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Abstract
Improving the congruity of preclinical models with cancer as it is manifested in humans is a potential way to mitigate
the high attrition rate of new cancer therapies in the clinic. In this regard, three-dimensional (3D) tumor cultures in vitro
have recently regained interest as they have been acclaimed to have higher similarity to tumors in vivo than to cells
grown in monolayers (2D). To identify cancer functions that are active in 3D rather than in 2D cultures, we compared
the transcriptional profiles (TPs) of two non-small cell lung carcinoma cell lines, NCI-H1650 and EBC-1 grown in both
conditions to the TP of xenografted tumors. Because confluence, diameter or volume can hypothetically alter TPs, we
made intra- and inter-culture comparisons using sampleswith defined dimensions. As projected by Ingenuity Pathway
Analysis (IPA), a limited number of signal transduction pathwaysoperational in vivowerebetter representedby 3D than
by 2D cultures in vitro. Growth of 2D and 3D cultures aswell as xenografts inducedmajor changes in the TPs of these 3
modes of culturing. Alterations of transcriptional network activation that were predicted to evolve similarly during
progression of 3D cultures and xenografts involved the following functions: hypoxia, proliferation, cell cycle
progression, angiogenesis, cell adhesion, and interleukin activation. Direct comparison of TPs of 3D cultures and
xenografts tomonolayer cultures yielded up-regulation of networks involved in hypoxia, TGF andWnt signaling aswell
as regulation of epithelial mesenchymal transition. Differences in TP of 2D and 3D cancer cell cultures are subject to
progression of the cultures. The emulation of the predicted cell functions in vivo is therefore not only determined by the
type of culture in vitro but also by the confluence or diameter of the 2D or 3D cultures, respectively. Consequently, the
successful implementation of 3D models will require phenotypic characterization to verify the relevance of applying
these models for drug development.
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Introduction
The prognosis of non-small cell lung cancer (NSCLC) has improved
during the last decennia due to enhanced diagnostics and
administration of cytoreductive and targeted therapeutics [1].
Nonetheless, the American Cancer Society estimated that in 2016
more than 220,000 men and women were diagnosed with lung cancer
and more than 158,000 of them will succumb to the disease [2]. With
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an average 5 year survival rate of 18%, the disease still represents an
unmet medical need necessitating the search for additional
therapeutic means. Expanding treatment options by generating new
pharmaceuticals is one obvious avenue to attain this goal. To this
intent, novel molecular drivers of the disease and preclinical models
that mimic the physiological role of these molecules will have to be
identified.

The traditional preclinical discovery cascade of cancer drugs has
recently come under enhanced scrutiny. Specifically, the value of
preclinical assays in predicting clinical efficacy has been questioned
[3]. The heavy reliance on response of established cancer cell lines to
cancer drugs in early stages of discovery was identified as a potential
reason for failure of therapeutic responses in Phase II clinical trials [4].
These cell lines, grown in suspension or as monolayers on plastic, may
be oversimplified models that are unlikely to recapitulate the
pathology of the cancer type that they represent [4]. To enhance
the relevance of the cancer models used in early discovery, the use of
three-dimensional cell aggregates has received renewed attention as
alternative or supplemental models for early drug screening.
Three-dimensional (3D) cultures of tumor cells have been imple-
mented in cancer research for at least half a century (for review see
[5]). These models have a tumor-like configuration [5] and may help
elucidate properties of experimental pharmaceuticals that are
influenced by the histotypic cell configuration and consequently are
impossible to study in monolayer or cell suspension. Examples of such
properties are: penetration of drug through multiple cell layers [6] or
the ‘barrier effect’ [7] encountered by therapeutic monoclonal
antibodies. The use of 3D cultures yields also the practical advantage
of assessing effects of prolonged drug exposures because 3D cultures
can be perpetuated for several weeks while monolayer cultures usually
last less than a week. Comparative studies between cells grown in 2D
(monolayer) and 3D revealed the different expression of several genes
in 3D cultures generating a transcriptional profile (TP) more similar
to patient samples [8]. To identify cancer functions that are active in
3D rather than in 2D cultures, we generated the TP of NSCLC cells
(NCI-H1650 and EBC-1) from both modes of culturing. TPs of the
cultures in vitro were compared to one another and to the TP of
matching xenografted tumors. Because confluence of monolayer
cultures, size of the spheroids and volume of xenografted tumors
possibly altered TPs, we compared intra- and inter-culture conditions
using samples with defined confluence, size (diameter) or volume,
respectively. A knowledge based tool, Ingenuity Pathway Analysis
(IPA) was used to predict differences in pathway activation among
tumor cells grown in various culture modes. The present study
suggests that a limited number of signal transduction pathways active
in NSCLC xenografts may be better represented by 3D than by 2D
cultures in vitro. These pathways involved the following functions:
hypoxia, angiogenesis, differentiation and inflammation. Whether
parts of the TPs of xenografted tumors were mirrored by TPs of
cultured cells in vitro not only depended on the 2D or 3D nature of
the cultures but also on their confluence or diameter.

