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Abstract:

Hydrogel-based three-dimensional (3D) co-culture systems are emerging as biomimetic
platforms that more accurately recapitulate tissue architecture and microenvironmental
interactions compared to conventional two-dimensional (2D) cultures. This study introduces
an engineered 3D liver-like model to investigate compartment-specific responses to the potent
hepatocarcinogen Diethylnitrosamine (DEN), with a focus on early events in carcinogenesis and
tumor-stromainteractions. AML12 and 3T3 cell lines were treated with DEN or vehicle either in
2D culture or in 3D hydrogels in four experimental groups: (1) DEN-treated AML12 with
vehicle-treated 3T3, (2) DEN-treated 3T3 with vehicle-treated AML12, (3) both cell types DEN-
treated, and (4) both vehicle-treated. The cultured recombinants were subjected to proteomic
profiling via mass spectrometry, followed by bioinformatics analysis and the results were
validated through immunocytochemical staining (ICC). Gene ontology analysis revealed that
cytoskeletal, RNA metabolism, and scaffold/adaptor proteins were among the most significantly
enriched in 3D versus 2D models. Structural proteins emerged exclusively in mixed 3D co-
cultures, reinforcing the organotypic nature of the system. Enriched pathways in 3D included
intermediate filament organization, actin dynamics, and focal adhesion—pathways closely
associated with liver carcinogenesis. Protein-protein interaction analysis demonstrated maximal
network complexity in 3D cultures where both compartments were DEN-exposed. Survival
analysis further identified poor-prognosis biomarkers (KRT20, KRT15, KRT14) uniquely
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enriched in this condition. ICC staining supported the proteomic findings. This organoid-like 3D
co-culture model provides a physiologically relevant platform for investigating early-stage liver
carcinogenesis and highlights the critical role of stromal—epithelial interactions. Its ability to
replicate organ-level complexity and generate clinically relevant proteomic signatures supports
its utility in trandational cancer research and future drug discovery applications.

Keywords: 3D cel culture; Liver Carcinogenesis, Stromal-epithelial interactions, Mass
Spectrometry; Proteomics; Hydrogel based models; cancer modeling.

1. Introduction

The traditional 2D culture systems have long been used in cancer research but cannot ideally
mimic physiological conditions including inter- and intratumor heterogeneity and the
mechanisms involved in the initiation of cancer due to the lack of cell-cell communication and
cell-matrix interactions [1,2]. Alternatively, 3D cultures support the acquisition and maintenance
of a phenotype closer to the naturalistic phenotype and gene expression closer to the in vivo
tumors[3]. Moreover, 3D co-culture of hepatocyte and non-parenchyma cells has the potential to
represent in vivo liver activity in diverse functional states[4].

Conventionally hepatocellular carcinoma (HCC) is assumed to originate from carcinogen acting
on the epithelial cells [5] while stromal cells inhibit HCC by restraining cellular proliferation in
normal tissue and in the initial stages of carcinogenesis [6,7]. In the later stages of HCC,
malignant epithelial cells reprogram the tumor microenvironment (TME), and stromal cells
become not just active bystanders in the pathogenesis of HCC [8], but they are transformed into
cancer-associated fibroblasts (CAF) through paracrine signaling by the tumor and start playing
an important role in tumor initiation and progression [9]. An alternative approach to the initiation
of carcinogenesis revealed that stroma is the target of nitrosomethyl urea (NMU) in memory
gland carcinogenesis and hence postulated that altered tissue architecture is at the core of
carcinogenesis. Objectively, however the specific target(s) upon which carcinogenic agents act to
carry out neoplastic transformation in various tissues are yet to be identified [10].

