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cells consistent with clinical features

Maria Carmen Leiva'’, Anna Gustafsson'", Elena Garre'?", Anders Stahlberg'>#, Aniké Kovacs?,
Khalil Helou® and Géran Landberg'#"

Abstract

Background The tumor microenvironment clearly influences cancer progressing properties but less is known
about how individual cancer microenvironments potentially moderate cancer treatment effects. By cultivating

and treating cancer cell lines in patient-derived scaffolds (PDS), the impact of specific characteristics of individual
cancer microenvironments can be incorporated in human-like growth modelling and cancer drug treatment testing.

Methods PDSs from 78 biobanked primary breast cancer samples with known patient outcomes, were prepared
and repopulated with donor breast cancer cell lines, followed by treatment with 5-fluorouracil or doxorubicin

after cellular adaption to the various microenvironments. Cancer cell responses to the treatments were monitored

by RNA-analyses, highlighting changes in gene sets representative for crucial tumor biological processes such as pro-
liferation, cancer stem cell features, differentiation and epithelial-to-mesenchymal transition.

Results The chemotherapy treatments induced distinct gene expression patterns in adapted cancer cells with clus-
ters of similar treatment responses depending on the patient-derived cancer microenvironment used as growth
substrate. The doxorubicin treatment displayed a favorable gene signature among surviving cancer cells with low
proliferation (MKI67) and pluripotency features (NANOG, POU5FT), in comparison to 5-fluorouracil showing low prolif-
eration but increased pluripotency. Specific gene changes monitored post-treatment were also significantly corre-
lated with clinical data, including histological grade (NANOG), lymph node metastasis (SLUG) and disease-free patient
survival (CD44).

Conclusions This laboratory-based treatment study using patient-derived scaffolds repopulated with cancer cell
lines, clearly illustrates that the human cancer microenvironment influences chemotherapy responses. The differences
in treatment responses defined by scaffold-cultures have potential prognostic and treatment predictive values.
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Background
Cancer is a heterogeneous group of diseases character-
ized by an uncontrolled cell growth that can go beyond
tissue boundaries, and cancer cells have the potential to
spread from the primary site and form metastases [1].
Advances in early detection and cancer treatment have
influenced the mortality for some cancer types in par-
allel with improved quality of life, but there is still sub-
stantial risk of therapeutic resistance, disease relapse and
metastasis for many cancer patients [2]. Similarly, despite
advances in molecular subclassification in breast cancer,
clear predictive information of the disease subtype that
will respond to specific cancer treatments is still lack-
ing for this most common cancer form in women [3, 4].
Improved treatment predictive systems would there-
fore be essential in guiding existing and upcoming can-
cer treatments to increase the precision and selection of
patients for each therapy, including conventional chemo-
therapies. Besides variation in genetic changes in cancer
cells, properties of the tumor microenvironments such
as oxygenation of cells and acidity have been suggested
to affect clinical behaviors as well as responses to can-
cer treatments [5]. By also providing a physical barrier
and altering cell—cell and cell-tumor microenvironment
connections, the microenvironment and its extracel-
lular matrix can influence drug responses [6]. Despite
the obvious importance of the cancer cell population in
cancer progression and clinical aggressiveness, little is
known about how the microenvironment-heterogeneity
within the cancer niches influences cancer treatment
effects. Similar, differences in drug effects on various sub-
types of cancer cells including cancer stem cells (CSC)
that reside and are linked to different cancer niches, need
to be clarified to optimize future treatment strategies and
comprehend this complex heterogeneity [7-9].
Modelling the cancer microenvironment in vitro is a
major challenge in cancer research and drug discovery.
Alternative growth platforms to simplistic 2D-based
growth cultures have been developed over the years
to recapitulate in vivo-like situations. Cancer orga-
noids and spheroid assays have a more appropriate
and 3D-based growth but will not normally include a
relevant cancer microenvironment [10]. 3D-printed
biomaterials and Matrigel provide important support
for cellular 3D growth but are not including a complex
and representative cancer microenvironment and lack
the patient heterogeneity aspect. In contrast, patient-
derived scaffolds (PDSs) created from decellularized
primary cancers, maintain the tumor-specific archi-
tecture and composition of a human based 3D growth
system, and can reveal important properties of patient
cancer microenvironments [11, 12]. Breast cancer cell
lines adapting to PDSs develop in vivo-like cellular
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phenotypes, with enrichment in epithelial-to-mesen-
chymal-transition (EMT) and cancer stem cell features
in comparison to monolayer cancer cultures being
more proliferative [11, 13]. Clinical features of the
original cancer have also been associated with specific
gene expression changes in adapting cancer cell lines
growing in the different patient-based cancer micro-
environments, including differential secretion pro-
files [14]. Collective data supports that the imprinted
information in the cell-free PDSs, represent important
information of various cancer progressing properties
that can be decoded by the adapting cancer cell lines.
The PDS-model can also be used for out of the patient
cancer treatment testing, potentially revealing treat-
ment predictive information [11, 13]. Smaller studies
of PDSs treated with chemotherapy or endocrine treat-
ments, have shown distinct gene expression changes in
adapting cancer cells in relation to the drug treatment,
indicating that the PDS-method may be useful tool in
determining cancer drug effects in vitro using a human-
based model system [15, 16].

Despite the development of new targeted treatment
approaches for cancer patients, cytotoxic chemotherapies
are highly relevant for several cancer forms and can be
administered before and/or after surgery and in combi-
nation with other treatments such as immune checkpoint
blockade or radiotherapy. Regardless of the combination
treatment strategy, there are clear variability in respon-
siveness and general cytotoxic effects between patients
[17, 18]. This study has evaluated the influence of individ-
ual cancer microenvironments on drug response, with a
focus on standard chemotherapies using PDSs generated
from a cohort of breast cancer patients with known clini-
cal characteristics. The results show that the PDS-model
can monitor treatment response variations for 5-fluoro-
uracil (5-FU) and doxorubicin (DOX), solely depending
on the cancer microenvironment context, further linked
to clinical behaviors of the original cancer disease.

Methods

Patient material

In this retrospective study, primary invasive tumors were
obtained from 78 patients diagnosed between 1980 and
1999 in Western Sweden. The tumor samples were col-
lected from the fresh-frozen tissue tumor Biobank,
located at the Sahlgrenska University Hospital Oncology
lab (Gothenburg, Sweden). Clinico-pathological charac-
teristics and overall survival data were obtained from the
National Quality Registry at the Regional Cancer Center
West (Gothenburg, Sweden) and the Cancer Registry at
the National Board of Health and Welfare, respectively
(Additional file 2: Table S1).
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Tumor decellularization

Primary breast cancer samples were decellularized fol-
lowing previously developed protocols [11, 16]. To
obtain the PDS slices used for cell culture, pieces of
6 mm diameter were cut with a biopsy punch needle
(Sarstedt), snap frozen in liquid nitrogen and cut to
150 pm slices with a CM3050-S Leica cryotome. Slices
were sterilized in peracetic acid 0.1% (Sigma-Aldrich)
for 1 h at room temperature, and afterwards washed 24
h in phosphate-buffered saline (PBS; Medicago) sup-
plemented with 1% Antibiotic—Antimycotic (Thermo
Fisher Scientific) at 37 °C, 175 rpm. PDSs were stored at
4 °C in a buffer containing PBS, 5 mM EDTA and 0.02%
sodium azide until use.

