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Abstract
Background:
Tumor response to therapy is strongly influenced by multicellular interactions within the tumor
microenvironment, particularly fibroblast and tumor communication mediated by gap junctions.
Traditional monoculture models fail to capture these dynamics, limiting the understanding of drug
combination effects. This study evaluates the role of a gap junction enhancer (PQ) in modulating
antineoplastic drug responses in three dimensional (3D) colorectal cancer models.

Methods:
3D monoculture and fibroblast coculture spheroids were generated using colorectal cancer cell lines
(Caco-2, HT-29, SW480, SW620) and CCD-112CoN fibroblasts. Spheroids were treated with
antineoplastic agents (Doxorubicin, Nilotinib, Cediranib, Erlotinib) alone or in combination with PQ across
full dose matrices. Cell viability was measured using the RealTime-Glo assay. Drug interactions were
quantified using the Zero Interaction Potency (ZIP) model, with results visualized as 2D synergy maps
and 3D interaction landscapes.

Results:
PQ alone produced limited and variable effects on spheroid metabolic activity. When combined with
Doxorubicin, PQ altered response profiles, with higher ZIP scores observed in Caco-2–CCD-112 co-
culture spheroids than in Caco-2 monoculture spheroids. PQ–drug interactions were not uniform across
dose matrices, with regions of synergy, additivity, and antagonism observed depending on drug type,
concentration, and culture condition. PQ and Erlotinib in co-culture spheroids showed mostly additive to
weakly antagonistic interaction patterns.

Conclusions:
PQ modified antineoplastic drug response in 3D colorectal cancer spheroid models, but its effects were
dependent on drug type, dose, and culture context. These findings support the use of 3D co-culture
systems and full dose–matrix analyses to evaluate context-dependent drug interactions in colorectal
cancer models.

Background
Colorectal cancer (CRC) is a biologically complex and heterogeneous disease in which therapeutic
response is governed not only by tumor cell intrinsic properties but also by dynamic interactions within
the tumor microenvironment.1–5 In multicellular tumor systems, stromal fibroblasts play a central role in
shaping drug sensitivity and resistance through direct cell-cell contact, paracrine signaling, and
metabolic coupling.6–8 These interactions create a coordinated network that can redistribute stress
signals, buffer cytotoxic damage, or promote survival pathways, fundamentally altering treatment
outcomes compared to simplified monoculture systems.9–15 As a result, conventional in vitro models
often fail to capture the full spectrum of therapeutic responses observed in vivo.15–17

Page 2/24



A key mediator of this intercellular coordination is gap junction intercellular communication (GJIC),
which enables the direct exchange of ions, metabolites, and signaling molecules between adjacent
cells.18–23 Through connexin based GJIC channels, this communication allows tumor and stromal cells
to function as a connected system rather than as isolated cells.23,24 This connectivity has important
implications for therapy, as it can facilitate the propagation of cytotoxic signals such as enhancing
treatment efficacy or distribute protective signals that promote resistance.18,19,25–28 Modulating GJIC
therefore represents a potentially powerful, yet underexplored, strategy for influencing therapeutic
response. However, the effects of such modulation are inherently context dependent and likely vary
across drug classes, concentrations, and cellular compositions.

Importantly, drug interactions in multicellular systems are not uniform across all conditions.29–36 The
same therapeutic combination may produce synergy, additivity, or antagonism depending on the local
dose environment and the state of intercellular communication. In fibroblast rich tumor systems,
enhanced coupling may increase shared vulnerability at certain concentrations while promoting
protective buffering at others.37–41 This spatial and concentration dependent variability showcases the
limitation of evaluating drug combinations at single concentration points and highlights the need for full
dose response matrix analyses to accurately characterize interaction.

Adding another layer of complexity, CRC progression itself drives profound changes in therapeutic
sensitivity.29,42–44 As tumors evolve from well differentiated epithelial states to invasive and metastatic
phenotypes, they undergo progressive alterations in genomic stability, DNA damage response, metabolic
programming, and survival signaling pathways42,45–50. These changes shift tumors from states of high
proliferative vulnerability to conditions characterized by adaptive resistance, enhanced stress tolerance,
and increased reliance on microenvironmental support.29,30,44,45,50,51 Consequently, the efficacy of both
cytotoxic and targeted therapies is highly stage dependent, and responses observed in early-stage
models may not translate to advanced disease.