Severa studies employing three-dimensional (3D) liver models have revealed stromal changes
induced by toxicants or fibrogenic stimuli, even when diethylnitrosamine (DEN) was not directly
tested. For instance, 3D hepatic co-cultures and spheroid models have demonstrated that
genotoxic agents can provoke extracellular matrix (ECM) remodeling, activate fibroblastic
components, and disrupt epithelial-stromal crosstalk, phenomena that reman largely
undetectable in traditional two-dimensional (2D) cultures [11,12]. These studies underscore the
unique capacity of 3D systems to capture cell-matrix and paracrine signaling events critical to
early carcinogenic processes. Like chemotherapeutics and fibrogenic agents, DEN—a classical
DNA-alkylating hepatocarcinogen—Iikely alters ECM-cell interactions, thereby contributing to
the initiation of a tumor-permissive microenvironment. Such disruptions are detectable only in
physiologicaly relevant 3D contexts, where spatial and mechanical cues are preserved [13].
Building on this conceptual framework, our spatial proteomics approach introduces anovel layer
by revealing zonated stromal-epithelial dysregulation following DEN exposure. Unlike prior 3D
studies that described global micro environmental shifts, our work dissects hepatic zone-specific
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protein alterations, offering new mechanistic insight into how regional stromal remodeling
contributes to DEN-driven hepatocarcinogenesis.

To reflect the target of hepatic carcinogens, a physiologically relevant model needs to be
devel oped and characterized. Only 20-50% of the transcribed genes are expressed into functional
proteins [3] and proteins are the final effectors of cellular machinery. Owing to the fact that the
proteomic changes often get overlooked as the cells arrange themselves into complex 3D
structures, we carried out proteomic characterization of 3D co-culture model in comparison with
the traditional 2D model. The superior 3D modd was then used to compare proteomic variation
in response to Diethylnitrosamine (DEN) (a potent liver carcinogen) in four different
experimental groups designed to identify the target of carcinogen and the overal protein
expression changes arising in response to the hepatic carcinogen. The results were validated
through immunocytochemistry. The findings of this study are expected to provide insightful
information about the identification of effective therapeutic targets and drug discovery regimes.

2. Materials and M ethods
2.1. Culture Maintenance

AML12 (Alpha mouse liver 12, CRL-2254) and 3T3 (mouse embryonic fibroblasts, CRL-1658)
cell lines were obtained from ATCC and cultured in 25 cm?® flasks (Corning, USA) according to
the manufacturer’s instructions. The base medium used for AML12 was DMEM: F12 (Gibco)
whereas 3T3 utilized DMEM (Gibco) only. Both mediums were supplemented with 10% FBS, 5
ng/ml selenium, 10 pg/ml insulin, 5.5 pg/ml Transferrin, and 40 ng/ml dexamethasone. For co-
culture experiments, mediums for both cell types were mixed in 1:1 and tested on each cell line
alone before being used in co-culture experiments to ensure appropriate growth and behavior of
cells. The culture medium was replaced every two days for all cell types. All cultures were
incubated at 37 11C and 5% carbon dioxide.

2.2. Carcinogen Exposure and Recombinant Culture

2D cultures of AML12 and 3T3 cells were separately exposed to Diethylnitrosamine (CAS # 55-
18-5, Sigma) at a concentration of 0.2 mg/ml for 4 hours. DEN was withdrawn after 4 hours and
cells were rinsed thrice with 1X PBS. Following three consecutive exposures, each separated by
an interval of 1 week, the cells were recombined into four distinct groups, keeping the ratio of
3T3to AML12 0.15:1 which mimics the approximate physiological ratio of stromal to epithelial
cells in the liver. Group 1 (CAML) consisted of epithelial cells (AML12) exposed to DEN and
stromal cells (3T3) exposed to vehicle (normal saline). Group 2 (c3T3) consisted of AML12
exposed to vehicle and 3T3 exposed to DEN. In Group 3 (cBoth) AML12 and 3T3 both were
exposed to DEN whereas in group 4 (An3n) both cell types were exposed to vehicle.
Recombinants were then grown as adherent 2D (as described above) and 3D cultures. For 3D
culture, cells were suspended in 1mL rat tail collagen and seeded in 24 well plates. The gels were
allowed to solidify for 30 min at 37 OC and 5% carbon dioxide. Culture medium (1mL) was
added to the solidified gels and the gels were detached from the walls and the bottom of 24 well
plates using a pipette tip. Cultures were maintained for 2 weeks, and the medium was changed
every 2-3 days.
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2.3. Sample Preparation for Mass Spectrometry

Cdlsin the 2D culture were detached with 2ml trypsin and centrifuged to obtain the cell pellet.
A protease phosphatase inhibitor cocktail from Sigma (cat # PPC1010) was added freshly to
RIPA buffer (Iml per 100 ml of extraction buffer) and added to the cell pellet.