Cell culture in patient-derived scaffolds

Cell lines were purchased from American Type Culture
Collection (ATCC). MCF7 was cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin,
1% L-glutamine (all from Thermo Fisher Scientific) and
1% MEM Non-Essential Amino Acids (Sigma-Aldrich);
whereas MDA-MB-231 was cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum,
1% penicillin/streptomycin, 1% L-glutamine and 1%
sodium pyruvate (all from Thermo Fisher Scientific).
Culture conditions were 37°C, 5% CO, and humidified
atmosphere. Cells were confirmed to be mycoplasma
free (Mycoplasma PCR Detection Kit, Applied Biologi-
cal Materials Inc.) and discarded after 30 passages. For
cell culture, PDS slices were washed in PBS for 24 h and
then placed in a 48 well plate with 200 ul media. 3% 10°
cells were seeded in 500 ul of cell line specific media sup-
plemented with 1% Antibiotic—Antimycotic (Gibco).
After 24 h, PDSs were transferred to a new plate with
fresh media, and incubation continued for 21 days. The
PDSs were moved to wells with fresh media 1-2 times
per week. 64 and 72 PDSs were cultured with MCF7 and
MDA-MB-231 cells respectively (58 PDSs overlapped
with both cell lines).

Drug treatments

5-FU (50 mg/ml, Accord) and DOX (2 mg/ml, Actavis)
were purchased from Apoteket (Sweden) in a saline solu-
tion formulation. Treatment was added after 21 days of
cell culture in PDSs, using either 1 mM 5-FU or 15 pM
DOX. The effective drug concentrations in PDS cul-
tures were identified in a previous study[15]. After 48 h,
treated as well as untreated PDS cultures were harvested
in 350 pl RLT buffer (Qiagen) and stored at -80 °C until
RNA extraction.
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RNA extraction and cDNA synthesis

The PDS cultures were homogenized with a stainless-
steel bead in TissueLyzer II (both Qiagen) for 2x5 min
at 25 Hrz. The homogenized sample was centrifuged for
3 min at 10,000 rpm using a centrifuge 5417R (Eppen-
dorf) to eliminate cell and PDS debris. RNA extraction
was performed using the RNeasy Micro Kit, including a
DNase treatment step, in a QIAcube device (all Qiagen)
according to the manufacturer’s instructions. The RNA
concentration was quantified in a NanoDrop (Thermo
Fisher Scientific). Reverse transcription was performed
using the GrandScript cDNA synthesis kit (TATAA Bio-
center) in the T100 Thermal Cycler (BioRad). The 20 pl
reaction volume contained 100-500 ng RNA together
with 10,000 RNA Spike II molecules (TATAA Biocenter)
for RNA stability control. The temperature profile was 25
°C for 5 min, 42 °C for 30 min, 85 °C for 5 min and cool-
ing at 4 °C. Samples were diluted 1:5 or 1:6 after the syn-
thesis with RNAse free water (Thermo Fisher Scientific).

Quantitative PCR

Quantitative PCR was performed on CFX384 Touch
Real-Time PCR Detection System (Bio-Rad). The 6 pl
reaction volume contained 1XSYBR GrandMaster Mix
(TATAA Biocenter), 400 nM of each forward and reverse
primer (Additional file 2: Table S2) and 2 ul diluted
c¢DNA. The temperature profile was 95 °C for 2 min,
35-50 cycles of amplification at 95 °C for 5 s, 60 °C for
20 s and 70 °C for 20 s. The melting curve analysis was
performed from 65 °C to 95 °C with 0.5 °C/s increments.
The evaluated assays were validated with melting curve
analyses and agarose gel electrophoresis. Cycle of quanti-
fication values were determined by the second derivative
maximum method with the CFX Manager Software v.3.1
(Bio-Rad). Quantitative real-time PCR was performed
according to the MIQE guidelines[19]. Data was pre-pro-
cessed with the software GenEx (MultiD) and the target
gene expression values were normalized using reference
genes identified by the NormFinder algorithm. Gene
expressions from PDSs were expressed as relative quanti-
ties to the expression of cells grown in 2D conditions, and
in base 2 logarithm scale. Drug fingerprints were created
for each PDS subtracting untreated log2 values to the
treated log2 value for each gene. The drug fingerprints
were used for all analyses in this article, unless specified.
Data dispersion was calculated using the interquartile

range (IQR).

Statistical analyses

One and two-way ANOVA with Dunnett’s correction for
multiple testing was used for comparing treated PDSs to
untreated PDSs in GraphPad (Prism). All other statistical
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analyses were performed in SPSS v.25 (IBM statistics).
Pearson correlation analysis was used to analyze cor-
relations between the expressions of different genes.
Mann-Whitney U test was performed to assess the asso-
ciation between gene expression and clinico-pathological
parameters. Kaplan—Meier method was used to estimate
disease-free survival (DFS) curves and log-rank test to
compare survival in different strata defined by median,
first quartile (Q1, 25%) or third quartile (Q3, 75%). Cox
proportional hazards regression analysis was used to
evaluate the prognostic impact of gene expression in
patients’ survival adjusted for grade, ER (estrogen recep-
tor) status, tumor size, age and lymph node metastasis.
Disease-free survival was calculated from the date of
diagnosis to the date of recurrence or death caused by
breast cancer (defined as endpoint). Univariate analysis
was performed using the continuous variable for each
one of the genes. The Benjamini-Hochberg method was
used for multiple testing correction in the univariate
analyses. Multivariable analysis was performed includ-
ing grade (I and II vs III), ER status, age, tumor size and
lymph node metastasis as covariates, and one gene at the
time. All the analyses were performed in the entire PDS
cohort and P-values < 0.05 were considered significant.