Material and Methods

Cell Lines
NCI-H1650 (adenocarcinoma of the lung; labeled H1650

hereafter) was obtained from the American Type Tissue Collection
(ATCC, Manassas, VA). The cells were maintained in monolayer
culture in RPMI1640 (Invitrogen, Carlsbad, CA) supplemented with
10% Fetal Bovine Serum (FBS, Hyclone, Logan, UT). Culture
medium that contains all supplements is hereafter called complete
culture medium. EBC-1 (squamous cell carcinoma of the lung) was
obtained from the Japanese Collection of Research Bioresources Cell
Bank (JCRB, Osaka, Japan). The cells were maintained in monolayer
cultures with MEM medium (Invitrogen) supplemented with 10%
FBS.

Monolayer (2D) Cultures
Cells were seeded in 10 cm dishes at 105 cells in 10 ml of cultured

medium. The monolayer cultures were continued until confluence of
30, 60, 90 or 100% of the surface was reached. RNA was extracted at
each of these confluence levels.

Spheroid (3D) Cultures
Generation of Spheroids. Cells were plated at 1000 cells/100 μl

medium in each well of 96-well round bottom plates (low
attachment, Corning #7007). The plates were then centrifuged at
500 x g for 5 min. Plates were carefully moved to an incubator where
aggregation was allowed for 72 h. For EBC-1 and H1650, this
procedure usually generated spheroids with a diameter of approxi-
mately 0.2 mm.

Growing of Spheroids. Spheroids were further cultured in static
conditions as originally described by Yuhas et al. [9]. Spheroids with a
diameter of 0.2 mm were transferred to 24 multi-well plates that
contain 0.5 ml agar underlay (0.66% agarose in complete RPMI
culture medium) in each well. One spheroid was placed in each agar
coated well and an overlay of 1 ml of culture medium was added.
Spheroids were further cultured in an incubator (37 °C, 100%
humidity, 5% CO2 in air) and their growth was monitored by
periodic measurement of their diameters by means of a calibrated
graticule in the eyepiece of a stereoscope. During the observation
period, medium was replaced twice a week. Samples with diameters
(∅) of 0.2, 0.4, 0.8 or 1.2 mm were then selected for RNA
extraction. Only samples with a round shape (perpendicular
diameters differ less than 0.05 mm) were chosen.

Processing of Spheroids for Histology. The spheroids were placed
in 10% neutral buffered formalin for 30 minutes. After fixation,
spheroids were stained with 1% Alcian Blue (in 3% glacial acetic acid
in water, pH 2.5) for 10 min and then washed repeatedly with
phosphate buffered saline (PBS) to remove excess stain. After encasing
the samples in 2% agarose, they were processed for paraffin
embedding in a Sakura Tissue-Tek VIP processor (Nagano, Japan)
for stepwise dehydration (45 min for each step) in 70%, 80%, 95%
and finally 100% Ethanol. Subsequently the samples were immersed
in xylene for 2 sessions of 45 min each and then embedded in paraffin
thrice for 45 min each. Spheroids were cut in 4 μm serial sections,
deparaffinized in xylene and rehydrated in a graded alcohol series and
stained with hematoxylin and eosin prior to mounting of the sections
on glass slides.