The 3D gels were harvested and rinsed briefly with phosphate buffer saline (PBS). Afterwards, 2
mL of 0.125% collagenase (Fischer Scientific) was added to digest the collagen gel and release
the cells in the culture medium. The harvested cells were washed with PBS and centrifuged to
get the pellet. The pelet was homogenized in 250ul of RIPA buffer and freshly added mix of
phosphatase inhibitor 100X (Sigma Aldrich). The lysate was centrifuged at 14000 rpm and 4 [ 1C.
The supernatant was collected and quantified. Protein estimation for the samples from both 2D
and 3D culture was carried out through Bradford Assayas described by Bradford [10].

2.4. Strap protein digestion

Disulfide bond reduction was carried out by resuspending the cell pellet in 100 pl buffer (50 mM
ammonium bicarbonate (pH = 8), 5 mM DTT, 5% SDS) for 1 hour followed by alkylation with
20 mM iodoacetamide for 30 minutes, in the dark. A final concentration of 1.2% phosphoric acid
was then added to the sample. Samples were diluted in six volumes of binding buffer (10 mM
ammonium bicarbonate and 90% methanol). The protein solution was gently mixed and loaded
to a Strap filter (Protifi) and centrifuged for 30 sec at 500g. After washing the samples twice
with binding buffer, 1 pg of sequencing grade trypsin (Promega) was diluted in 50 mM
ammonium bicarbonate and added into the S-trap filter and samples for digestion for 18 h at
37°C. Peptides were eluted in three steps: (i) 40 pl of 50 mM ammonium bicarbonate, (ii) 40 pl
of 0.1% TFA and (iii) 40 pl of 60% acetonitrile and 0.1% TFA. The peptide solution was pooled
and centrifuged for 30 sec at 1,000 g and then dried in a vacuum centrifuge.

2.5. Sample desalting

Prior to mass spectrometry analysis, samples were desalted using a 96-well plate filter
(Orochem) packed with 1 mg of Oasis HLB C-18 resin (Waters). Briefly, the samples were
resuspended in 100 ul of 0.1% TFA and loaded onto the HLB resin, which was previousy
equilibrated using 100 pl of the same buffer. After washing with 100 ul of 0.1% TFA, the
samples were eluted with a buffer containing 70 pl of 60% acetonitrile and 0.1% TFA and then
dried in avacuum centrifuge.

2.6. LC-MS/MS Acquisition and Analysis

Protein samples were resuspended in 10 pl of 0.1% TFA and loaded onto a Dionex RSLC
Ultimate 300 (Thermo Scientific), coupled online with an Orbitrap Fusion Lumos (Thermo
Scientific). A two-column system was used for chromatographic separation, consisting of a C-18
trap cartridge (300 um ID, 5 mm length) and a picofrit analytical column (75 pm 1D, 25 cm
length) packed in-house with reversed-phase Repro-Sil Pur C18-AQ 3 pm resin. Peptides were
separated using a 60 min gradient from 4-30% buffer B (buffer A: 0.1% formic acid, buffer B:
80% acetonitrile + 0.1% formic acid) at a flow rate of 300 nl/min. The mass spectrometer was set
to acquire spectrain a data-dependent acquisition (DDA) mode. Briefly, the full MS scan was set
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to 300-1200 m/z in the orbitrap with a resolution of 120,000 (at 200 m/z) and an AGC target of
5x10e5. MS/M S was performed in the ion trap using the top speed mode (2 secs), an AGC target
of 1x10e4 and an HCD collision energy of 35.

Proteome Discoverer software (v2.5, Thermo Scientific) using SEQUEST search engine and the
SwissProt mouse database (updated March 2024) were used to search proteome raw file. The
search for total proteome included fixed modification of carbamidomethyl cysteine and variable
modification of N-terminal acetylation. Trypsin with the allowance of two missed cleavages was
specified as the digestive enzyme. Mass tolerance was set to 0.2 Da for product ions 10 pm for
and precursor ions.

