression changes of 5FU-treated HT29 cells 
using different culturing conditions were assessed by 
qPCR. By using principal component analysis, overall 
similarities, and differences in 5FU response of 2D- and 
3D-cultured cells could be visualized (Fig.  2A). A con-
centration-dependent clustering of 2D-cultured cells was 
observed and 10 mM 5FU induced the most pronounced 
gene expression response. In contrast, 3D-cultured cells 
separated from 2D-cultured cells and formed 2 distinct 
clusters. One of these clusters included all untreated 
3D-cultured cells as well as 3D-cultured cells treated 
with 100 µM and 1 mM 5FU, whereas the other cluster 
included all 3D-cultured cells treated with 10–100  mM 
5FU.

Although this indicated that 5FU treatment induced 
a similar gene expression response for 2D- and 3D-cul-
tured cells, it should be noted that 3D scores never 

clustered together with 2D scores. Detailed bar plots for 
10 mM 5FU treatment are illustrated in Fig. 2B, whereas 
the responses for different concentrations and models 
are presented in Additional file 1: Figure S1. A clear dif-
ference between the colorectal PDS and the other model 
systems was the 5FU-induced influence of the pluripo-
tency genes POU5F1 and NANOG, showing upregula-
tion in PDS cultures, downregulation in 2D cultures and 
no differences in Matrigel cultures.

Based on cytotoxicity, RNA yield and gene expression 
data, a concentration of 10 mM 5FU was selected for the 
following extended PDS culture studies and all subse-
quent analysis.

5FU‑ induced gene expression fingerprint in colorectal 
PDS‑cultured HT29 cells
Next, we included 89 colorectal PDS with varying clinical 
characteristics to the treatment study (Additional file  1: 
Table S2). To isolate and exclusively study the 5FU effects 

Fig. 1 5FU treatment of HT29 cells cultured in 2D, PDS and Matrigel. A Percentage metabolic activity of 2D-cultured HT29 cells (n = 12) treated with 
5FU relative to untreated cells. Mean ± SEM, *p < 0.05, **p < 0.01, one-way ANOVA with Dunnett’s post hoc test. B LDH levels of 5FU-treated HT29 
cells cultured in 2D (n = 9), PDS (n = 9) and Matrigel (n = 5) relative to respective untreated controls. Mean ± SEM, *p < 0.05, **p < 0.01, one-way 
ANOVA with Dunnett’s post hoc test. C Percentage RNA yield of 5FU-treated HT29 cells cultured in 2D (n = 9), PDS (n = 9) and Matrigel (n = 5) 
relative to respective untreated controls. Mean ± SEM, *p < 0.05, **p < 0.01, one-way ANOVA with Dunnett’s post hoc test
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on the adapter cancer cell line growing in the large set of 
individual PDSs, two PDSs were used for each patient. 
One PDS including cancer cells was left untreated and 
the other was exposed to 10 mM 5FU for 48 h after the 
initial 3  weeks culture period. Gene expression analysis 
was then performed and for each patient values for the 
untreated PDS were subtracted from the respective val-
ues for the treated PDS, creating a “fingerprint value” 
representing the 5FU effect in an individual tumor micro-
environment. Figure 3A illustrates the resulting 5FU fin-
gerprint data for all genes and individual PDSs. Results 

clearly showed that all proliferation markers were signifi-
cantly downregulated by the 5FU treatment (Fig.  3A(i)) 
whereas all epithelial-mesenchymal transition (EMT) 
markers were upregulated (Fig.  3A(ii)). Differentiation 
markers were also upregulated after the treatment with 
the exception for CDH1 showing only minor changes 
(Fig.  3A(iii)). In addition, both pluripotency markers 
were significantly upregulated following 5FU treatment 
(Fig. 3A(iv)).