Generation of Xenografts
Tumor cells suspended in culture medium were mixed 1:1 (v:v) in

Matrigel. Five million cells in a total volume of 100 μl were injected
subcutaneously in the right flank of female SCID/bg Mice (Charles
River Laboratories, Wilmington, MA). H1650 and EBC-1 were both
inoculated in 20 mice. Twice a week, perpendicular tumor diameters
were measured by means of calipers and the tumor volume was
calculated according to V = L*W2*0.5. L stands for the larger of the 2
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diameters and W for the shorter one. Tumor samples of 200, 400,
800, and 1000 mm3 were collected and RNA was extracted.
Messenger RNA was extracted from 3 tumors of each size category.

Animal Husbandry
The mice were obtained from Charles River (Wilmington, MA).

Ten mice were housed per cage. The body weight upon arrival was
18–20 g. Food and water were available ad libitum. Mice were
acclimated to the animal facilities for a period of at least one week
prior to commencement of experiments. Animals were tested in the
light phase of a 12-hour light: 12-hour dark schedule (lights on at
06.00 hours). All experiments were conducted in compliance with
AbbVie's Institutional Animal Care and Use Committee and the
National Institutes of Health Guide for Care and Use of Laboratory
Animals guidelines in a facility accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care
(AAALAC).

RNA Isolation and Gene Expression Microarray
Monolayers, spheroids and tumor fragments were rinsed with PBS

and frozen at −80 °C. Cells as well as tumor xenograft samples were
lysed using Qiazol lysis reagent (Qiagen, Hilden, Germany) followed
by RNA extraction with Qiagen RNeasy mini kit columns (Qiagen)
according to manufacturer protocols. RNA purity and integrity were
checked on Agilent Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA). RNA was subsequently used for gene expression
Affymetrix microarray analysis (Thermo Fisher, Affymetrix, Santa
Clara, CA). RNA was converted to biotin labeled cRNA using the 3′
IVT plus kit. The labeled cRNA was fragmented and loaded onto
Human Genome U133 Plus 2.0 Arrays. Washing, staining and
scanning of Affymetrix arrays used Affymetrix equipment. All
procedures were according to manufacturer protocols.

Gene Expression Analysis, Statistics, and Bioinformatics
Rosetta Resolver gene expression data analysis system (IBM) was

used to normalize raw microarray data, calculate gene expression
index and determine significant changes between different experi-
mental conditions. The P-values were adjusted to control for False
Discovery Rate (FDR) using q-value method [10]. Q-value ≤0.2 and
fold change ≥2 or ≤ −2 were used as the statistical cut-offs to select
differentially expressed genes. The selected differentially expressed
genes were subjected to bioinformatics analysis using QIAGEN's
Ingenuity Pathway Analysis (IPA,QIAGEN, Redwood City, CA,
www.qiagen.com/ingenuity), where the significantly enriched canon-
ical pathways, functions and upstream regulator effects were selected.
The significance of a relatively activate or inactive pathway, function
or regulatory effect, was measured by Z-score, where Z-scores ≥2 or ≤
−2 were the statistical cut-offs for significance. The upstream
regulator analysis tool of IPA was used to predict alterations of
transcriptional regulators associated with changes in culture condi-
tions or progression. IPA defines upstream regulators as any molecule
that can affect the expression of other molecules. [http://www.
ingenuity.com/products/ipa].

QuantiGene Plex Assay for RNA Expression Assessment
The QuantiGene Plex Assay was performed according to

manufacturer's protocol (Thermo Fisher/Affymetrix, Santa Clara,
CA). Briefly, RNA samples were incubated overnight with probe sets
panel specific for genes of interest and housekeeping genes designed
and manufactured by Affymetrix. The signal of target gene mRNA
was amplified through branch DNA (bDNA) technology. The final
signal was read by using a Luminex FlexMAP 3D instrument
(Luminex, Austin, TX) and data was recorded as mean fluorescent
intensity (MFI). The MFI of the genes of interest in each sample was
normalized to MFI of housekeeping genes.