Despite these known complexities, preclinical drug evaluation frequently relies on two dimensional (2D)
monoculture systems that lack structural organization, intercellular communication, and
microenvironmental context.14,16,17,52 These models often overestimate therapeutic efficacy and fail to
capture resistance mechanisms that emerge in more physiologically relevant systems.17 Three
dimensional (3D) spheroid models address these limitations by recapitulating key features of tumor
biology, including cell-cell contact, diffusion gradients, and spatial heterogeneity.14–17 When combined
with fibroblast coculture, these systems more accurately reflect the tumor microenvironment and enable
investigation of stromal contributions to drug response.

In parallel with advances in experimental models, analytical approaches for evaluating drug interactions
have evolved. Traditional frameworks such as Highest Single Agent (HSA), Loewe additivity, and Bliss
independence provide useful but limited perspectives, particularly in systems where interactions vary
across concentration space.53–56 The Zero Interaction Potency (ZIP) model offers a more
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comprehensive approach by assessing deviations in potency across entire dose response surfaces,
making it well suited for analyzing heterogeneous interaction patterns in complex 3D systems.57 This is
particularly relevant for agents that indirectly influence cellular behavior, such as gap junction
modulators, where effects may manifest as shifts in response dynamics rather than direct cytotoxicity.

Taken together, these considerations illustrate a critical gap in current preclinical research. The lack of
integrated models that simultaneously account for tumor progression, microenvironmental interactions,
and dose dependent drug synergy landscapes. To address this, the present study employs 3D
monoculture and fibroblast coculture spheroid systems representing multiple stages of CRC progression
to investigate how modulation of gap junction communication influences therapeutic response. By
combining full dose matrix experimental design with ZIP based interaction analysis, this work aims to
define the context dependent role of intercellular communication in shaping drug efficacy and to identify
conditions under which gap junction modulation enhances or suppresses treatment outcomes.

Methods

Study Aim, Design, and Setting
This study aimed to determine how modulation of GJIC influences antineoplastic drug response and
drug interactions in CRC. A controlled vitro experimental design was employed using 3D mono-culture
and fibroblast co-culture spheroid systems to model tumor microenvironment interactions across a full
dose response matrix. All experiments were conducted under standardized laboratory conditions using
established CRC cell lines.

Cell Lines and Materials
Human colorectal cancer cell lines (Caco-2, HT-29, SW480, and SW620) and CCD-112CoN fibroblasts
were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum and 1% antibiotic and antimycotic
solution.

Antineoplastic agents included Doxorubicin, Erlotinib, Nilotinib, and Cediranib. A quinolone based
compound (PQ;6-methoxy-8-[(2-furanylmethyl) amino]-4-methyl-5-(3-trifluoromethylphenyloxy quinolone)
was used as a GJIC enhancer.23,58–60 All compounds were prepared according to manufacturer
recommendations and diluted in culture medium immediately prior to use. Vehicle controls (0.1%
dimethyl sulfoxide [DMSO]) were included in all experiments.

3D Spheroid Generation and Co-Culture System
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Three-dimensional spheroids were generated using the CelVivo 3D Cell Culture System. Mono-culture
spheroids were formed by seeding 20,000 tumor cells per reactor. Co-culture spheroids were generated
by combining tumor cells with CCD-112CoN fibroblasts at a 1:1 ratio (10,000 cells each). Spheroids were
cultured under continuous rotation, beginning at 16 rpm and increasing incrementally to support
aggregation and maturation. After a two week growth period, spheroids were size-selected (150–200
µm) using sequential filtration and transferred into 96-well plates at one spheroid per well for
downstream experiments.

Experimental Interventions
Experimental Interventions
Single agent treatments were conducted using a standardized concentration gradient to capture the full
range of drug responses. Each antineoplastic agent (Doxorubicin, Erlotinib, Nilotinib, and Cediranib) was
tested across the following concentrations: 0, 10 nM, 50 nM, 100 nM, 500 nM, 1 µM, and 10 µM. This
range was selected to encompass subtherapeutic, intermediate, and high dose exposures, enabling
characterization of dose dependent effects on spheroid viability.