2.7. Statistical Data Analysis

The statistical analysis of the data was performed by importing protein groups from MaxQuant.
The analysis was carried out on Perseus v.1.6.10.50 after removing potential contaminants,
reverse database hits and protein identified by site, log2 transformation was carried out. The
samples wereinitially categorized into two groups depending on the culture type and then further
into four groups depending on the treatments. Proteins were further filtered to include only those
with at least three valid values in each group. Significance testing of protein LFQ intensities was
carried out by post hoc Tukey’s HSD test for oneway ANOV A with a p-value threshold of <0.05
(Benjamini-Hochberg FDR at 0.05) considered significant. Groupwise comparisons were carried
out using functional analysis tool. Principal component analysis was carried out to see the
differentiation of treated and control samples. Heatmaps were generated using Perseus
v.1.6.10.50, displaying protein intensities with non-supervised hierarchica clustering of rows.
Volcano plots were made to represent differentially expressed proteins.

2.8. Bioinfor matics Analysis

Overrepresentation analysis was performed using the clusterProfiler package in R to assess the
statistical significance of the enrichment. Additionally, the PANTHER classification system was
employed to identify and categorize the protein classes enriched in each group, providing further
insgghts into the functional roles of the DEPs within the biological context. Functional
associations or physical interactions between protein networks was visuaized using STRING
database and Cytoscape. The significant module for each network was obtained by MCODE
using default parameters. The clinical value of differentially expressed proteins was estimated by
converting 20 hub proteins to their human homologs using the “biomaRt” R package. Protein
expression of human homologous proteins corresponding to DEPs was matched with overall
survival using the UALCAN tool.

2.9. Immunocytochemistry

The gels sitting in 10% phosphate-buffered formalin were washed with PBS and changed to 70%
ethanol and stained with Carmine Alum overnight following a protocol described previousy
[14]. After staining, the whole mounts were dehydrated in 70%, 95% and 100% ethanol, cleared
in xylene and mounted with PermountTM (Fisher Scientific, Atlanta, GA).
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An antigen-retrieval method based on microwave pretreatment and 0.01 M sodium citrate buffer
(pH 6) was used as previously described [14]. Antibodies, including anti Ki67 antibody (Cat #
PA0118, Leica biosystems), Vimentin (Cat # NCL-VIM-V9, Leica biosystems) and E-Cadherin
(Cat# PAO0387, Leica biosystems) were used at 1:400, 1:1000, 1:1000-4000 dilutions,
respectively. The antigen-antibody reaction was visualized using the streptavidin-peroxidase
complex, with diaminobenzidine tetrahydrochloride (Sigma-Aldrich) as the chromogen.
Counterstaining was carried out with Harris hematoxylin. Images were captured with an
Olympus digital camera attached to an Olympus BX53 microscope. In this section, where
applicable, authors are required to disclose details of how generative artificial intelligence
(GenAl) has been used in this paper (e.g., to generate text, data, or graphics, or to assist in study
design, data collection, analysis, or interpretation). The use of GenAl for superficial text editing
(e.g., grammar, spelling, punctuation, and formatting) does not need to be declared.