Results
We compared the TPs of H1650 and EBC-1 when cultured in three
conditions, namely: monolayer (2D) and spheroid cultures (3D) in
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vitro as well as subcutaneous xenografts. Morphological changes and
altered histological organization of the tumor cells are to be expected
during the progression of these cultures. Figure 1A illustrates these
changes in progressing spheroid cultures of H1650 in particular. As
the spheroid grows a transition occurs from a tissue composed of
morphologically homogeneous cells to a tissue organization that
comprises 3 distinct areas, i.e. a core composed of necrotic material, a
layer with pyknotic cells and a layer containing healthy and
proliferating cells. To understand which cancer functions are likely
represented in the various culture conditions and their state of
progression, we made two types of comparisons of the TPs. On the
one hand, the intra-cultural comparisons (Figure 1B) seek to address
whether within each condition certain cancer functions are only
represented by a specific cell density, spheroid size or tumor volume.
On the other hand, the intercultural comparisons (Figure 1C) seek to
identify the cancer functions that are uniquely active in a certain
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Figure 2. Transcriptional profiles of H1650 and EBC-1 cultured in 2D
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culture condition in vitro (2D or 3D) or in xenograft tumors
regardless of the progression of the culture. For both intra- and
intercultural comparisons, the analysis of TPs comprised global gene
expression profiling, statistical analysis of differential expression and
pathway and function analysis of transcriptional regulators.

Unsupervised Hierarchical Clustering
The heat map shown in Figure 2 illustrates unsupervised

hierarchical clustering of mRNA expression levels of H1650 and
EBC-1 under the three different culturing conditions. The color-scale
reflects the Z-score indicating each gene's deviation from the mean.
TPs of EBC-1 and H1650 are distinct regardless of their culturing
method. This finding may be a reflection of the different origin of the
two cell lines. Nonetheless, within the transcriptional profile of each
cell line, expression clustering is seen as a function of the culturing
mode. Cells grown as xenografts have a distinct transcription profile
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from cells grown in 2D and 3D cultures. Some of the distinct features
in xenografts may be attributable to the interaction of tumor with
host stromal cells. Because the hybridization probes in the microarray
are designed to recognize human sequences, the distinct transcrip-
tional profile of xenografts is unlikely a direct reflection of the mRNA
content of the murine stromal cells. Differences in TPs between 2D
and 3D cultures are not as conspicuous as the distinction between
TPs of xenografts and cultures in vitro. Of note is that TPs of 3D
cultures are clustered between sparse and dense monolayers. For
further analysis, the mRNA of the biological repeats at each culture
condition was combined. The validity of this approach was indicated
by the reproducibility of the transcriptional profile of the biological
replicates (Figure 2). The evaluation of the TPs of EBC-1 yielded
similar conclusions as the TPs of H1650. The analysis of EBC-1 is
presented in Supplementary Tables 1 and 2.
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Identification of Intracultural Transcriptional Changes
We determined changes of the gene expression profile of H1650

cells within each culturing modality (Figures 1B and 3, A and B). A
change in gene expression of at least two-fold with a P ≤ .05 was
considered significant. For 2D cultures, the number of expression
changes of monolayers grown to a confluence of 60, 90 or N100%
were evaluated relative to monolayers with confluence of 30%.
Similarly, the number expression changes of spheroids grown to 0.4,
0.8, and 1.2 mm diameter (∅) and of xenografts grown to 400, 800,
and 1000 mm3 were calculated relative to spheroids with ∅ = 0.2
mm and xenografts with a volume of 200 mm3, respectively. The
number of gene changes for each of the intra-cultural comparisons is
indicated by the open arrow in Figure 3A. As illustrated in Figure 3B,
increment of monolayer confluence, spheroid diameter or xenograft
volume related directly to a larger number of gene expression changes.
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Significant expression changes with increased confluence in mono-
layer cultures were more numerous than changes in spheroids with
increasing diameter and tumors with increasing volume. Specifically,
the number of changes of smaller spheroids (i.e. ∅ = 0.2 mm vs.
∅ = 0.4 mm) and tumors (200 mm3 vs. 400 mm3) was more similar
than the number of changes in subconfluent monolayer cultures
(30% vs. 60%). These small spheroids and tumors differentially
expressed 307 and 91 genes, respectively. In contrast, 1113 genes
were differentially expressed between monolayers at a confluence of
30 and 60% (Figure 3A). However, the relative increment of
expression changes during spheroid culture and xenograft growth was
more pronounced than in monolayer cultures (Figure 3B).
Progression of the latter cultures from 60% to over-confluence
increases the number of expression changes relative to a 30% culture
2.8-fold (from 1113 to 3104). In comparison, progression of spheroid
cultures from∅ = 0.4 mm to∅ = 1.2 mm increased the number of
changes 4.4-fold (from 307 to 1354) relative to cultures with ∅ =
0.2 mm. In xenografts growing from 400 to 1000 mm3 the number
of expression alterations was 13.3-fold (from 91 to 1206) relative to
tumors with a volume of 200 mm3. These observations indicate
that the dynamic of themagnitude in expression changes differ when cells
are grown in 2D, 3D or as xenograft. Whereas the majority of changes in
2D cultures happen earlier during the culture, changes are more
pronounced at later progression points in 3D cultures and xenografts.