Results

Patient-derived scaffold cultures with the MCF7 breast
cancer cell line show general cytotoxic drug responses
Cell-free patient-derived scaffolds (PDSs) from 64
patients were seeded with the ER-positive breast can-
cer cell line MCF7. After 21 days of growth and cellular
adaptation, 1 mM 5-FU or 15 pM DOX were added and
the PDSs were incubated for an additional 48 h before
downstream analysis (Fig. 1; clinico-pathological infor-
mation in Additional file 2: Table S1) [15]. Untreated
PDS-cultures for each patient as well as 2D-cultures were

Cancer cells
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included as controls. The RNA yield from the PDS-cul-
tures, used as an indirect quantification of cell numbers,
decreased up to 50% with 5-FU treatment and 75% for
DOX treatment compared to untreaded PDS controls
(Fig. 2A). The RNA levels in the different PDS-cultures
further varied and the total amount of RNA after the
two treatments correlated (r=0.6, P<0.0001, Additional
file 1: Fig. S1A), whereas RNA vyields of untreated PDS
and 5-FU or DOX treatment did not correlate (Addi-
tional file 1: Fig. S1B, C). These data suggested that the
number of cells in the PDSs before treatment did not
influence the treatment responses but that individual
PDS-cultures with adapted cancer cells responded simi-
larly to both drugs.

Targeted gene expression in PDS-cultures after 5-FU
and DOX treatment were assessed by qPCR using 24
selected marker genes involved in different cancer-
related processes (Additional file 2: Table S2). Untreated
PDS-cultures showed PDS-specific effects on the gene
expression but with general decrease of proliferation and
differentiation associated genes and increase of pluripo-
tency and CSC genes compared to reference 2D cultures
(Fig. 2B). Parallel PDSs treated with 5-FU or DOX, dis-
played a pronounced downregulation of the three prolif-
eration markers (MKI67, CCNA2 and CCNB2), several
EMT markers (VIM, CDH2 and TWIST), the differen-
tiation marker ESRI, the pluripotency marker SOX2 and
the apoptosis gene CASP9 compared to untreated PDSs.
Both drug treatments also induced increased expression
of several CSC markers (CD44, ALDHIA3 and MYH9),
EMT markers SNAII and FOSLI, and the resistance
gene ERBB2 (Fig. 2B). The main differences for the two
treatments were observed for the pluripotency mark-
ers NANOG, POUSFI and NEATI, which were higher
after 5-FU treatment but lower after DOX. 5-FU treat-
ment further caused increased levels of the EMT markers

Cancer cell line
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Fig. 1 Experimental workflow. lllustration depicting the process from cancer surgery to gene expression analyses of the patient-derived scaffold
(PDS) cultures. Primary cancer samples are decellularized to generate PDSs that are cryotome sectioned into 150 um slices and then used for cancer
cellline cultures. After 21 days of adaptation to the patient cancer microenvironment, the PDS cultures are treated with 5-fluorouracil (5-FU)

or doxorubicin (DOX) for 48 h followed by gene expression analyses by quantitative PCR. Created with BioRender.com
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Fig. 2 Gene expression changes in MCF7 cancer cells grown in PDSs treated with chemotherapy. A RNA yield (ng/ul) of the lysates

from patient-derived scaffold (PDS) cultures for controls (untreated), 5-fluorouracil (5-FU) or doxorubicin (DOX) treatment. (****P <0.0001). B Scatter
plots showing gene expression levels of untreated and treated PDS cultures, relative to untreated 2D culture gene expression and stablished as 0
value (*P<0.05, ** P<0.01. ***P <0.001. ****P <0.0001). Gene families for the selected genes are indicated

SLUG and differentiation marker CD24, in contrast to
DOX treatment. Altogether, the two drugs as well as the
PDS in itself, clearly influenced the gene expression of
the remaining cancer cells after treatment, supporting
that individual cancer microenvironment, provided by
the PDS, affected the treatment response.

Specific cancer microenvironments influence

the expression of genes related to various key

tumor biological processes similarly after treatment

with 5-fluorouracil or doxorubicin

We next outlined the specific drug effect for each PDS
separately. The “drug fingerprint” for each PDS was
obtained by subtracting the gene expression levels of
untreated PDS from the corresponding treated PDS,
as presented in Fig. 3A, B. The EMT genes TWIST and
CDH?2 showed the largest differences in expression lev-
els for 5-FU fingerprint data with interquartile range > 1.5
(IQR log2, Fig. 3A). Similarly, DOX-treatment induced
more distinct PDS-specific responses in most EMT genes
(TWIST, VIM, SNAI, CDH2 and SLUG,) as well as for
MKI67, ABCG2 and CASP9 (Fig. 3B).

All 5-FU drug fingerprint data, indicated a strong
positive correlation (r>0.6, P<0.05) between differ-
entiation genes (EPCAM, CD24 and ESRI), as well as
several EMT genes (VIM, SNAII, SLUG and FOSLI)
(Fig. 3C and P-values in Additional file 2: Table S3). Simi-
lar associations were observed for proliferation markers
(CCNA2 and CCNB2) and pluripotency genes (NANOG
and POUSFI). A large cluster of genes with compa-
rable behaviours included the CSC markers (CD44,

ALDHIA3, MYH9, MALATI and LGALS3), the apopto-
sis marker CASP9, and chemotherapy resistance-related
markers ABCG2 and ERBB2. Interestingly, DOX finger-
print showed corresponding but less pronounced cor-
relation patterns as for 5-FU (Fig. 3D and P-values in
Additional file 2: Table S4). When comparing the 5-FU
and DOX treatment drug fingerprints, many individ-
ual genes showed striking and similar PDS-dependent
drug responses (r>0.6, P<0.05) including EPCAM,
CD24, ESRI, SNAI1, FOSL1, MKI67, CCNB2, NEATI,
ERBB2, CD44, LGALS3 and MYH9 (Fig. 3E and P-values
in Additional file 2: Table S5). Common responses for
5-FU and DOX treatments were also observed for genes
within the same gene families or with similar functions
(r>0.5, P<0.05), such as differentiation (EPCAM, CD24
and ESRI) and EMT (VIM, SNAIL, SLUG and FOSLI).
In contrast, genes involved in CSC, drug resistance and
apoptosis showed strong correlation for each treatment
separately but were not significantly associated when
comparing the two treatments.