3. Results
3.1. Identification of Deferentially Expressed Proteins (DEP)

In this study, protein samples isolated from cell cultures were analyzed through label free LC-
MS which led to the confident identification and relative quantification of total 5367 proteins
shared across all the biological replicates within experimental groups. After the filtration of
potential contaminants, only identified by site and reverse data base hits, 3972 proteins were
selected and divided into 4 groups (i) 3T3 treated with DEN and AML 12 treated with vehicle
(c3T3), (ii)) AML 12 treated with DEN and 3T3 treated with vehicle (CAML), (iii) Both AML12
and 3T3 treated with DEN (cBoth), (iv) both AML 12 and 3T3 treated with vehicle (An3n/Ctrl).
From this point onwards separate Log2 transformation of LFQ intensities of proteins in 2D and
3D groups was carried out. Both groups of 2D and 3D were separately subjected to filtration
based on 70% values in each group reducing the total number of proteinsto 3921 in 2D and 3827
in 3D. After filtration, post Hoc Tukey’'s HSD test for one way ANOVA was used to test the
significance of the expressed protein based on the difference between LFQ intensities of
treatment and control groups. In 2D culture, 20 proteins were found to be common between
trestment and control groups whereas 12, 64 and 85 proteins were significantly differentially
expressed in c3T3, cBoth and cCAML respectively. Among the differentially expressed proteinsin
CAML, 47 proteins were up regulated, and 40 proteins were downregulated, in c3T3 26 protein
were upregulated and 40 proteins were downregulated, in cBoth group 29 proteins were
upregulated and 37 proteins were downregulated. In 3D culture, 5 proteins were found to be
common between treatment and control groups whereas 42, 79 and 38 proteins were significantly
differentially expressed in c3T3, cBoth and cAML12 respectively. Among the differentialy
expressed proteins in CAML 17 proteins were upregulated and 23 proteins were downregulated,
in c3T3 31 proteins were upregulated and 13 proteins were downregulated, 39 proteins were
upregulated whereas 42 proteins were downregulated in cBoth group. Supplementary Table 1
represents the protein 1Ds, gene names and unique peptides of the perturbed proteins in treatment
and control groups.
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Venn Diagrams of 2D indicate that 50, 25 and 16 proteins were uniquely differentially expressed
in CAML, ¢3T3 and cBoth respectively. In 3D culture, 29, 24 and 59 proteins were uniquely
differentially expressed in CAML, ¢3T3 and cBoth (Figure 1 aand b).

cAML c3T3 CAML e3T3
50 3 25 29 1 24
20 5
12 16 3 : 2
16 59
cBoth cBoth
@ (b)

Figure 1: Differentially expressed and overlapping proteins (a) Ven diagram representing
differential & common proteinsin 2D; (b) Ven diagram representing differential and common
proteinsin 3D.

Heatmap of 2D represents heierarchical clustring of different treatment groups and comparsion
between different replicates in each group (Figure 2a). Principa component analysis of 2D
shows distinct spatial clustring with 36.7% contribution of PC1 and 16.5% contribution of PC2
to the variance (Figure 2B). Heatmap of 3D group is represented in figure 2C. PCA analysis of
3D shows that PC1 contributes 29.9% to the variance whereas PC2 contributes 20.1% to the
variance (Figure 2D). Volcano plots were generated to determine the number of differentially
expressed proteins for each group using a two-sided t-test with an FDR of 0.05 and mean -
log2(x) fold change of +1.0 (Figure 3 af).

PCA plot - top 500 variakle proteins
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Figure 2: Heatmap showing hierarchical clustering of different treatment groups under different
growth conditions. PCA plots are indicating separation between the different components; (a)
Heatmap 2D (b) PCA plot 2D (c) Heatmap 3D (d) PCA plot 3D.
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Figure 3: Volcano plots indicating significant differences in proteins between experimental
groups identified using a two-sided t-test allowing for an FDR of 0.05 and mean fold change of
log2(x)0+11.0 for; (a) 3T3 versus ctrl 2D; (b) 3T3 versus ctrl 3D; (c) AML 12 versus ctrl 2D;
(d) AML 12 versus ctrl 3D; (e) cBoth versus Ctrl 2D; (f) cBoth versus Ctrl 3D (Figure generated
using RStudio software loaded with the DEP package.

3.2. DEP’s I dentified in 3D Modd showed Marked Enrichment in HCC associated Protein
Classes

Functional enrichment analysis (Gene Ontology) of differentially expressed proteins was carried
out to identify sets of pathways relevant with the HCC phenotype. GO ontology using
PANTHER revealed that mgjority of the differentially expressed proteins (DEPSs) belonged to the
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classes of cytoskeletal, RNA metabolism and scaffold/adaptor proteins. Expression of these
protein classes was found to be stronger in al the groups of 3D (c3T3 14%, cAML 32% and
cBoth 17%) compared to 2D (c3T3 4.4%, cCAML1.70%, cBoth 4.4%). Moreover, structura
proteins were only expressed in mixed 3D cultures of AML12 and 3T3 which indicates closer
homology of 3D systemsto in vivo system. Within 3D, cAML showed the highest expression of
these protein classes hence a stronger association with the HCC phenotype (Figure 4 af).
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Figure 4. Pie charts generated through Panther represent protein classes. Each class is
represented by a specific color code.; (a) 3T3 2D; (b) 3T3 3D; (¢) cCAML 2D; (d) cAML 3D; (e)
cBoth 2D; (f) cBoth 3D.