Identification of Intercultural Expression Changes
Alterations of the TPs of xenografts and spheroids as compared to

monolayer cultures with a confluence of 60 and 90% were calculated
(Figures 1C and 3C). Similar to the analysis of intra-cultural
transcriptional changes, a twofold change at minimum along with a
P ≤ .05 was considered significant. The number of genes altered by
growing the cells as spheroids or tumors was influenced by the
confluence of the monolayer culture. For example, the number of
significantly up-regulated and down-regulated genes in ∅ 0.4 mm
spheroids as compared to 60% monolayer cultures was 656 and 1088,
respectively. A comparison of the expression profile of these spheroids
with the profile of a 90% confluent monolayer yielded 596
down-regulated and 1857 up-regulated genes. Cells in xenografts
have a higher (min = 6490 and max = 9191) number of genes that are
differentially expressed from monolayers as cells grown as spheroids
(min = 1244 and max = 2636). This quantitative difference indicates
that the growing cells in 3D did not necessarily induce a phenotype
similar to cells grown as xenografts. To further understand the
potentially unique phenotypes represented by 3D cultures, we used
Ingenuity Pathway Analysis (IPA) to answer two questions. First, we
evaluated whether certain cancer functions are uniquely represented by
a specific 2D monolayer cell density, by 3D spheroid diameter or by
xenografted tumor size. Second, the analysis aimed to discern whether
certain cancer functions were reflected by 3D cultures in vitro and
xenografts but were absent in 2D cultures.

Are Certain Cancer Functions Only Represented by a
Specific 2D Culture Cell Density, 3D Spheroid
Diameter or Tumor Size?

The number of alterations in gene expression levels of the various
culture conditions and modalities reveal that the transcriptional
profile of H1650 cells not only varies in function of the mode of
culture but also during the evolution of culturing the cells within a
given culture modality. IPA revealed several potential signaling
pathways associated with the progression of cell culture. This
analytical algorithm identifies a set of relevant networks from a list
of genes. IPA uses the records maintained in the ingenuity pathway
knowledge base [11,12]. A calculated ‘activation Z-score [13]’ ≥ 2
reflects the significance of changes in expression of networks for a
given comparison of culturing methods.

As shown in Figure 4A, hypoxia inducible transcriptional networks
regulated by HIF1α, EPAS1 (encodes for HIF2α) and ARNT2 are
predicted to be activated with increasing size of spheroids and tumors.
Significant activation of HIF1α and EPAS1 was predicted when TPs
of spheroids with a diameter of 0.8 or 1.2 mm were compared to
spheroids with diameter of 0.2 mm and in large tumors (800mm3

and 1000mm3) compared to small tumors (200 mm3). Transcrip-
tional networks regulated by ARNT2 were only activated in spheroids
with diameter of 1.2 mm. Details of the expression patters of HIF1α
downstream genes under various culture conditions are depicted in
Figure 4B. Of note, the induction of hypoxia related transcription
happens exclusively during the culturing of tumor cells as spheroids
and as xenografts. Increasing the confluence of the monolayers does
not induce hypoxia related transcriptional regulators.