Drug response profiles of patient-derived scaffold cultures
correlate with clinical features of the original cancer

Next, we examined if the PDS-drug fingerprint val-
ues were associated with clinical patient features of
the original cancer disease as summarized in Addi-
tional file 2: Table S1. For the 5-FU treatment, several
significant associations were observed with notable
links between clinico-pathological data and stemness/
pluripotency as well as drug resistance related genes
(Fig. 4A, Additional file 2: Table S6 and Additional
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Fig. 3 5-fluorouracil and doxorubicin induce similar changes in differentiation and EMT genes in individual MCF7 PDSs. A, B Drug fingerprints
of patient-derived scaffold (PDS) cultures obtained subtracting the untreated gene expression value from the treated value for each gene

after treatment with 5-fluorouracil (5-FU) (A) or doxorubicin (DOX) (B). The largest variation in gene expression changes between individual PDSs
is indicated by interquartile range > 1.5 (IQR). C, D, E Pearson correlation analyses between the drug fingerprints for each gene in the individual
PDSs treated with 5-FU (C), DOX (D) or 5-FU versus DOX (E). (P-values for each analysis are detailed in Additional file 2: Tables S3-5)

file 1: Fig. S2). Increased expression of the resistance
genes ABCG2 and ERBB2, the CSC gene ALDHIA3, as
well as the EMT gene SNAII after 5-FU treatment in
PDSs were linked to ER-negative status of the primary
cancer. Higher expression of the EMT gene SLUG was
also associated with PR (progesterone receptor)-nega-
tivity. On the other hand, lower expression of the CSC-
associated genes ALDHIA3, LGALS3 and MYH9 and
the pluripotency gene POUSFI assessed by fingerprint
values, were instead associated with the presence of
lymph node metastases (LN Met). Pronounced down-
regulation of the proliferation gene CCNA2 in 5-FU
treated PDSs, was also associated with lymph node
metastases as well as low tumor grade. Interestingly,
several drug fingerprint values were associated with
disease recurrences, as downregulation of CSC genes
ALDH1A3 and CD44 or upregulation of the EMT gene
TWIST after treatment (Fig. 4A). CD44 and ALDHIA3
expression changes after 5-FU treatment were also sig-
nificantly linked to disease-free survival using univari-
ate and multivariable Cox regression and Kaplan—Meier

analyses (P<0.05), as illustrated in Fig. 4B (Additional
file 2: Table S7 and Additional file 1: Fig. S4).

DOX treatment PDS fingerprint values for resist-
ance, EMT, stemness and pluripotency genes were
also associated with several clinical variables (Fig. 4C,
Additional file 2: Table S6 and Additional file 1: Fig.
S3). As observed for 5-FU treatments, PDSs mediat-
ing higher levels of the drug resistance gene ABCG2
after DOX treatment were linked to ER-negative sta-
tus. Breast cancer with lymph node metastases were in
general associated with lower levels of the CSC genes
ALDHI1A3 and CD44, pluripotency markers POUSFI
and NEATI, EMT marker SLUG, and drug resistance
associated gene ERBB2, after DOX treatment. A less
marked downregulation of NANOG expression after
DOX treatment was also significantly linked to high
grade cancer. Several EMT markers (VIM, SNAII and
FOSLI) were associated with PR-status, where higher
expression levels after treatment were linked to nega-
tive PR-status. Interestingly, several DOX-treatment
induced gene expression changes in PDSs were also
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Fig. 4 Specific gene expression changes in the MCF7 PDSs drug fingerprint are linked to original cancer characteristics. A, C Bubble plots
representing the association between changes in gene expression in treated patient-derived scaffolds (PDSs) with 5-fluorouracil (5-FU) (A)

or doxorubicin (DOX) (C) and clinico-pathological data of the original cancer (LN Met—Ilymph node metastases, PR—progesteron receptor status,
ER—estrogen receptor status). The circle size represents the level of significance (P-value) and the circle color indicates the clinical variable (y axis)
that was associated with higher gene expression levels in PDSs (x axis). For detailed information, see Additional file 2: Table S6 and Additional file 1:
Fig. S2 and S3. B, D Kaplan—-Meier plots displaying the relationship between disease-free survival (DFS; blue, low expression; red, high expression)
and CD44 and ALDH1A3 drug fingerprints after 5-FU treatment (B) or CD44, MALATT, CCNA2 and ERBB2 drug fingerprints after DOX treatment (D).

P <0.05, log-rank (detailed information in Additional file 2: Table S8)

linked to disease-recurrences, as lower levels of CSC
genes CD44 and MALATI, pluripotency marker
NEATI, drug resistance associated gene ERBB2 and
proliferation gene CCNA2, while the opposite direc-
tion was observed for the EMT marker SLUG (addi-
tional univariate and multivariable Cox regression data
in Additional file 2: Table S7). A less pronounced reac-
tion to the DOX-treatment was further significantly
linked to disease-free survival for CSC genes CD44
and MALATI and the chemoresistance gene ERBB2,
whereas clear downregulation of the proliferation gene
CCNA2 was significantly associated with poor disease-
free survival (chi-square, P<0.05, log-rank, P<0.05)
(Fig. 4D, Additional file 1: Fig. S4).

Altogether, we observed drug specific changes in the
PDS-cultures but importantly also mutual links between
5-FU and DOX treatment responses and associations to
clinical features of the original breast cancer disease. The
results clearly indicated that cancer microenvironments
mediating fewer gene changes, including CSC-markers,
after chemotherapy treatment of adapted MCF7 cells,
were associated with increased risk of metastatic-disease
or breast cancer-related death.

Treatment responses of ER-negative cell line adapted

to patient-derived scaffolds partially overlap

with ER-positive cell line data, confirming varying effects
of drug responses in different cancer microenvironments
As previously described, the analysis of different cancer
cell lines in PDS cultures have the potential of consolidat-
ing associations between PDS-dependent gene expres-
sion changes and clinical features of the tumors as well
as uncovering new links [13]. The triple-negative breast
cancer cell line MDA-MB-231 was therefore cultured
in 72 PDSs, resulting in 58 overlapping PDS-cultures
with MCF7 cells. As reported previously [13], common
changes in untreated MCF7 and MDA-MB-231 cancer
cell lines grown in PDS cells were decreased expression
of proliferation genes (MKI67, CCNA2 and CCNB2), and
a profound increase in pluripotency markers (NANOG,
POUSF1, SOX2 and NEATI) as well as CSC markers
(CD44, LGALS3 and MALATI) compared to 2D cultures
(Figs. 5A and 2B).

When adding treatments to the MDA-MB-231 PDS-
cultures, RNA levels decreased in the same propor-
tion as for MCF7 PDS-cultures (around 50% and 75%
for 5-FU and DOX treatments respectively) although
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Fig.5 Drug fingerprint of MDA-MB-231 cells cultured in PDSs in relation to clinical characteristics. A Scatter plot showing the gene expression

for 72 patient-derived scaffolds (PDSs) cultures with MDA-MB-231 cancer cells treated with 5-fluorouracil (5-FU) or doxorubicin (DOX) for 48

h in comparison to untreated PDS cultures. Data is relative to gene expression in untreated 2D culture (*P <0.05. ** P<0.01. **P <0.001.