3.3. Overrepresentation Analysis confirms HCC related pathway enrichment in 3D

GO analysis was performed in terms of ¢3T3, CAML and cBoth. In 2D, GO pathways were
found to be associated with snRNA processing, tRNA metabolic process, postsynaptic
endosome, nuclear-transcribed MRNA catabolic process and histone methyltransferase activity
(Figure 5a). In 3D, GO pathways were associated with intermediate filament and cytoskeleton
organization, actin filament organization, focal adhesion, cell-substrate junction, hydro-lyase and
carbon-oxygen lyase activity, guanyl nucleotide and ribonucleotide binding, GTP binding,
GTPase activity and protein localization (Figure 5b). GO analysis further validated that HCC
related pathways were better enriched under 3D condition.
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Figure 5. GO term analysis pink color indicates pathways enriched in 3T3 treated with DEN,
green color indicates pathways enriched in AML12 treated with DEN and brown color indicates
pathways enriched in the last group where both AML12 and 3T3 were treated with DEN; (a) GO
term Analysisfor 2D (b) GO term Analysisfor 3D.

3.4. Molecular Complex Detection (MCODE) Cluster Module Identified Keratin Cluster in
DEN Treated stromal-epitheial (cBoth) 3D model

Protein-protein interactions were generated by STRING with a medium confidence of 0.400.
cboth showed highest MCODE score of 4.0 with 78 nodes and 35 edges in 3D culture (Krt 14,
Krt 15, Krt 19, Krt 20). cAML and ¢3T3 shared the same MCODE score of 3.0. cAML showed
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37 nodes and 11 edges while c3T3 showed 42 nodes and 14 edges (Figure 6 a-f). From here
onwards only 3D cultures with three different experimental groups were selected for further

analysis since 2D cultures didn’t show promising results.
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Figure 6: Protein-protein interactions (a) cBoth 2D; (b) cBoth 3D; (c) cAML_2D; (d)
cAML_3D; (e) c3T3_2D; (f) c3T3_3D

3.5. Dysregulation of Keratin 14, keratin 15 and keratin 20 were Significantly Associated
with Poor Patient Survival

The survival analysis of genes presents in the top cluster of PPl network indicated that only 1
protein PXN (P < 0.0099) from c3T3 was associated with poor overall survival. Three genes
KRT14 (P< 0.026), KRT 15 (P < 0.022), KRT 20 (P<0.0012) from cBoth showed overall poor
survival in HCC patients (Figure 7 a-d).
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Figure 7: Survival analysis was carried out using UCLAN; (a) KRT20; (b) KRT 15; (¢) KRT14;
(d) PXN.

3.6. Dysregulated Keratin 8 and 18 show Maximum Divergence from Hepatocyte like
Character

Expression of proteins encoding normal hepatocyte character was obtained from another study
[15] was investigated in proteins expressed in 3D cultures. Proteins expressed in cultures treated
with carcinogen were compared to control group to observe the expression of aforementioned
proteins across different treatment groups. The heatmap was plotted on the basis of logFC values
(Figure 8). Seventeen out of Forty-two proteins were represented in this data. In CAML six
proteins namely, APOB (Apolipoprotein B), MAOA (Monoamine oxidase A), MAT2A
(Methionine Adenosyltransferase 2A), ITIH3 (Inter-alpha-trypsin inhibitor heavy chan 2),
KRT8 (Keratin 8) and KRT18 (Keratin 18) showed maximum divergence compared to the
control sample in cAML. In cBoth four proteins namely, CFB (Complement factor B), ALB
(Albumin), EPHX2 (Epoxide hydrolase 2) and SERPINC1(Serpin Family C member 1) showed
maximum divergence. In 3T3 seven proteins showed maximum divergence in expression
namely: EPHX1 (Epoxide hydrolase 1), PROX1 (Prospero homeobox 1), MAOB (Monoamine
oxidase B), CPS1(Carbomoyl phosphate synthetase), ITIH2 (Inter-alpha-trypsin inhibitor heavy
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chain), AMBP (Alpha-1-microglobulin percursor), MAT1A (Methionine Adenosyltransferase
1A).
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Figur e 8: Heatmaps showing divergence from Hepatocyte like character
3.7. Validation of Bioinformatics Analysisthrough | mmunohistochemical Assays