Examples of other cancer functions (Table 1) affected by the
progression of H1650 tumor cells in vitro and in vivo as identified by
IPA were associated with proliferation, angiogenesis, cell migration
and fatty acid synthesis. TPs associated with cell cycle progression and
mitosis become down-regulated as the 2D cultures progress. These
functions were unaffected by progression of the 3D cultures and
xenografts (Table 1A). Indeed, marked decreases in the expression of
genes associated with these biological functions (CDC25A, FOXM1,
CCNA2, CHEK1 and AURKB) were confirmed to be down regulated
with increased confluency of the culture (Supplementary fig. 1).
Upstream regulators that influence functions such as e.g. MYC, Rb
and E2F, are listed in Table 1B. While functions related to
proliferation and cell viability were inhibited during the progression
of monolayer cultures, activation was observed in 3D cultures and
xenografts with increment of their volume. TPs, related to cell
movement and migration, predict inhibition of these functions as 2D
cultures progress. In contrast, up-regulation was predicted for
progressing 3D cultures and xenografts. Functions associated with
angiogenesis followed a similar trend. Genes modulated in these
functions include ANG, APOE, CA9, CCR2, COL4A2, CTGF,
IL8, EGFR, FGFR1, FN1, ICAM1, LOX, MST1, TGFA, TGFB2,
TIMP2, TIMP3, and VIM (Supplementary fig. 2). Fatty acid
metabolism, a major function necessary for energy provision to tumor
cells [14], is also affected by the progression of cultures. In 2D
cultures, up-regulation is only predicted at 60% confluence but not at
90 and N100%. Up-regulation of these functions is seen for larger
spheroids and xenografts. In addition, IPA predicts major changes
during the progression of cultures of several interleukin pathways
(Table 1B). With the exception of IL6RN and IL27, these upstream
regulators are mainly unaltered or inhibited during progression of 2D
cultures but activated during progression of both 3D cultures and
xenografts. The latter finding is consistent with increased prolifera-
tion and viability.

Are Certain Cancer Functions Reflected by 3D Cultures In
Vitro and Xenografts but Absent in Monolayer Cultures?

We identified the signaling pathways that were significantly altered
in by culturing H1650 as 3D cultures in vitro. As shown in Figure
3C, the number of genes altered in 3D cultures as compared to
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monolayers varies with the diameter of the spheroids at the time of
sampling. This number increases as a function of the diameter
augmentation. The trend is clearly observed for the comparison of
spheroids with 60% confluent monolayers but is disappearing when
comparisons are made with 90% confluent monolayers. IPA
predicted activation of hypoxia related transcription regulators
(HIF1α, EPAS1, ARNT and ARNT2) for spheroids with ∅
N0.8 mm relative to monolayers with confluence of 60% (Figure 5).
Increase in only HIF1α and EPAS1 is predicted for spheroids
≥1.2 mm relative to monolayers with confluence of 90%. The
activation of hypoxia related transcriptions regulators in larger
spheroids is consistent with activation in larger tumors when both
were compared to 60% confluent monolayers. When compared to
90% confluent monolayers the activation is only seen in larger
spheroids. Genes modulated downstream of HIF-1α include
TGFA, ADM, CA9, ANGPTL4, APOE, LOX, IL8, and L1CAM
(Supplementary Figure 3).
IPA of intra-cultural comparisons showed several examples of

functions that were significantly and consistently up-regulated during
progression of 3D cultures and xenografts and not in 2D cultures. As
shown Table 2A, transcriptional networks associated with cellular
movement and migration functions were enriched in tumors
compared to monolayers. This enrichment was not observed when
3D cultures were compared to monolayers. Transcriptional networks
associated with interferon as upstream regulator were activated when
3D cultures were compared to monolayers (Table 2B). However, by
comparison of xenografts to monolayers an inhibition of these
upstream regulators was demonstrated. Comparing TPs of tumors or
3D cultures to monolayers showed respectively an up- or
down-regulation of transcriptional networks associated with
MAP-kinase signaling. TPs associated with TGF and Wnt-catenin
signaling as well as regulation of Epithelial Mesenchymal Transition
were up-regulated in 3D cultures and xenografts when compared to
monolayers.

Discussion
The presented analysis of TPs of cancer cells cultured as monolayers
or spheroids in vitro and grown as subcutaneous xenografts
demonstrated that these profiles were subject to changes as a function
of culture progression. A limited number of cancer functions were
uniquely attributable to the culturing in 3D. These findings are
relevant within the context of the rediscovered value of 3D cultures of
cancer cells in vitro as a supplementary tool to screen for efficacious
new cancer therapeutics.