For combination studies, GJIC enhancer PQ was applied across a concentration series of 0, 10 µM, 50
µM, 100 µM, and 200 µM. PQ concentrations were systematically combined with each concentration of
the antineoplastic agents to generate dose response matrices.

Immunofluorescence and Protein Analysis
Immunofluorescence staining was performed to evaluate connexin expression and to confirm the
cellular composition and structural organization of spheroids. Spheroids were gently washed with
phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde for 90 minutes at room temperature
to preserve cellular architecture. Following fixation, samples were permeabilized using 0.25% Triton X-
100 in PBS for 40 minutes to facilitate antibody penetration throughout the spheroid structure. To
minimize nonspecific binding, samples were incubated in blocking buffer for 2 hours at room
temperature. Spheroids were then incubated overnight at 4°C with primary antibodies diluted 1:1000 in
blocking buffer. Primary antibodies targeted connexin proteins to assess gap junction expression, as
well as cell type specific markers including epithelial cell adhesion molecule (EpCAM) for epithelial
tumor cells and decorin (DCN) for fibroblast identification. After primary antibody incubation, samples
were washed thoroughly with PBS and incubated with species appropriate Alexa Fluorconjugated
secondary antibodies diluted 1:5000 in blocking buffer for 2 hours at room temperature. Following
secondary incubation, spheroids were washed three times with PBS. Nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI; 1:1000 dilution) for 10 minutes. After a final wash, spheroids were
maintained in PBS and imaged directly in 96-well plates using confocal laser scanning microscopy.

Statistical and Interaction Analysis
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All experiments were performed using six technical replicates per condition in each of three independent
biological experiments. Technical replicates were averaged within each biological experiment before
statistical summaries were calculated, unless otherwise indicated, data are presented as the mean ± 
standard error of the mean (SEM) from three independent biological replicates. RealTime Glo
luminescence values were normalized to the corresponding time matched DMSO control for each model
and biological replicate.

For time course analyses, the area under the curve (AUC) from 1 to 42 hours was calculated separately
for each biological replicate. The effect of PQ on each drug response was summarized as ΔAUC, defined
as AUC (drug + PQ) – AUC (drug alone). Negative ΔAUC values indicate lower time metabolic activity in
the presence of PQ, whereas positive values indicate higher time integrated metabolic activity with PQ.
Mean ΔAUC values and SEM were calculated across the three biological replicates.

Drug interactions between PQ and the antineoplastic agents were evaluated using the Zero Interaction
Potency (ZIP) model implemented in SynergyFinder. Dose with response data were converted to percent
inhibition relative to the appropriate vehicle control and analyzed as complete concentration matrices for
each culture condition. ZIP δ-scores represent deviations between the observed response and the
response expected under the ZIP reference model. ZIP scores greater than 10 were classified as
synergistic, scores from − 10 to 10 as additive, and scores below − 10 as antagonistic. Overall ZIP scores
summarize the complete dose matrix, whereas the most synergistic area score identifies the region with
the strongest localized positive interaction.

All data processing, AUC calculations, statistical summaries, and figure generation were performed in R
using the readxl, dplyr, tidyr, and ggplot2 packages.

Results

Connexin Expression Is Preserved Across 2D and 3D
Culture Systems
Confocal imaging revealed that multiple connexin isoforms are expressed in both three-dimensional (3D)
spheroid cultures and two-dimensional (2D) monolayer cells. In Caco-2 spheroids (Supplemental 1),
connexin immunofluorescence was detectable for Cx43, Cx26, Cx40, with signal distributed throughout
the spheroid structure. In 2D cultures (Supplemental 1), connexin expressions were similarly observed at
the cellular level, with Cx26, Cx40, and Cx43 visualized in conjunction with vimentin staining. Together,
these findings demonstrate that connexin expression is maintained across both 2D and 3D culture
systems.