Next we investigated the Wnt/β-catenin pathway tar-
get genes, a signaling pathway implicated in relapse after 

Fig. 2 Genetic response of HT29 cells cultured in 2D, PDS and Matrigel to 5FU treatment. A Principal component analysis of gene expression data 
of HT29 cells cultured in 2D (grey symbols), PDS (blue sympols) and Matrigel (red symbols) and treated with increasing concentrations of 5FU. Data 
is expressed relative to untreated 2D-cultured HT29 cells. B qPCR data showing gene expression before and after 10 mM 5FU treatment in HT29 
cells cultured in 2D, PDS and Matrigel. Data is expressed relative to untreated 2D cells. Bars represent Mean ± SEM, *p < 0.05, **p < 0.01, Student’s t 
test
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Fig. 3 5FU treatment induces variable gene expression response in HT29 cells cultured in colorectal PDS. A 5FU-induced gene expression 
fingerprint. Dots represent 5FU response in individual PDS relative to the respective untreated PDS controls. Red bars indicate Mean ± SD (n = 89). 
*p < 0.05; **p < 0.01 (untreated PDS vs 5FU-treated PDS, Mann–Whitney U test). B Heatmaps representing Spearman’s rank correlation coefficients of 
(i) 5FU-induced gene expression fingerprint and (ii) between PDS- and 5FU-induced gene expression fingerprint
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5-FU treatment [3]. Gene expression analysis showed sig-
nificantly higher expression of Axin2, Lef1 and the p53 
target gene CDKN1A (p21) markers in the PDS cultures 
compared to 2D cultures in HT-29 (Additional file  1: 
Figure S2A). However, for the “fingerprint values” rep-
resenting the 5FU effect in an individual tumor micro-
environment (comparing 5FU treated PDS to untreated 
PDS), Axin2 and LEF1 were significantly upregulated and 
downregulated respectively whereas the p53 target gene 
CDKN1A (p21) was significantly upregulated after 5-FU 
treatment. (Additional file 1: Figure S2B).

Besides the general trends described above, there was 
also clear variability between different PDSs supporting 
individual differences in the effect of the treatment in 
various cancer microenvironments.

Since we previously have shown that colorectal PDS 
cultures including the adapter cancer cell line HT29 
resulted in variable gene expression adaptation [12], we 
compared the relation between the PDS induced changes 
and the additional treatment effects. Only minor cor-
relations were observed between the gene expression 
measurements of treated and untreated PDSs (Fig. 3B(i)), 
suggesting that the 5FU treatment measurements pro-
duced additional information besides the direct scaffolds 
induced effects as summarized in Additional file 1: Tables 
S3A and S3B, respectively.

Next, Spearman’s rank correlation analysis was per-
formed to identify possible associations among the genes 
that constitute the 5FU fingerprint (Fig. 3B(ii)). Interest-
ingly, there was a significant positive correlation between 
genes belonging to the same category (highlighted with 
black dashed squares). This correlation was particularly 
strong  (rS > 0,6) between pluripotency genes and between 
subgroups of proliferation genes. A weaker correlation 
(0,4 <  rS < 0,6) was observed between differentiation genes 
and between two EMT genes (SNAIL and FOSL1). All 
data are summarized in Additional file 1: Tables S4A and 
S4B, respectively. Based on this observation, the gene 
expression values belonging to the same category was 
used to produce an average single category score for each 
tumor biological process and PDS.

Significant association of 5FU‑induced gene expression 
fingerprint of PDS‑cultured HT29 adapter cells with patient 
clinical information
Nonparametric statistical analysis was used to clarify 
potential associations between clinical patient informa-
tion and 5FU/PDS-induced gene category scores and 
single gene expression. Interestingly, disease relapse was 
significantly linked to proliferation as well as differentia-
tion and pluripotency score changes. The 5FU-induced 
downregulation of proliferation genes was significantly 
more pronounced in PDS derived from patients who 

did not have disease recurrences (Fig.  4A(i)) and this 
was mainly governed by changes in MKI67 (Fig.  5A(i)). 
Analogous, differentiation and pluripotency scores after 
5FU treatment were significantly higher in PDS derived 
from patients with disease recurrences (Fig.  4A(iii–iv)). 
Within the differentiation category, EPCAM, CDH1 and 
CK18 were significantly associated with tumor relapse 
(Fig. 5A(ii–iv), whereas POU5F1 was the major contribu-
tor within the pluripotency category (Fig.  5A(vi)). No 
significant association was found between EMT changes 
after treatment and patient relapse (Fig. 4A(ii)), although 
the expression of FOSL1 was individually significantly 
associated with tumor relapse (Fig. 5A(v)).