Immunocytochemical analysis of all DEN treated groups was carried out for tumor markers
(collagen 1V, PCNA, keratin 18 and E-Cadherin). Results indicated that the expression of
collagen 1V, PCNA and keratin 18 was lowest in An3n (both AML12 and 3T3 were treated with
vehicle), whereas highest expression was observed in cBoth (both AML12 and 3T3 were treated
with DEN. ¢3T3 and cAML showed intermediate levels of expression. E-Cadherin showed the
reverse pattern of expression consistent with the HCC phenotype. The untreated samples showed
highest level of

E-Cadherin with a gradual decrease in expression in CAML and ¢3T3, while the least expression
was observed in cBoth (Figure 9).


https://doi.org/10.1101/2025.05.17.654447
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.17.654447; this version posted May 22, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Lane 1: Control Lane 2: cAML Lane 3; ¢3T3 Lane 4: cboti

9]

Figure 9: Left to right Lane 1: Control; Lane 2: cCAML; Lane 3: c3T3; Lane 4: cBoth; (Row: A)
(PCNA) (Row:B) (Keratin 18) (Row:C) E-Cadherin (Row:D) Collagen IV

4. Discusson

For the last one century cancer has been understood to have arisen from mutations in epithelial
cells. The role of stroma in tumorigenesis and pathogenesis of cancer has long been ignored. It
is quite recent that stroma has been demonstrated to play a significant role in the occurrence and
progression of cancer through its intrinsic and acquired tumor related properties [16]. The
purpose of this study was to determine which culture condition (2D or 3D) is best suited to study
the initiation of HCC and whether the target of Diethylnitrosamine is liver epithelium or stroma
or both stroma and epithelium. For the fulfilment of these goals both stromal and epithelial cell
lines were exposed to DEN separately and then recombined into four different combinations. All
four recombinants were cultured under both 2D and 3D culture conditions. Each recombinant
cultured in 2D was compared to the corresponding recombinant in 3D culture to determine which
of the two culture types offers better niche for supporting a more in vivo like phenotype. Under
both culture conditions, all the recombinants (each containing DEN treated, stoma or epithelium
or both) were compared among themselves to determine which tissue compartment is the target
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of DEN. The results obtained are expected to provide new insights into the proteomic
permutations in liver caused by the exposure to DEN and the role of stroma in modulating these
proteomic variations.

The proteomic landscape of 3D cultures demonstrated distinct differences compared to 2D
cultures, reflecting their enhanced physiological relevance. Protein class distribution analysis
using PANTHER revealed that structural proteins, particularly those involved in extracellular
matrix organization, were significantly enriched in 3D hydrogel cultures across all three
recombinant groups. Protein classes closely associated with HCC such as cytoskeletal proteins,
RNA metabolism proteins and scaffold/adaptor proteins also showed stronger expression in 3D
cultures (c3T3 14%, cAML 32% and cBoth 17%) compared to 2D culture (c3T3 4.4%,
CAML1.70%, cBoth 4.4%) indicating that 3D culture supports stronger protein expression
patterns. The advantage of 3D culture system over 2D was also consistently reflected in GO term
analysis and protein-protein interactions using Cytoscape. Our findings are consistent with the
findings of another group [15] who have shown before that global proteomic analysis of primary
human hepatocytes in 3D cultures displayed greater temporal stability but higher sensitivity to
hepatic toxins as opposed to the 2D sandwich cultures that showed greater proteomic alteration
over the period of 14 days and lesser sensitivity to hepatotoxins. Hence 3D culture of liver cells
reflects greater metabolic capacity and competence compared to the 2D cultures [17].