Connexin expression was further evaluated in 3D co-culture spheroids to determine whether connexin
localization was maintained in a complex 3D structure. Confocal imaging of co-culture spheroids
revealed detectable connexin immunofluorescence for Cx43, Cx26, and Cx32 (Supplemental 2). Across
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all connexin targets, signal was observed within intact spheroid structures and was retained in merged
fluorescence and brightfield images, indicating preservation of connexin expression in coculture
conditions. Connexin signal frequently localized to spheroid boundaries, consistent with junctional
association in a 3D environment.

Confocal imaging of Caco-2 and CCD-112 co-culture spheroids revealed clear organization of epithelial
and stromal cell populations when viewed from both front and back orientations (Figs. 1). EPCAM
positive Caco-2 cells formed a defined epithelial compartment enriched toward the spheroid outer core,
while decorin-positive CCD-112 cells were distributed throughout the spheroid interior, consistent with
stromal integration. Nuclear DAPI staining confirmed dense cellular organization across the spheroid
volume. Comparable marker localization patterns observed from opposing viewing angles indicate that
epithelial–stromal organization is maintained throughout the three-dimensional structure.

Confocal imaging of HT-29–CCD-112 co-culture spheroids demonstrated distinct epithelial and stromal
marker when visualized from both front and back orientations (Figs. 1) EPCAM-positive HT-29 cells
formed a compact epithelial population within the spheroid, while decorin-positive CCD-112 cells were
interspersed throughout the surrounding structure, indicating stromal integration. DAPI nuclear staining
confirmed dense cellular organization across the spheroid volume. Consistent marker distribution
observed from opposing views supports the presence of stable 3D organization and sustained
epithelial–stromal interactions within HT-29–CCD-112 co-culture spheroids.

Z-stack confocal imaging of SW620–CCD-112 co-culture spheroids further confirmed 3D epithelial and
stromal organization within the spheroid architecture (Fig. 1). EPCAM-positive SW620 cells were
observed forming a defined epithelial compartment, while decorin positive CCD-112 cells were
distributed throughout the spheroid volume. The Z-stack projection demonstrated that both cell
populations were maintained across multiple optical sections, indicating stable integration throughout
the depth of the spheroid. Orthogonal reconstruction further demonstrated marker continuity across the
z-axis and visualized the vertical cross-section plane used for analysis (Fig. 1), supporting true 3D
organization of the co-culture spheroid.

Brightfield imaging was used to assess spheroid morphology under co-culture and mono-culture
conditions. In Caco-2–CCD-112 co-culture spheroids (Fig. 2), spheroids appeared larger and more
irregular in shape, and less sharply defined boundaries, consistent with the integration of multiple cell
types within a single structure. In contrast, Caco-2 mono-culture spheroids (Fig. 2) displayed smaller,
more uniform, and compact morphology with smoother edges and a more homogeneous appearance.

Confocal imaging of mono-culture spheroids expression patterns (Fig. 2). In Caco-2 mono-culture
spheroids (Fig. 2), EPCAM signal was prominently detected and distributed throughout the spheroid, with
nuclear DAPI staining confirming dense cellular organization, while decorin signal was minimal,
consistent with the epithelial origin of this model. In contrast, CCD-112 mono-culture spheroids (Fig. 2)
exhibited strong decorin expression with nuclear counterstaining, and little to no EPCAM signal,
reflecting a stromal-like phenotype.
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Following morphological and phenotypic validation of the spheroid models, the effects of PQ on
metabolic activity were evaluated in CCD-112 fibroblast and Caco-2 tumor spheroids (Fig. 3). RLU values
were normalized to the corresponding time matched DMSO controls to account for differences in
baseline signal between the two models. In CCD-112 spheroids, fold changes generally remained below
1 across the evaluated concentrations and time points, indicating modest reductions in metabolic
activity relative to vehicle. In contrast, Caco-2 spheroids generally exhibited fold changes above 1 during
the intermediate time points. At 42 hours, CCD-112 spheroids remained below the vehicle reference
across the available concentrations. The Caco-2 endpoint response was concentration dependent,
ranging from below the vehicle control at 100 nM to near the vehicle response at 500 nM and above the
vehicle response at 200 µM.