Given the association with tumor relapse, the gene 
category scores were grouped into “high” and “low” 
5FU response using either the median, the first quar-
tile (Q1) or the third quartile (Q3) values as cutoff, and 
disease-free survival (DFS) analysis was performed using 
a univariate Cox proportional-hazard model. Events 
were defined as tumor relapse or death by colorectal 
cancer. The results clearly illustrated that a higher pro-
liferation score as well as pluripotency score after treat-
ment were strongly associated with an increased risk of 
tumor relapse or death by colorectal cancer (Fig.  4B(i) 
and B(iv), respectively). No significant association was 
found between EMT and Differentiation scores and 
DFS. When investigating individual genes, the most sig-
nificant gene within the proliferation category score was 
MKI67 (Fig. 5B(i)), while the most significant gene within 
the pluripotency family score was POU5F1 (Fig.  5B(v)). 
In addition, differentiation gene markers EPCAM and 
CDH1 and EMT gene marker FOSL1 were also signifi-
cantly associated with DFS (Fig. 5B(ii–iv)).

A complete and detailed univariate cox regression 
analysis of gene category scores and individual gene 
expression was summarized in Additional file 1: Table S5. 
Interestingly, the associations between gene expression 
in the PDS model and disease-free survival for the cor-
responding patients were only observed when using the 
5FU fingerprint data and were not present before the 
addition of the treatment to the model (untreated PDS-
data in Additional file 1: Table S6).

Discussion
Resistance to cancer therapies is a major challenge for 
patients undergoing advanced therapies. Only recently 
has the tumor microenvironment been recognized as 
a potential critical modulator of therapy response. The 
tumor microenvironment varies between patients and 
has been shown to evolve and influence the course of the 
disease [17, 18]. Due to its critical role in cancer progres-
sion, it is important to include components of the tumor 
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microenvironment into various pre-clinical tumor mod-
els to fully mimic mechanisms of drug resistance.

Transitioning from 2 to 3D cell culture model systems 
often confers increased resistance to cancer treatments 
as shown in simplified model systems such as tumor 
spheroids [19, 20]. Similar behaviors have been observed 
for more complex experimental systems incorporating 
components of the tumor microenvironment, including 
hydrogels resembling the ECM. In addition to providing 
structural support to the growing cells, complex model 
systems offer a more in vivo–like scaffold and framework 
for cell-ECM interactions. These models have improved 
our understanding of the tumor microenvironment on 
drug resistance [10]. For example, characteristics such as 
cell adhesion to the ECM, stiffness and collagen network 
clearly influence drug transport filtering into the tumor 
[21, 22]. However, these models cannot recapitulate the 
variation in tumor microenvironment observed between 
different cancer patients, and therefore cannot provide 
any clinically relevant information for the patients. In 
this context, our recently developed PDS model offers 
the advantage of transferring the clinical variability of 
the tumor microenvironment into a simple in  vitro cell 
culture model. Published data also supports that the cell-
free scaffold obtained in the PDS model system includes 
an imprint of important events in cancer progression 

including cues from different cell types and does not con-
sist of only regular ECM proteins [13]. The possibility to 
decode this imprinted information via an adapter cell line 
that sense and adjust to the patient specific environment 
and then treat the “out-of-patient” model system with 
cancer drugs, will create a valuable surrogate system for 
modelling drug resistance and treatment prediction.

The observation that cancer cells cultured in colorec-
tal PDS were less sensitive to 5FU treatment compared 
to standard adherent cultures are in line with earlier 
published data [14, 23]. Resistance to 5FU can develop 
through multiple and diverse mechanisms, including 
alterations of different pathways of 5FU metabolism 
[24] leading to perturbations of different cellular func-
tions, such as apoptosis or cell cycle, with a significant 
regulatory role played by the tumor microenvironment 
[6]. In the present study, the reduced sensitivity to 5FU 
observed in PDS cultures did not seem to be related to 
reduced cell death, but rather to a reduced efficiency of 
5FU in arresting cell cycle. This was clearly reflected in 
the quantification of RNA yield. Similar results have also 
been observed using the breast cancer cell line MCF7 
cultured on breast tumor PDS following 5FU treatment 
[14].