****p <0.0001). B Heatmap depicting Pearson correlation coefficients (p-values) for the individual gene expression changes in the drug fingerprints
for the PDSs treated with 5-FU versus DOX. (P-values for each analysis are detailed in Additional file 2: Tables S8). C Bubble plots representing

the association between changes in gene expression in treated PDSs with 5-FU or DOX to clinico-pathological data of the original cancer (LN
Met—Ilymph node metastases, PR—progesteron receptor status, ER—estrogen receptor status). The circle size represents the level of significance
(P-value) and the circle color indicates the clinical variable (y axis) that was associated with higher gene expression levels in PDSs (x axis). (For
detailed information, see Additional file 2: Tables S11 and Additional file 1: Fig S7. D Kaplan-Meier plot displaying the relationship between EPCAM
drug fingerprint after DOX treatment (blue, low expression; red, high expression) and disease-free survival. P <0.05, log-rank (detailed information

in Additional file 2: Table S11)

the initial RNA yield of MDA-MB-231 cells seemed to
influence the treatment effect (Additional file 1: Fig.
S5). Moreover, 5-FU treatment only induced minor
changes in most of the analyzed genes compared to
treated MCF7 PDS-cultures, and the pluripotency
genes NEAT1 and NANOG and the CSC marker MYH9
were further influenced in opposite direction (Fig. 5A).
In contrast to 5-FU, MDA-MB-231 cells growing in
PDSs and treated with DOX demonstrated a marked
response with noticeable reduction of several markers
for differentiation (EPCAM), EMT (SLUG and FOSLI),
proliferation (MK167, CCNA2 and CCNB2) and pluri-
potency (NANOG, POUSF1 and NEATI) (Fig. 5A).
When comparing the two treatments and cell lines,
DOX treatment substantially decreased both prolif-
eration and pluripotency genes in both cell lines while
5-FU mainly decreased proliferation, supporting a
more ideal and broader treatment effect for DOX com-
pared to 5-FU in the PDS-cultures.

5-FU drug fingerprints for MDA-MB-231 PDS-cul-
tures showed in general low inter-scaffold specific vari-
ability (IQR > 1.5) for all the examined genes (Additional
file 1: Fig. S6A). DOX treatment nevertheless induced
larger and more divergent responses for the EMT mark-
ers SNAII and SLUG, the pluripotency markers NANOG
and SOX2 as well as the CSC marker MALATI (Addi-
tional file 1: Fig. S6B). When comparing the drug finger-
prints for 5-FU and DOX, several significant associations
between individual genes were observed (r=0.4-0.6,
P<0.05), suggesting some similarities of the effects of
the two treatments in MDA-MB-231 PDS-cultures, but
the results were less distinct compared to MCF7 cells
(Fig. 5B, P-values in Additional file 2: Table S9). Correla-
tions were observed for genes involved in differentiation
(EPCAM and CD24), the EMT marker VIM, prolifera-
tion markers (MKI67, CCNA2 and CCNB2), the pluripo-
tency gene NEATI, resistance associated genes (ABCG2
and ERBB2) as well as CSC markers (CD44, ALDHIA3
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and MYH9, r>0.7). Genes involved in similar processes
often showed comparable drug fingerprint changes after
both treatments, including a large subgroup of positively
correlated genes containing CSC-related and resist-
ance markers. However, when comparing the treat-
ment responses for the two cancer cell lines, there were
not strong associations between the drug fingerprints
suggesting that the two cancer cell lines reacted rather
diverse to the treatments in the PDS despite showing
some similarities for individual PDS responses (Addi-
tional file 1: Fig. S6C, Additional file 2: Table S10).

In general, MDA-MB-231 treated PDS-cultures showed
fewer associations between individual gene changes and
clinical characteristics compared to treated MCF7 PDS-
cultures. Among the clinical variables, tumor grade was
nevertheless more often associated with gene changes
after 5-FU treatment in MDA-MB-231 cells, whereas
DOX treatment showed additional associations mainly
with lymph node metastasis (LN Met) (Fig. 5C, Addi-
tional file 2: Table S11, Additional file 1: Fig. S7). Regard-
ing potential prognostic impact of the MDA-MB-231
PDS-drug fingerprints, low EPCAM expression after
treatment was associated with poor disease-free survival
in both multivariable Cox regression analyses (P<0.05)
and Kaplan—Meier analyses (P<0.05) (Fig. 5D, Additional
file 2: Table S12 and 13). Overall, MDA-MB-231 PDS-
cultures showed less varying influence from the cancer
microenvironment in relation to 5-FU treatment, but
indeed a pronounced and variable effect of DOX treat-
ment. Triple-negative breast cancer MDA-MB-231 cells
growing in PDSs also showed less distinct associations to
clinical properties of the original cancer in comparison
to the hormone positive and more differentiated MCF7
cells.

Discussion
In this study, we utilized a human-based cell-free scaffold
growth model to study the drug response of two breast
cancer cell lines, MCF7 and MDA-MB-231, adapted to
more than 60 different cancer microenvironments using
two frontline chemotherapeutic agents. The results indi-
cated that the cancer cells showed both similar response
patterns after treatment as well as clear variations
depending on the cancer microenvironment and tumor
biological processes analyzed. Interestingly, many of the
gene expression changes observed in the remaining can-
cer cells after treatment were linked to clinical character-
istics of the original cancer disease, clearly validating the
importance of the cancer microenvironment in influenc-
ing treatment responses and clinical behaviors.