Following evaluation of PQ alone, Doxorubicin responses were assessed in Caco-2/CCD-112 co-culture
spheroids in the absence or presence of PQ (Fig. 4). Doxorubicin alone produced concentration and time
dependent reductions in metabolic activity relative to the corresponding DMSO controls (Fig. 4A). Higher
concentrations produced earlier and larger reductions, whereas lower concentrations showed smaller or
delayed responses. At 500 nM, the mean fold change decreased to approximately 0.29 at 24 hours and
approached zero at 36 and 42 hours. Doxorubicin combined with PQ also produced concentration and
time dependent changes in metabolic activity (Fig. 4B). At 500 nM, the combination initially produced
mean fold changes of approximately 1.20 and 1.25 at 1 and 12 hours, respectively. This was followed by
decreases to approximately 0.35 at 24 hours and 0.03 at both 36 and 42 hours. A direct comparison at
50 nM showed distinct response (Fig. 4C). Doxorubicin alone fluctuated around or above the DMSO
reference throughout most of the experiment. In contrast, Doxorubicin combined with PQ initially
increased above the DMSO reference before progressively decreasing after approximately 24 hours,
reaching nearly zero by 42 hours. Overall, the largest reductions in metabolic activity occurred between
24 and 42 hours, with response patterns varying according to Doxorubicin concentration and PQ
exposure.

Time effects of PQ on antineoplastic drug response were evaluated by calculating ΔAUC for Caco-2
monoculture and Caco-2/CCD-112 co-culture spheroids (Fig. 5). Doxorubicin produced mixed ΔAUC
values across concentrations in both models. In Caco-2 monocultures, ΔAUC ranged from − 3.7 to 7.1,
whereas co-culture values ranged from − 7.8 to 10.6. At 50 nM Doxorubicin, ΔAUC shifted from 4.3 in
monoculture spheroids to − 7.8 in co-culture spheroids, indicating lower time integrated metabolic
activity with PQ specifically in the co culture condition. Erlotinib exhibited a distinct culture dependent
pattern. Caco-2 monocultures showed negative ΔAUC values from 10 to 100 nM, while co-cultures
showed positive values over the same concentration range. Cediranib demonstrated the strongest
concentration and context dependent pattern. Caco-2 monocultures showed negative ΔAUC values
across all evaluated concentrations, with the largest reduction observed at 50 nM (− 30.0). In contrast,
co-culture spheroids showed positive ΔAUC values from 10 to 100 nM, followed by negative values from
500 nM to 10 µM. Collectively, these results demonstrate that the magnitude and direction of PQ
associated changes in metabolic activity varied according to drug, concentration, and spheroid
composition.
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Drug and drug interactions between PQ and Doxorubicin or Erlotinib were quantified using the Zero
Interaction Potency (ZIP) model across full dose–response matrices (Fig. 6). ZIP δ-scores were
calculated for each concentration pair to assess deviations from expected additive effects. In Caco-2
mono-culture spheroids, PQ and Doxorubicin combinations generated predominantly positive ZIP δ-
scores across portions of the dose matrix, indicating localized regions of synergistic interaction. These
regions were primarily observed at intermediate to higher concentration combinations, while lower
concentration pairs showed ZIP δ-scores closer to zero, consistent with additive effects. The 2D synergy
map demonstrated a gradient of increasing ZIP δ-scores across the matrix, which was further reflected
in the 3D synergy landscape. The overall ZIP synergy score for this condition was 5.36, with a most
synergistic area score of 20.18. In Caco-2 CCD-112 co-culture spheroids, PQ and Doxorubicin
combinations produced a broader distribution of positive ZIP δ-scores across the dose matrix (Fig. 6).
Compared to monoculture spheroids, larger regions of the matrix exhibited elevated ZIP δ-scores,
particularly at higher concentration combinations of both agents. The 2D synergy map displayed
expanded regions corresponding to positive δ-scores, and the 3D synergy surface showed increased
peak values relative to mono-culture conditions. Lower concentration combinations remained closer to
zero, indicating additive interactions in those regions.