In this study, we had the unique opportunity to evalu-
ate the clinical relevance of colorectal PDS as a drug 

Fig. 4 Associations of 5FU-induced expression of gene category scores with tumor relapse and disease-free survival. A Association of 5FU-induced 
expression of (i) proliferation, (ii) EMT, (iii) differentiation and (iv) pluripotency scores with tumor relapse in colorectal cancer patients. Gene 
category scores were calculated by averaging the expression of gene markers in individual patients. Proliferation category includes MKI67, CCNA2, 
CCNB1, CCNB2. EMT category includes SNAIL, FOSL1, ID1. Differentiation category includes EPCAM, CDH1, CK8, CK18. Pluripotency category includes 
POU5F1, NANOG. Mean ± SD (n = 65 no relapse, n = 20 relapse). *p < 0.05, **p < 0.01, Mann–Whitney U test. B Univariate Kaplan–Meier modeling of 
associations of 5FU-induced expression of (i) proliferation, (ii) EMT, (iii) differentiation and (iv) pluripotency scores with disease free survival (events 
are defined as relapse or death by colorectal cancer)
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Fig. 5 Associations of 5FU-induced expression of individual gene markers with tumor relapse and disease-free survival. A Associations of 5FU 
induced expression of (i) MKI67, (ii) EPCAM, (iii) CDH1, (iv) CK18, (v) FOSL1 and (vi) POU5F1 with tumor relapse in colorectal cancer patients. *p < 0.05, 
**p < 0.01, Mann–Whitney U test. B Univariate Kaplan–Meier modeling of associations of 5FU-induced expression of (i) MKI67, (ii) EPCAM, (iii) CDH1, 
(iv) FOSL1 and (v) POU5F1 with disease free survival (events are defined as relapse or death by colorectal cancer)
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testing platform in a large cohort of colorectal patients 
with known clinical characteristics. Besides a general 
proliferation decrease for the adapter HT29 cells in PDS 
cultures compared to 2D cultures, 5FU treatment fur-
ther decreased the expression of all proliferation markers 
analyzed. There was also a variation of this additive anti-
proliferative effect of 5FU in PDS cultures, and a smaller 
5FU-induced downregulation of proliferation in the PDS 
model was significantly associated with tumor relapse 
and DFS in the corresponding patients. High prolifera-
tion is often a sign of aggressive behaviors in cancer, and 
high expression of MKI67 has been linked to worse DFS 
in cancer patients [25] [26–28].

The PDS model system can be used to monitor changes 
in various tumor relevant processes induced by scaffold 
growth and subsequent treatment. Besides proliferation, 
EMT and pluripotency are examples of key pathophysi-
ological mechanisms that influence cancer progression, 
tumor relapse and spreading to distant organs [29, 30]. 
In this study, the expression of EMT and pluripotency 
markers was higher in 5FU-treated PDS compared to 
untreated PDS. This was probably due to of a 5FU-
induced enrichment of cells with a stem cell-like and 
migratory phenotype which are notoriously resistant to 
chemotherapy treatment [31]. Interestingly, we observed 
a striking and significant link between a higher 5FU-
induced pluripotency score and tumor relapse and DFS 
for patients. This means that if a treatment selectively 
spares and excludes cancer stem cells with pluripotency 
features due to the influences from the patient specific 
tumor microenvironment, the patient will most likely 
have a higher risk of recurrence despite treatment. The 
effect of the pluripotency expression score was mainly 
mediated by POU5F1. Interestingly, POU5F1 has been 
associated with adverse prognostic features [32, 33] 
and chemoresistance [34] in colorectal cancer patients. 
5FU-induced upregulation of POU5F1 was further 
only observed in colorectal PDS, and not in 2D cells or 
Matrigel cultures, supporting the clinical relevance of the 
PDS model.

Although the 5FU-induced EMT regulation in colo-
rectal PDS was not significantly linked to disease recur-
rence, one gene marker within this category (FOSL1) 
correlated both with tumor relapse and DSF in patients. 
FOSL1 encodes the FOS-related antigen 1 (FRA1), which 
is abnormally expressed in many types of tumors [35]. In 
colorectal cancer, FOSL1 promote migration and inva-
sion by maintaining cancer cells in a mesenchymal-like 
state [36, 37] and has further been linked to poor DFS 
[36].

Within the differentiation category, the expression 
of three gene markers (EPCAM, CK8 and CK18) was 
increased in 5FU-treated PDS, while one (CDH1) was 

slightly but significantly reduced. In addition, three of 
these gene markers (EPCAM, CDH1 and CK18) corre-
lated with relapse and DFS in patients. The 5FU-induced 
regulations of this group of gene markers is also consist-
ent with the observation that 5FU enriched for cells with 
aggressive features. In fact, upregulation of EPCAM [38–
40] and CK18 [41] as well as loss of CDH1 [42, 43] have 
all been linked to aggressive and infiltrative tumors with 
poor sensitivity to drug treatment.