MCODE revealed that Keratins (KRT 14, KRT 15, KRT 19 and KRT 20) exhibited the largest
network in DEPs of cBoth where both epithelial and stromal cells were exposed to DEN.
Kaplan-Meer (KM) analysis of cBoth further indicated that all the proteins (KRT 14, KRT 15
and KRT 20) in the cluster were associated with poor patient survival. These findings are
consistent with the literature that shows that various keratins are associated with different stages
of HCC. K19 is a marker of tumor invasion and poor prognosis in HCC [18]. K15 levels have
been found to be upregulated in most liver cancer cell lines [19]. KRT14 is also over expressed
in various cancers including melanoma of [20].

Keratins are the intermediate filament forming protein family, closely associated with occurrence
and progression of various cancers [20]. Keratin 8 and keratin 18 are the intermediate filament
proteins expressed in hepatocytes which act to protect the cell from mechanical stress and
provide structural stability. They have aso been found to potentialy increase the risk of HCC
incidence [21]. In our study, heatmap of divergence from hepatocyte like character indicated that
KRT18 was also downregulated. It has also been previously reported [22] that KRT18 interacts
with several structural proteins in hepatocellular carcinoma including plectin, which is a
multifunctional cytoplasmic cross-linked protein with multiple binding sites for cytoskeletal
components. It also serves to connect different cytoskeletal components to form a complete and
stable cytoskeletal network. In HCC, downregulated KRT18 contributes to cytoskeletal
disturbances, nuclear instability and vulnerability. Another study [23] reported that the crosstalk
between malignant epithelial cells and CAFs regulates the expression of keratin 19 in
biologicaly aggressive HCC, suggesting the role of keratins in stromal epithelial interactions
during the development of HCC. The role of keratins in liver cancer, particularly HCC has not
been extensively studied so far [19], possibly because most cancers including HCC have been
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viewed to arise from epithelial cells. As the recent studies are unveiling the role of stromain
cancer, role of keratins in HCC is also becoming more and more evident. To the best of our
knowledge thisis the 1% report indicating the potential role of keratin 14, 15 and 20 in relation to
HCC.

Moreover, no protein from cCAML was found to be associated with poor survival whereas only 1
protein paxillin (PXN) from ¢3T3 was found to be associated with poor patient outcomes. It has
also been reported before [24] that strong upregulation of PXN participates in ITGB1 regulated
cell cycle progression in HCC. PXN-ASI1-L has aso been identified to play oncogenic roles in
HCC [25]. These findings suggest that the DEN targets both epithelium and stroma and the cross
talk between epithelium and stroma is responsible for the initiation of HCC. The results of ICCs
also validate these findings.

5. Conclusions

In conclusion, cancers are not only composed of cancer cells alone rather they are complex
‘ecosystems’ consisting of multiple cell types and noncellular factors. Our study highlights the
power of 3D co-cultures of liver epithelial and stromal cells to replicate abiomimetic liver
model, providing a more accurate representation of the in vivo tumor microenvironment. Stroma
and epithelium when treated together with the carcinogen instead of either one of them getting
the carcinogen, give rise to disruption of the keratin proteins (14,15,18, 20) whose human
homologs are associated with poor survival. This underscores the translational relevance of our
model, which mimics key features of human liver cancer.

This further leads us to hypothesize that since stromal cells act a mechanical barrier to the
initiation of carcinogenesis by curtailing the aberrant cell proliferation, DEN exposure disrupts
this balance by simultaneoudly targeting both liver stroma and epithelium. This causes the
epithelium to break the mechanical barrier of stroma and recruit them as CAF and at the same
time CAF acts on liver epithelium to contribute to liver cancer progression. The interplay
between these compartments highlights the importance of stromal—epithelial interactionsin
carcinogenesis, reinforcing the potential of this 3D co-culture mode as a platform for studying
early tumorigenesis and testing therapeutic interventionsin liver cancer.
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