The overall ZIP synergy score in co-culture spheroids was 12.71, with a most synergistic area score of
21.58. In contrast, PQ and Erlotinib combinations evaluated in Caco-2–CCD-112 co-culture spheroids
produced ZIP δ-scores that were predominantly near zero or negative across the dose matrix (Fig. 6).
The 2D synergy map showed limited regions of positive δ-scores, with most areas displaying neutral or
negative values. The corresponding 3D synergy landscape exhibited a relatively flat profile with localized
depressions corresponding to negative δ-scores. Higher concentration combinations did not produce
consistent increases in ZIP δ-scores, and negative values were observed across multiple regions of the
matrix. The overall ZIP synergy score for PQ and Erlotinib was − 0.74, with a most synergistic area score
of 4.28. Across all evaluated conditions, ZIP δ-scores varied across concentration combinations, with
regions of positive, neutral, and negative values observed within each dose response matrix. Two-
dimensional heatmaps and three-dimensional landscapes consistently demonstrated non-uniform
distributions of interaction effects across concentration pairs, with localized regions of elevated or
reduced ZIP δ-scores corresponding to specific combinations of PQ and each agent.

Discussion
This study evaluated whether PQ alters antineoplastic drug response in 3D colorectal cancer spheroid
models incorporating both mono-culture and epithelial with fibroblast co-culture systems. Our previous
work showed that Cx43 overexpression in SW480 colorectal cancer cells produced an approximately
sixfold increase in gap junction activity, while treatment with 200 nM PQ1 produced an approximately
fourfold increase.61 PQ1 also shifted Cx43 from the P0 isoform toward the more highly phosphorylated
P2 isoform within one hour, suggesting that PQ1 may affect Cx43 processing or channel assembly in
addition to total connexin abundance. This study provides direct support for the mechanistic premise of
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the current work; however, it also highlights an important distinction.21,61 Our previous work measured
functional GJIC in a 2D colorectal cancer model, whereas the present study confirmed connexin
expression but did not directly measure channel activity in the spheroids. Connexin expression does not
necessarily indicate that the proteins are correctly localized at cell cell borders or assembled into
functional channels. The limited and variable effect of PQ alone in the present study therefore does not
necessarily contradict the previously reported increase in GJIC. Instead, it may indicate that PQ activity is
influenced by the spatial organization, differentiation state, cell density, and accessibility of cell cell
junctions within 3D spheroids. Our other previous work also found that PQ1 enhanced the antitumor
activity of cisplatin in a T47D breast cancer xenograft model, accompanied by increased Cx43 and Cx26
expression and greater staining for apoptotic markers.58 Although that study involved a different tumor
type and antineoplastic agent, it supports the possibility that increasing connexin associated
communication can amplify treatment induced stress or death signaling. The lack of uniform synergy in
the present study suggests that this effect cannot be generalized across every drug or concentration.
Doxorubicin induce DNA damage, but the intracellular signals generated and their effects on connexin
phosphorylation or channel function may differ.

The concentration and model dependent patterns observed in the ΔAUC analysis further demonstrate
that PQ did not produce a uniform change in drug response. When ΔAUC was defined as the AUC of the
PQ drug combination minus the AUC of the corresponding drug alone, negative values indicated that PQ
reduced cumulative metabolic activity, whereas positive values indicated that the combination
maintained greater activity than the drug alone. Doxorubicin produced the most variable pattern. In
coculture spheroids, the negative ΔAUC at 50 nM was consistent with late reduction in RLU, whereas
positive values at 500 nM and 1 µM indicated that this enhancement was not maintained across higher
concentrations. Erlotinib showed a clearer difference between models: PQ was associated with negative
ΔAUC values in Caco-2 monocultures at 10–100 nM but positive values in co-culture spheroids over the
same concentration range. This directional reversal suggests that fibroblast inclusion reduced or
reversed the PQ associated enhancement of the erlotinib response at lower concentrations. Cediranib
produced the clearest concentration by model interaction. Caco-2 monocultures showed negative ΔAUC
values across the evaluated range, with the largest reductions at approximately 10–100 nM. By contrast,
co-culture spheroids showed positive values at 10–100 nM and shifted toward negative values at 500
nM–10 µM. Thus, fibroblast inclusion appeared to increase the concentration threshold at which PQ was
associated with a reduction in cumulative metabolic activity. These findings are consistent with
Zoetemelk et al., who compared colorectal cancer cells in 2D cultures, tumor only spheroids, and
heterotypic spheroids containing fibroblasts and endothelial cells.62 They found that erlotinib sensitivity
differed between 2D and 3D systems and that drug interactions could shift from synergistic or additive at
lower concentrations to additive or antagonistic at higher concentrations. Stromal cell inclusion also
increased resistance to selected combinations in some colorectal cancer cell lines but not others,
demonstrating that the effect depended on both the cellular background and model composition.
Valente et al. similarly found that fibroblast inclusion altered colorectal spheroid growth, viability,
hypoxia, inflammatory signaling, extracellular-vesicle production, doxorubicin internalization, and
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chemotherapy response.63 In the present models, CCD-112 fibroblasts could influence drug responses
by changing spheroid compactness and drug penetration, secreting survival factors, depositing
extracellular matrix, or communicating directly with Caco-2 cells. Furthermore, because the assay
measured the combined metabolic activity of both cellular populations, a lower co-culture RLU could
reflect cancer cell death, fibroblast death, reduced proliferation or metabolism in either population, or a
change in their relative abundance.