In line with previous studies, the growth of the can-
cer cells in various PDSs displayed differential cellu-
lar adaptations as a response to the individual cancer
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microenvironments, showed by the large inter-scaffold
variation in gene expression for both MCF7 and MDA-
MB-231 cancer cells [11, 13]. Despite this underlying var-
iation between the PDS-cultures, there were additional
changes in gene expression after treatment with chemo-
therapies 5-FU and DOX. The most pronounced varia-
tion in gene expression between PDSs after treatments
were observed for genes related to EMT. The acquisition
of mesenchymal features by epithelial cells is important
for biological processes as embryogenesis and wound
healing but is also critical in tumorigenesis and especially,
in mediating infiltrative and metastatic behaviors [20-
23]. Intercalating agents, such as DOX can affect invasion
and proliferation of cancer cells, as well as degradation
of extracellular matrix by MMPs (matrix metalloprotein-
ases) through the upregulation of the EMT transcription
factor SNAII [24]. The data presented in this study using
PDS-cultures also indicated an upregulation of SNAII
after DOX treatment for both cell lines as well as large
variation in the important EMT regulators TWIST and
SLUG and mesenchymal markers CDH2 and VIM.
Interestingly, PDS-cultures showed many similarities
in the responses to 5-FU and DOX treatments. When
detailing the RNA levels of cancer cells grown in PDS as
a surrogate marker for number of cells, there was a sig-
nificant association between the 5-FU and DOX treated
PDSs, indicating that the individual cancer microenvi-
ronment influenced the cytotoxic and antiproliferative
effects of the two chemotherapies similarly. Besides,
many gene fingerprint values involving important tumor
biological processes correlated for the two treatments,
supporting that the properties of individual PDSs led to
similar selective killing of subsets of cancer cells for both
chemotherapies. These results indicate that individual
properties of the cancer microenvironments provided
by the PDSs differently protect the cancer cells from
the drugs, alternatively influencing drug permeability or
accessibility to the fraction of more treatment resistant
cell subpopulations such as cancer stem cells. Alterations
in cancer cell phenotypes as well as increased stemness
have been linked to chemoresistance, as well as charac-
teristics of the cancer niches such as stiffness and biome-
chanical properties of the extracellular matrix influencing
cancer cell differentiation [25, 26]. Patient-derived scaf-
folds have different mechanistic properties and protein
compositions, which may influence drug transfusion
along with specific killing [11]. Chemotherapies such as
5-FU and DOX can also influence cell-ECM connections
through focal adhesions and integrin signaling in cells as
well as anti-apoptotic signaling, potentially contribut-
ing to the varying gene expression monitored in the PDS
models [27, 28]. In this study, the effect on CSC-features
defined by both CSC and pluripotency genes showed
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profound differences for cancer cells surviving the treat-
ments for the two breast cancer cell lines. Both treat-
ments increased the levels of CSC associated genes, but
DOX-treatment led to marked decreased gene expres-
sion of all pluripotency genes, whereas 5-FU increased
three out of four genes. This suggests that DOX also tar-
get pluripotent cells and not only the proliferative sub-
population in this human-based growth model system,
whereas 5-FU was less efficient in limiting CSC defined
by the presence of pluripotency genes. Despite a general
marked decrease of pluripotency by DOX, there was still
a large variation in the response between the patient scaf-
folds, supporting the importance for the cancer micro-
environment in influencing chemotherapy effects of key
cancer properties as cancer stemness and pluripotency.
Published studies clearly support that the cancer
stroma contains clinically relevant information about
disease behaviors, as well as potential drivers of malig-
nant behaviors and predictive information for treatment
responses [7, 29-31]. This critical imprinted informa-
tion can be decoded by direct measurements of the
microenvironment alternatively via functional testing as
presented here using the PDS-model [32-34]. We have
earlier shown that the proteomic composition of cell-free
PDS can be linked to clinico-pathological data as histo-
logical grade and proliferation status of the original can-
cer [11]. In addition, gene expression changes in cancer
cells adapted to the PDSs were linked to clinical features,
such as ER, PR, grade, and aggressiveness of the cancer
[12, 13]. Here, we also observed links between clinical
cancer properties and induced gene expression in cancer
cells growing in PDSs after chemotherapy treatments.
Lymph node metastasis and recurrences were the clini-
cal parameters most often associated with the drug fin-
gerprints in responses to chemotherapy. Interestingly,
similar changes involving the same genes or genes within
a family, and predominantly CSC and pluripotency fea-
tures, were associated with clinical parameters. Lymph
node metastasis is an important clinical parameter, not
fully comparable with distant metastases but still linked
to aggressive disease as cancer cells can establish cancer
growth in nearby lymph nodes [35, 36]. For example, the
breast CSC marker ALDHI1A3 was associated with lymph
node status in both 5-FU and DOX treated MCF7-PDSs.
Similarly, aldehyde dehydrogenase 1 (ALDH1) expression
in cancer cells has been link with lymph node metasta-
sis in many cancer types [37]. In line with these obser-
vations, changes in expression of several CSC markers
after either 5-FU or DOX treatment were associated
with disease-free survival. Surprisingly, an increased
expression of CD44, ALDHIA3 and MALATI after treat-
ments in MCF7 PDS-cultures were associated with bet-
ter outcome. The activity of ALDH1 is mainly due to the
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isoform ALDHIA3 and has been associated with meta-
static disease in cancer as well acquired chemoresist-
ance in colon cancer [38, 39]. In contrast, in vitro studies
using ALDHI1A3-silenced breast cancer cell lines showed
increased migratory capacity along with decreased
colony/metastasis formation capacity supporting the
data presented in this study [40]. Besides, high expres-
sion of CD44 in breast cancer has been associated with
improved survival after neoadjuvant chemotherapy treat-
ment [41]. However, the exact importance and relevance
for the various marker and regulators associated with
CSC as well as pluripotency, might vary between differ-
ent cancer cell lines, potentially influencing the presented
results. The microenvironment from highly malignant
and progressing cancer cases might also mediate a lim-
ited capacity to respond to the treatments, mirrored by
the direction of the responses of the pluripotency mark-
ers as well as several other tumor properties. As detailed
previously using different cell lines, the tumor microen-
vironment provided by the PDS induces similar but also
cell line dependent adaptations, uncovering associations
between growth influencing properties in PDSs and
aggressive features of the original tumor [13]. In line with
these findings, expression changes in the CSC markers
in MDA-MB-231 as well as MCF7 cells growing in PDSs
and treated with DOX, were associated with lymph node
metastasis. The addition of MDA-MB-231 cancer cells in
PDS cultures further uncovered additional information
related to the aggressiveness of the disease such as asso-
ciations between specific gene changes and high-grade
cancer. Altogether, our results indicate that the PDS
model can help to identify those patient cancer microen-
vironments that might support resistant cancer cell sub-
populations that will not be targeted by the conventional
treatments, implying a potential risk of recurrences and
metastasis. This might be a useful information when
deciding a treatment combination including for exam-
ple cancer stem cell target drug or when testing drugs in
development phases.

Conclusions

This comprehensive study of a large cohort of breast can-
cer PDS repopulated with donor cancer cell lines treated
with chemotherapies, demonstrate that clinical treat-
ment studies can be performed in the laboratory using
the patient scaffold, and still monitor patient-specific
differences in responses to the treatment solely based
on the varying microenvironment. The PDS-model fur-
ther produced clinically relevant data, and several gene
expression changes after treatment were linked to patient
survival, suggesting that the functional test of the can-
cer microenvironment mirrored both prognostics, as
well as potential treatment predictive information. The



Leiva et al. Journal of Translational Medicine (2023) 21:924

possibility to decode key tumor progressing properties
using PDS, including cancer treatment responses, will
motivate future and larger drug discovery and precision
medicine focused studies using human-derived cancer
scaffolds.
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RPMI medium  Roswell Park Memorial Institute medium
IQR Interquartile range

DFS Disease-free survival
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ER Estrogen receptor
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LN Met Lymph node metastases

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-023-04806-z.