The attrition rate of new cancer drugs in the clinic is as high as
98%. The lack of efficacy of these compounds is viewed as the major
reason for clinical failure [15,16]. Furthermore, the poor predictabil-
ity of preclinical models has been accentuated as a prominent culprit



Table 1. Examples of disease & functions (A) and upstream regulators (B) predicted By IPA to alter during progression of NSCLC H1650 (intra-cultural comparisons) in 2D and 3D cultures in vitro
or as xenografted tumors in vivo

The number in the table represents an activation Z-score. The arrow indicates the reference culture for comparison to the culture conditions indicated by *.
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for the inefficiency of the drug development cascade [17,18]. One
major purpose of preclinical models is to indicate the translatability of
a drug's efficacy towards the clinic [17]. A failure in design or
interpretation of these models can thus create the erroneous
anticipation of beneficial activity of a drug in the clinic. Although
there is no shortage of preclinical oncology models in vitro and in vivo
(for review see: [19–23]) none of them are capable of replicating all
aspects of cancer [24]. In view of the numerous types of cancer and
the range of disease progression from a few months (e.g. pancreatic
cancer, [25]) to several decades (e.g. colorectal cancer, [26]), it is
inconceivable that any preclinical model could mimic the disease in
its entirety. This improbability is further compounded by the
evolution of cancer lesions during progression [27] that can induce
variability of the cellular composition of lesions within the same
patient at the time of treatment. In addition, selection pressure
exerted by treatment can select for a relapsing tumor that remains
irresponsive to original treatment. Improvement of the predictive
capability of the preclinical model is therefore rather to be found in
the understanding of which aspect of cancer progression the model
represents than in an attempt to create an accelerated cancer
progression in experimental conditions.
The regained interest in 3D models is fueled by the notion that

these models can recapitulate the tissue architecture of the tumor
[4,23]. Because the tissue structure in which the tumor cell resides can
influence the cell's reaction to chemotherapy, the 3D models are
viewed as more indicative than 2D monolayer cultures of a
physiological response of tumor cells to chemotherapy. Indeed, the
microenvironment can influence e.g. apoptosis [28], proliferation
[29] and differentiation [30] of tumor cells. Although monolayer
cultures have been a reliable staple of phenotypic screening in the
cancer drug discovery for practical reasons, current technological
advances [8,31] have made it possible to use 3D cultures in
sufficiently high throughput to function as a replacement or
supplemental phenotypic screen. Nonetheless, there still remains a
major gap in the knowledge on how efficacy in these models translates
to efficacy in a clinical setting.

We demonstrated the variability of TPs in specific modes of culture
using models representing two distinct indications, NCI-H1650
(adenocarcinoma of the lung) and EBC-1 (squamous carcinoma of
the lung). The analysis was not designed to unravel the accuracy of
clinical translatability of one model over another but rather to
understand how the preclinical models may evoke different properties
of the same cancer cell. Our findings indicate that TPs and projected
pathway activation or deactivation (as defined by IPA analysis
reflecting up- or down-regulation of bio-functions and upstream
regulators) of cancer cells depends not only on the mode of culturing
but also on the progression of the culture. We found a limited
number of genes that were significantly altered by growing tumor cell



Table 2. Examples of disease functions (A) and upstream regulators (B) predicted By IPA to alter in H1650 3D cultures and tumor xenografts (inter-cultural comparisons) as compared to 2D cultures at
60 and 90% confluence