Within the WNT/β-catenin signaling pathway no genes 
tested were significantly linked to disease recurrence, 
however 5-FU treatment significantly increased Axin2 
expression. Although Axin2 is considered as a tumor 
suppressor in colorectal cancer, increased expression has 
also been shown to induce EMT acting as a tumor pro-
motor [44]. Interestingly, Lef1 that is as a nuclear effector 
in the Wnt/β-catenin signaling pathway was significantly 
downregulated after 5FU treatment, indicating a poten-
tial mechanism for 5FU effects. CDKN1A (p21) is a cell 
cycle inhibitor and is one of the target genes for p53 that 
is activated through Wnt/β-catenin signaling pathway 
cells. PUF family post-transcriptional regulators has also 
shown to promote colorectal cancer through suppres-
sion of CDKN1A (p21) [45]. 5FU-treament significantly 
increased CDKN1A (p21) expression, indicating a plau-
sible mechanism for the anti-proliferate effects observed 
after the 5FU-treatment. The ambiguous role in colorec-
tal cancer for Wnt/β-catenin signaling target genes has to 
be further investigated.

Both treatment resistance and 5FU-induced gene 
expression were similar in PDS and Matrigel. However, 
it is important to emphasize that, unlike PDS cultures, 
Matrigel cultures do not include materials derived from 
patients, and therefore have no clinical relevance linked 
to patients.

We have previously showed that the PDS model sys-
tem influences gene expression of the cultured cell line, 
and that the varying effects from the patient specific 
tumor microenvironment was associated with patient 
clinical characteristics [12]. This clearly supports the 
concept that the qualities of the tumor microenviron-
ment are linked to cancer progression. We have now 
added a new layer of characterization of the PDS model 
for colorectal cancer by showing that the response of 
an adapter cell line to chemotherapy treatment was 
influenced by the tumor microenvironment. Further-
more, the tumor microenvironment influenced the 
cancer cell adaptation to the PDS and the subsequent 
drug response independently as identified by the gene 
expression monitoring. In fact, the correlations with 
tumor relapse and DFS in this patient cohort were 
only observed when using 5FU fingerprint data [12]. 
Thus, with the PDS model system, it is possible to both 
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delineate the effect of the tumor microenvironment on 
gene marker panels as well as the additive effect from 
chemotherapy treatment and the information can be 
relevant for various clinical challenges.

To our best knowledge, this is the first study reporting 
strong and significant associations between response to 
chemotherapy of an adapter cell line cultured on PDS 
model and DFS in the corresponding patients. There 
are nevertheless some limitations in the study design. 
The number of patients and amount cancer tissue avail-
able, only allowed testing of a single treatment option 
in a single cell line. 5FU was selected for this first pio-
neering study because it is the most common chemo-
therapy treatment for colorectal cancer. To increase 
treatment efficacy, 5FU is often administered in com-
bination with Leucovorin and other chemotherapeutic 
agents, such as Oxaliplatin and Irinotecan [46]. Fur-
ther studies using other chemotherapy regimens in the 
PDS model need to be performed to further elucidate 
mechanisms of multidrug resistance in relation to the 
tumor microenvironment and to evaluate the potential 
of the PDS model as a predictive tool to support clini-
cians with the identification of the optimal treatment 
for individual patients.

In the PDS model, the cell line is used as a “sensor” 
to monitor changes in 5FU responses influenced by the 
patient tumor microenvironment. By using a standard-
ized adapter cancer cell line in the PDS-model instead 
of the patients own cancer cells, the success rate of the 
activity measurements of the microenvironment will 
be higher and the results more reliable by only varying 
the microenvironment and maintaining the adapting 
adapter cells identical and with the same genetic altera-
tions. However, by including additional colon cancer 
cell lines from different molecular subtypes of the dis-
ease [47], the results can potentially be further refined 
even though the default cell line adapter approach used 
in this study indeed produce totally novel information 
highlighting the importance of the cancer microenvi-
ronment in malignant behaviours.

Conclusions
This study has highlighted colorectal PDS as a clini-
cally valuable and relevant drug screening platform that 
could monitor the influence of the tumor microenvi-
ronment in the response to 5FU treatment in colorectal 
cancer. This research and diagnostic tool also provided 
critical information regarding clinical aggressiveness 
for cancer patients representing a significant step for-
ward in the field of personalized treatments.
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