Additional file 1: Fig. S1. RNA yield in MCF7 patient-derived scaffold
lysates. Fig. $2. Significant associations between 5-flourouracil drug
fingerprints and clinical characteristics of the original tumors. Fig. $3. Sig-
nificant associations between doxorubicin drug fingerprints and clinical
characteristics of the original tumors. Fig. S4. Kaplan-Meier plots display-
ing the relationship between disease-free survival and drug fingerprints in
patient-derived scaffolds. Fig. S5. RNA yield in MDA-MB-231 patient-
derived scaffold lysates. Fig. S6. Drug fingerprints of patient-derived
scaffold cultures with MDA-MB-231. Fig. S7. Scatter plots for clinical
characteristics versus MDA-MB-231 drug fingerprints.

Additional file 2: Table S1. Patient and clinico-pathological character-
istics of the cohort used for creating patient-derived scaffold cultures
with MCF7 or MDA-MB-231. Table S2. Primer list. Table S3. P-values of
the Pearson correlation analyses between the drug fingerprints for each
gene in the individual MCF7 PDSs treated with 5-FU and plotted Fig. 3C.
Table S4. P-values of the Pearson correlation analyses between the drug
fingerprints for each gene in the individual MCF7 PDSs treated with DOX
and plotted in Fig. 3D. Table S5. P-values of the Pearson correlation analy-
ses between the drug fingerprints for each gene in the individual MCF7
PDSs 5-FU versus DOX and plotted in Fig. 3E. Table S6. Median values
and P-values of Mann-Whitney U comparison between gene expres-
sion in MCF7 patient-derived scaffolds and clinical parameters. Table S7.
Univariate and multivariable cox-regression analyses of gene expression
data from MCF7 cells grown in the patient-derived scaffolds following
treatment with 5-fluorouracil or doxorubicin. Table S8. Log-rank tests of
the Kaplan-Meier plots illustrating disease free survival in patient-derived
scaffolds cultured with MCF7 and treated with 5-fluorouracil and doxo-
rubicin. Table S9. P-values the Pearson correlation analyses between the
drug fingerprints for each gene in the individual MDA-MB-231 PDSs 5-FU
versus DOX and plotted in Fig. 5B. Table $10. P-values of the Pearson cor-
relation analyses between the MCF7 and MDA-MB-231 drug fingerprints
for each gene in the individual PDSs treated with 5-FU (top) or DOX (bot-
tom) and plotted in Fig. S6C. Table S11. Median values and P-values of
Mann-Whitney U comparison between gene expression in MDA-MB-231
patient-derived scaffolds and clinical parameters. Table S12. Univariate
and multivariable cox-regression analyses in patient-derived scaffolds
cultured with MDA-MB-231 following treatment with 5-fluorouracil and
doxorubicin. Table S13. Table with P-values from log-rank tests of the
Kaplan Meier plots illustrating disease-free survival in patient-derived

Page 11 of 12

scaffolds cultured with MDA-MB-231 and treated with 5-fluorouracil and
doxorubicin.

Acknowledgements

The authors thank Pernilla Gregersson and Emma Persson for technical assis-
tance. Further, the authors would like to thank Claes Molin, Karoline Berger
and the Pathology and Surgical department at Sahlgrenska University Hospital
and Research Institutes of Sweden for their kind contributions to the project.

Author contributions

Conceptualization: AG, EG, MCL, KH, GL; Formal analysis: AG, EG, MCL; Meth-
odology: EG, AG, MCL, GL, AS; Investigation: AG, EG, MCL; Validation: AG, EG,
MCL, GL; Resources, GL, KH, AS, AK; Data curation, EG, AG, MCL; Writing original
draft: AG, EG, MCL; Writing, review and editing: AG, EG, MCL, AK, KH, GL, AS;
Visualization: AG, EG, MCL; Supervision: GL, AS; Project administration: GL, AS;
Funding acquisition: GL, AS. All authors have read and agreed to the published
version of the manuscript.

Funding

Open access funding provided by University of Gothenburg. This work was
supported by grants from Swedish Research Council (2021-01008), Swedish
Cancer Society (22-2080), Sweden’s Innovation Agency (2017-03737), the
Swedish state under the agreement between the Swedish government and
the county councils, the ALF-agreement (965065, 965580).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Declarations

Ethics approval and consent to participate

All procedures were performed in accordance with the Declaration of Helsinki
and approved by the Medical Faculty Research Ethics Committee (Regionala
Etikprévningsndmnden) in Gothenburg (DNR: 515-12, S 164-02, and T972-18).
Informed consent was obtained from all subjects involved in the study.

Competing interests

A. Stahlberg and G. Landberg are board members and shareholders of Iscaff
Pharma AB. A. Stahlberg is a board member and shareholder in SiMSen
Diagnostics and Tulebovaasta. The approach to use patient-derived scaffolds is
patented (WO 2018/083231 A1).

Author details

'Department of Laboratory Medicine, Institute of Biomedicine, Sahlgrenska
Academy, Sahlgrenska Center for Cancer Research, University of Goth-
enburg, 41390 Gothenburg, Sweden. 2Department of Clinical Pathology,
Sahlgrenska University Hospital, 41345 Gothenburg, Sweden. *Wallenberg
Center for Molecular and Translational Medicine, University of Gothenburg,
41390 Gothenburg, Sweden. 4Department of Clinical Genetics and Genomics,
Sahlgrenska University Hospital, 41345 Gothenburg, Sweden. >Department
of Oncology, Institute of Clinical Sciences, Sahlgrenska Center for Cancer
Research, Sahlgrenska Academy, University of Gothenburg, 41390 Gothen-
burg, Sweden.

Received: 16 October 2023 Accepted: 12 December 2023
Published online: 20 December 2023

References

1. Pecorino L. Molecular Biology of Cancer. Mechanisms, Targets, and Thera-
peutics. Oxford: Oxford University Press; 2012.

2. Mortezaee K, Majidpoor J. Key promoters of tumor hallmarks. Int J Clin
Oncol. 2022;27(1):45.


https://doi.org/10.1186/s12967-023-04806-z
https://doi.org/10.1186/s12967-023-04806-z

Leiva et al. Journal of Translational Medicine

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2023) 21:924

Bray F, et al. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin. 2018;68(6):394.

Nolan E, Lindeman GJ, Visvader JE. Deciphering breast cancer: from biol-
ogy to the clinic. Cell. 2023;186(8):1708.

Prasad P, et al. Doxorubicin and mitomycin C co-loaded polymer-lipid
hybrid nanoparticles inhibit growth of sensitive and multidrug resistant
human mammary tumor xenografts. Cancer Lett. 2013;334(2):263.
Helleman J, et al. Association of an extracellular matrix gene cluster with
breast cancer prognosis and endocrine therapy response. Clin Cancer
Res. 2008;14(17):5555.

Farmer P, et al. A stroma-related gene signature predicts resistance to
neoadjuvant chemotherapy in breast cancer. Nat Med. 2009;15(1):68.
Finak G, et al. Stromal gene expression predicts clinical outcome in breast
cancer. Nat Med. 2008;14(5):518.