The ZIP results complement the time integrated ΔAUC analysis but address a different aspect of the
response. The overall ZIP score of approximately 5.36 for PQ plus doxorubicin in Caco-2 monocultures
falls within the conventionally additive range, despite the presence of a localized region with a higher
score of approximately 20.18. In the co-culture model, the overall ZIP score increased to approximately
12.71, supporting overall synergy, with a most-synergistic region of approximately 21.58. In contrast, the
overall ZIP score of approximately − 0.74 for PQ plus erlotinib indicates an additive interaction rather
than overall antagonism, and its most synergistic region was only approximately 4.28. Therefore, the
positive and negative δ-scores within the matrices should be described as localized interaction regions
and should not be used to characterize the entire combination as synergistic or antagonistic. The higher
doxorubicin ZIP score in co-culture, together with the negative ΔAUC observed at 50 nM, suggests that
selected PQ doxorubicin concentrations may benefit from the presence of fibroblasts; however, the
positive ΔAUC values at other doxorubicin concentrations show that this effect is not universal. Likewise,
the mixed erlotinib and cediranib ΔAUC patterns demonstrate that interaction direction depends on both
concentration and model composition. Collectively, the present results support a model in which PQ
modifies antineoplastic drug responses in a concentration, drug, time, and microenvironment dependent
manner rather than functioning as a universally synergistic agent.

Conclusions
This study demonstrates that PQ alters antineoplastic drug response in 3D colorectal cancer spheroid
models, depending on drug type, concentration, and cellular context. PQ alone produced limited and
variable effects on metabolic activity, whereas combination treatment with Doxorubicin resulted in
greater reductions in RLU, particularly at later time points. ZIP analysis showed that drug interactions
were non-linear across dose matrices and differed between mono-culture and co-culture systems. These
findings support the use of 3D co-culture models and full dose response analyses to evaluate drug
interactions and highlight that PQ effects are context dependent rather than uniformly synergistic.
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Confocal characterization of colorectal cancer cell line–CCD-112 co-culture spheroids. Representative
confocal images showing DAPI-stained nuclei (blue), epithelial cell adhesion molecule (EPCAM)-positive
colorectal cancer cells (red), and decorin positive CCD-112 fibroblasts (green). (A) Front-view and (B)
back-view images of Caco-2–CCD-112 co-culture spheroids demonstrate consistent epithelial–stromal
organization across opposing orientations. (C) Front-view and (D) back-view images of HT-29–CCD-112
co-culture spheroids show EPCAM-positive HT-29 cells forming compact epithelial regions, with decorin
positive CCD-112 fibroblasts interspersed throughout the surrounding spheroid structure. (E–G) Z-stack
confocal images of SW620–CCD-112 co-culture spheroids demonstrate maintenance of EPCAM-positive
SW620 cells and decorin positive fibroblasts across multiple optical sections, confirming three-
dimensional epithelial–stromal integration within the spheroid architecture.
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Figure 2