Numbers in the table represent an activation Z-score. The arrow indicates the reference 2D cultures for comparison to the culture conditions indicated by *.
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lines in 3D rather than in 2D cultures. Furthermore, the TPs of the
3D cultures bore a closer resemblance to those of 2D cultures than to
the profiles of xenografted tumors. The differences observed in gene
expression among the different modes and progression stages of
cultures provides an indication of pathway evolution with time, as
predicted by IPA. As shown in Supplementary Figures 1–3,
transcription modulation observed by microarray of multiple genes
involved in hypoxia, mitosis, cell cycle progression, angiogenesis, cell
movement (migration, invasion) were determined. We confirmed
that the trends in gene expression are reproducible and similar to the
changes predicted by IPA analysis. The purpose of this study was not
to define the biochemical activity of a specific pathway or individual
pathway mediators, but to demonstrate that not all culture conditions
are appropriate for determining targeted therapeutic agent response
in vitro and in vivo due to changes in phenotypic characteristics
and target expression. Based on our data, a priori knowledge rather
than assumption of the impact of culture modalities (in vitro or in vivo)
can be expected to better inform the investigator in the selection of
models and better define testing conditions for biochemical assays.
This type of transciptome comparison of various preclinical models
has rarely been documented. Cody et al. [32] found that by
comparing the TPs for chromosome 3 of ovarian cancer cells, the
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mode of preclinical culturing only moderately influenced the
transcriptome. The authors concluded therefore that using cultures
of ovarian cancer lines was suitable to characterize expression of gene
candidates underlying malignancy. Nonetheless, these findings are
not inherently inconsistent with the idea that 3D cultures may have a
higher likelihood of predicting effects of cancer therapeutics. Indeed,
response to cancer drugs is not necessarily related to altered gene
expression of the cancer cell. In this regard, the mimicry of a solid
tumor's histological configuration by a 3D culture can alter the
exposure of individual cells to chemotherapeutics. One major
resistance mechanism to anticancer drugs is the limited distribution
from blood vessels [33]. A 3D model can allow for the analysis and
optimization of a drug's flux and consumption [33]. For antibody
therapeutics, the 3D model allows for determining optimal affinity
for maximal distribution (e.g. barrier effect, [7]).
As opposed to 2D cultures, phenotypic properties of 3D cultures

such as cell to cell contact, formation of extracellular matrix, hypoxia
and cell cycle heterogeneity can influence the efficacy of chemo- or
radio-therapy [5,8,34]. Consequently, these properties can be
expected to be reflected by different transcriptomes of 2D and 3D
cultures. As our study suggests, one has to distinguish between
differences in 2D and 3D that are caused by merely aggregating cells
and differences that are a consequence of culture progression. While
differences in transcriptional profiling between monolayers and
smaller spheroids are negligible, predicted activation of pathways such
as hypoxia, angiogenesis, inflammation and differentiation occurs
when spheroids reach a diameter of approximately 0.8 mm. In other
words, influence of the former pathways on performance of an
experimental drug can only be expected when the 3D cultures reach a
critical size.
Now that technical difficulties to generate and analyze 3D cultures

are virtually eliminated these cultures can be used to aid drug
development. In addition to the 3D cultures in static conditions,
more complex systems are currently available. 3D models with cancer
cells co-cultured with fibroblasts [35], cells cultured on a specific
extracellular scaffold [36,37], cultures of integral tissue slices [38] as
well as organoid cultures derived from primary tumors [39] are
examples of models that attempt to present a cancer cell in a relevant
tissue background. Although 3D models have shown altered
responses to targeted therapies than cancer cells grown in monolayers
(e.g. trastuzumab [40] and EGFR inhibitors [41]), the question of
predictability of these models to the clinic still remains.
Development of cancer evolves over a period of months to several

decades. During this time the cellular composition of a neoplastic
tumor can drastically vary. Our results show that even the simplest of
3D models (static monocultures of established cancer cell lines) alter
their phenotype during progression. Consequently, the specific
pathophysiological aspects of the disease reflected by complex in vitro
models may not only depend on the nature of the model but also on its
progression over time.
In conclusion, differences in TPs of 2D and 3D cancer cell cultures

are subject to progression of the cultures. The relevance of the model
towards a cancer phenotype in the clinic is thus not necessarily given
by the mode of culturing cancer cells. The presented data challenge
the notion that a given model carries an inherent ‘predictiveness’
towards the clinical situation. At best the preclinical model may only
reflect limited aspects of malignancy. The transcriptome of 3D
cultures is consistent with the notion that these models are capable of
mimicking aspects of cancer such as e.g. hypoxia, activation of
angiogenesis, and differentiation signatures that are not reflected in
2D models. It should be emphasized that IPA analysis only reflects a
probability score of alterations in certain signal transduction
pathways. Nevertheless, the current study shows that successful
implementation of 3D models will necessitate exhaustive phenotypic
characterization to verify the relevance of implementing these models
for drug development.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neo.2017.06.004.
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