Tekpli X, et al. An independent poor-prognosis subtype of breast cancer
defined by a distinct tumor immune microenvironment. Nat Commun.
2019;10(1):34.

Sachs N, et al. A Living Biobank of Breast Cancer Organoids Captures
Disease Heterogeneity. Cell. 2018;172(1-2):373.

. Landberg G, et al. Patient-derived scaffolds uncover breast can-

cer promoting properties of the microenvironment. Biomaterials.
2020;235:119705.

Parkinson GT, et al. Patient-derived scaffolds as a model of colorectal
cancer. Cancer Med. 2021;10(3):867.

Garre E, et al. Breast Cancer Patient-Derived Scaffolds Can Expose
Unique Individual Cancer Progressing Properties of the Cancer Micro-
environment Associated with Clinical Characteristics. Cancers (Basel).
2022;14(9):2172.

Persson E, et al. Patient-derived scaffolds influence secretion profiles in
cancer cells mirroring clinical features and breast cancer subtypes. Cell
Commun Signal. 2021;19(1):84.

Leiva MC, et al. Breast cancer patient-derived scaffolds as a tool to moni-
tor chemotherapy responses in human tumor microenvironments. J Cell
Physiol. 2021;236(6):4709.

Gustafsson A, et al. Patient-derived scaffolds as a drug-testing platform
for endocrine therapies in breast cancer. Sci Rep. 2021;11(1):678.

Tilsed CM, et al. Cancer chemotherapy: insights into cellular and tumor
microenvironmental mechanisms of action. Front Oncol. 2022. https://
doi.org/10.3389/fonc.2022.960317.

Anand U, et al. Cancer chemotherapy and beyond: Current status, drug
candidates, associated risks and progress in targeted therapeutics. Genes
Dis. 2023;10(4):1367.

Bustin SA, et al. The MIQE guidelines: minimum information for
publication of quantitative real-time PCR experiments. Clin Chem.
2009;55(4):611.

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J
Clin Invest. 2009;119(6):1420.

Mani SA, et al. The epithelial-mesenchymal transition generates cells with
properties of stem cells. Cell. 2008;133(4):704.

Morel AP, et al. Generation of breast cancer stem cells through epithelial-
mesenchymal transition. PLoS ONE. 2008;3(8):2888.

Bhat-Nakshatri P, et al. SLUG/SNAI2 and tumor necrosis factor generate
breast cells with CD44+/CD24- phenotype. BMC Cancer. 2010;10:1.
Nader GPF, et al. Compromised nuclear envelope integrity drives
TREX1-dependent DNA damage and tumor cell invasion. Cell.
2021;184(20):5230.

Yu Z, et al. Cancer stem cells. Int J Biochem Cell Biol. 2012;44(12):2144.
Li'Y, et al. Matrix Stiffness Regulates Chemosensitivity, Stemness Char-
acteristics, and Autophagy in Breast Cancer Cells. ACS Appl Bio Mater.
2020;3(7):4474.

Lovitt CJ, Shelper TB, Avery VM. Doxorubicin resistance in breast cancer
cells is mediated by extracellular matrix proteins. BMC Cancer. 2018;18:1.
Insua-Rodriguez J, et al. Stress signaling in breast cancer cells induces
matrix components that promote chemoresistant metastasis. EMBO Mol
Med. 2018;10(10):34.

Haro M, Orsulic S. A paradoxical correlation of cancer-associated fibro-
blasts with survival outcomes in B-cell lymphomas and carcinomas. Front
Cell Dev Biol. 2018;6:34.

Giraldo NA, et al. The clinical role of the TME in solid cancer. Br J Cancer.
2019;120:45.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 12 of 12

Loh JJ, Ma S. The Role of Cancer-Associated Fibroblast as a Dynamic
Player in Mediating Cancer Stemness in the Tumor Microenvironment.
Front Cell Dev Biol. 2021;9:7726.

Katayama MLH, et al. Stromal Cell Signature Associated with Response
to Neoadjuvant Chemotherapy in Locally Advanced Breast Cancer. Cells.
2019;8(12):1566.

Zhu J, et al. Six stroma-based RNA markers diagnostic for prostate cancer
in European-Americans validated at the RNA and protein levels in
patients in China. Oncotarget. 2015;6(18):16575.

Sensi F, et al. Recellularized Colorectal Cancer Patient-derived Scaffolds
as in vitro Pre-clinical 3D Model for Drug Screening. Cancers (Basel).
2020;12(3):681.

Tonellotto F, et al. Impact of number of positive lymph nodes and lymph
node ratio on survival of women with node-positive breast cancer. Eur J
Breast Health. 2019;15(2):34.

Min SK, et al. Relation Between Tumor Size and Lymph Node Metastasis
According to Subtypes of Breast Cancer. J Breast Cancer. 2021;24(1):75.
Gotz C, et al. ALDH1 as a prognostic marker for lymph node metastasis in
OSCC. Biomed Rep. 2018;9(4):34.

Durinikova E, et al. ALDH1A3 upregulation and spontaneous metastasis
formation is associated with acquired chemoresistance in colorectal
cancer cells. BMC Cancer. 2018;18:1.

Marcato P, et al. Aldehyde dehydrogenase: its role as a cancer stem cell
marker comes down to the specific isoform. Cell Cycle. 2011;10(9):1384.
Croker AK, et al. Differential Functional Roles of ALDHTAT and ALDH1A3
in Mediating Metastatic Behavior and Therapy Resistance of Human
Breast Cancer Cells. Int J Mol Sci. 2017;18(10):2034.

Horiguchi K, et al. Predictive value of CD24 and CD44 for neoadjuvant
chemotherapy response and prognosis in primary breast cancer patients.
J Med Dent Sci. 2010;57(2):4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fonc.2022.960317
https://doi.org/10.3389/fonc.2022.960317

	Patient-derived scaffolds representing breast cancer microenvironments influence chemotherapy responses in adapted cancer cells consistent with clinical features
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patient material
	Tumor decellularization
	Cell culture in patient-derived scaffolds
	Drug treatments
	RNA extraction and cDNA synthesis
	Quantitative PCR
	Statistical analyses

	Results
	Patient-derived scaffold cultures with the MCF7 breast cancer cell line show general cytotoxic drug responses
	Specific cancer microenvironments influence the expression of genes related to various key tumor biological processes similarly after treatment with 5-fluorouracil or doxorubicin
	Drug response profiles of patient-derived scaffold cultures correlate with clinical features of the original cancer
	Treatment responses of ER-negative cell line adapted to patient-derived scaffolds partially overlap with ER-positive cell line data, confirming varying effects of drug responses in different cancer microenvironments

	Discussion
	Conclusions
	Anchor 23
	Acknowledgements
	References