Morphological and marker characterization of monoculture and co-culture spheroids. Representative
brightfield and confocal images comparing Caco-2 monoculture, CCD-112 monoculture, and Caco-2–
CCD-112 co-culture spheroids. (A) Brightfield image of Caco-2–CCD-112 co-culture spheroids showing
spheroid morphology under co-culture conditions. (B) Brightfield image of Caco-2 monoculture
spheroids showing compact morphology in the absence of fibroblast co-culture. (C) Confocal image of
Caco-2 monoculture spheroids showing EPCAM expression in Caco-2 cells (red), decorin signal (green),
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and nuclear counterstaining with DAPI (blue). (D) Confocal image of CCD-112 monoculture spheroids
showing decorin expression in fibroblasts (green), EPCAM signal (red), and DAPI-stained nuclei (blue).

Figure 3

Concentration and time dependent effects of PQ on metabolic activity in fibroblast and colorectal
cancer spheroids. CCD-112 fibroblast and Caco-2 colorectal cancer spheroids were treated with PQ

Page 21/24



concentrations, and metabolic activity was monitored using RealTime-Glo luminescence. RLU values
were normalized to the corresponding time matched DMSO controls and are presented as fold changes.
(A) Time dependent PQ responses in CCD-112 fibroblast spheroids. (B) Time dependent PQ responses in
Caco-2 tumor spheroids. Lines represent mean fold changes, and error bars represent SEM at selected
time points. (C) PQ concentration response at 42 hours in each spheroid model. In all panels, the dashed
line at 1 indicates no difference from the vehicle control; values below 1 indicate lower metabolic activity,
whereas values above 1 indicate higher metabolic activity relative to DMSO.

Figure 4
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Concentration and time dependent Doxorubicin responses in Caco-2/CCD-112 co-culture spheroids
with and without PQ. Co-culture spheroids were treated with the Doxorubicin concentrations in the
absence (A) or presence (B) of PQ, and metabolic activity was monitored using RealTime-Glo
luminescence. RLU values were normalized to the corresponding time matched DMSO controls and are
presented as fold changes. Lines represent mean fold changes, and error bars represent SEM at
selected time points. The dashed line at 1 indicates no difference from vehicle; values below 1 indicate
reduced metabolic activity, whereas values above 1 indicate increased metabolic activity relative to
DMSO. (C) Direct comparison of 50 nM Doxorubicin in the absence and presence of PQ.

Figure 5

PQ changes in drug response in Caco-2 monoculture and Caco-2/CCD-112 co-culture spheroids.
Metabolic activity was monitored from 1 to 42 hours following treatment with Doxorubicin, Erlotinib, or
Cediranib in the absence or presence of PQ. RFU values were normalized to the corresponding DMSO
controls, and AUC was calculated for each replicate. ΔAUC was defined as AUC drug + PQ − AUC Alone .
Negative values indicate lower metabolic activity with PQ, whereas positive values indicate higher activity
with PQ. Points represent mean ΔAUC from three replicates, error bars represent SEM, and lines connect
concentrations The dotted line at zero indicates no difference between drug alone and drug plus PQ
conditions.
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Figure 6

ZIP synergy analysis of PQ in combination with antineoplastic agents in colorectal cancer spheroids.
Drug-drug interactions between PQ and Doxorubicin or Erlotinib were evaluated using the Zero
Interaction Potency (ZIP) model in both Caco-2 mono-culture and Caco-2–CCD-112 co-culture spheroids.
Dose response curves for individual agents and corresponding inhibition matrices summarize single-
agent and combination effects across concentration ranges. Two-dimensional ZIP synergy maps and
three-dimensional synergy landscapes display the distribution of ZIP δ-scores across each drug–dose
matrix, with red regions indicating synergistic interactions and green regions indicating antagonism .In
Caco-2 mono-culture spheroids, PQ and Doxorubicin exhibited modest synergy (ZIP score: 5.36; most
synergistic area: 20.18). In co-culture spheroids, PQ and Doxorubicin demonstrated increased synergy
(ZIP score: 12.71; most synergistic area: 21.58). In contrast, PQ and Erlotinib interactions in co-culture
spheroids showed predominantly additive to weakly antagonistic effects (ZIP score: −0.74; most
synergistic area: 4.28).
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