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Abstract

Cell cultures are widely used model systems. Some immortalized cell lines can be grown in either
two-dimensional (2D) adherent monolayers or in three-dimensional (3D) multicellular aggregates,
or spheroids. Here, the quantitative proteome and phosphoproteome of colon carcinoma HT29
cells cultures in 2D monolayers and 3D spheroids were compared with a stable isotope labeling of
amino acids (SILAC) labeling strategy. Two biological replicates from each sample were
examined and notable differences in both the proteome and the phosphoproteome were determined
by nano-liquid chromatography tandem mass spectrometry (nLC-MS/MS) to assess how growth
configuration affects molecular expression. A total of 5867 protein groups, including 2523
phosphoprotein groups and 8733 phosphopeptides were identified in the samples. The Gene
Ontology analysis revealed enriched GO terms in the 3D samples for RNA binding, nucleic acid
binding, enzyme binding, cytoskeletal protein binding, and histone binding for their molecular
functions (MF) and in the process of cell cycle, cytoskeleton organization, and DNA metabolic
process for the biological process (BP). The KEGG pathway analysis indicated that 3D cultures
are enriched for oxidative phosphorylation pathways, metabolic pathways, peroxisome pathways,
and biosynthesis of amino acids. In contrast, analysis of the phosphoproteomes indicated that 3D
cultures have decreased phosphorylation correlating with slower growth rates and lower cell-to
extracellular matrix interactions. In sum, these results provide quantitative assessments of the
effects on the proteome and phosphoproteome of culturing cells in 2D versus 3D cell culture
configurations.
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INTRODUCTION

Immortalized cell culture models are valuable resources for in vitroresearch. Given the
ethical limitations of working with human tissues, cell lines provide an essential /n vitro
alternative by which researchers may investigate mechanistic events in human and other
types of cells. (1) Some of the positive attributes of cell culture include the ability to control
culture conditions, ease of propagation, and relatively low cost. (2) While cell culture has
enormous value, there are also some disadvantages, namely the high passage number of
many commonly available cell lines, the effects of sustained growth in nonphysiological
conditions, and the lack of matched normal cell lines for the large cohort of available
cancerous cell lines. (1)

For adherent cells, the most common cell culture method for propagating cells is in two-
dimensions (2D). In this approach, cells are seeded on a solid substrate in a volume of
media. After a few hours, cells will attach to the surface and begin to propagate. For many
adherent cell lines, the cellular population will form an adherent 2D monolayer covering the
available surface area. They will be limited by contact inhibition and generally not grow in a
vertical fashion. (3)

Many of the adherent cell lines can also be grown as 3D multicellular structures or
spheroids. (4) To facilitate this configuration, adherent cells are grown instead in spinner
flasks, (5) in hanging drops, (6, 7) or on non-adherent plates.(8) Without a substrate to attach
to, the cells instead adhere to one another, forming a multicellular aggregate. Spheroids can
be grown from a wide variety of sources including endometrial cancer, (9) ovarian cancer (2)
(10), hepatocellular cancer,(11) and colon cancer (12). These models have proved to be
valuable surrogates, especially for tumor studies. (13)

3D cell cultures have been employed experimentally to examine cellular function and
phenotype. As an example, neuronal cells were found to more accurately model voltage
gated calcium channel functionality in freshly dissected nerve tissue when they were
cultured in 3D rather than 2D flat surfaces. (14) 3D cell cultures are also widely used to
evaluate the penetration and metabolism of new drug compounds. (10, 15-18)

An important reason that 3D cell cultures are often selected as the culturing configuration is
that they more closely mimic the chemical microenvironments /77 vivo. For example, ovarian
cancer cells cultured as multicellular aggregates have mRNA gene expression patterns that
more closely mimic /n vivotumors compared to 2D monolayers, especially if the 3D culture
is allowed to adhere to a collagen surface. (6) There is also evidence that 3D cultures
promote the viability of stem cells in culture. Human adipose-derived mesenchymal stem
cells (MSCs) were cultured in 2D monolayers or in 3D spheroids. The MSCs cultured in 3D
were found to secrete higher levels of antifibrotic factors like insulin growth factor 1 (IGF-1)
and interleukin-6 (IL-6), which are helpful in treating fibrosis. (19) Similarly, MSCs
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cultured in 3D spheroids instead of 2D monolayer cultures were found to survive better and
display improved therapeutic effects when injected in sites of acute kidney injury. (20) In
addition, Gaedtke et al. performed proteome analysis on low-passage colon carcinoma cells
cultured as multicellular spheroids versus monolayers, and identifies differences in protein
expression levels relevant to tumor cell proliferation, survival, and chemoresistance. (21)

Given these intriguing differences between 2D and 3D cultured cells, previous studies have
compared the global proteomes for the two types of cultures. The proteomes of 2D and 3D
cultured gliomas cells were quantitatively compared and notable differences were observed
in immune response pathways. (22) Hepatocellular carcinoma cells grown in 3D instead of
2D culture configurations showed differences in adhesion proteins and matrix
metalloproteinases expression patterns. (11) Similarly, human parotid gland cells expressed
higher levels of amylase and aquaporin proteins when cultured in 3D instead of 2D
monolayers. (23)

Just as the global proteomes of 2D and 3D cultures have been examined, phosphoproteomic
comparisons are also an area of interest. High-throughput phosphoproteome data could
provide valuable targets for pharmaceutical therapies because many pathological changes
occur at the phosphorylation level. Also, cellular processes such as DNA replication, cell
cycle, apoptosis, and migration are mostly controlled through phosphorylation. The
proteomes and phosphoproteomes of five glioma and six carcinoma cell lines grown in 2D
and 3D were analyzed using reverse-phase protein arrays (24). As well as comparing the
endogenous differences, the researchers also sought to determine the differences amongst
the cell lines in normoxic versus hypoxic conditions as well as comparing the differences
between 2D and 3D culture conditions. They determined that culture conditions (2D versus
3D) had a more striking effect on protein expression levels than the oxygen concentrations.
They also observed that seven proteins were more highly expressed in 3D than 2D culture:
FAK, AKT, SRC, GSK3AB, TSC2, MAPK14, and NFKBp65 and determined that seven
other proteins are commonly decreased: ATRIP, ATR, CTNNBL1, BCL2L1, CCNB1, EGR1,
and HIF1A. Given these pronounced differences, there is value in examining the expression
differences for 2D versus 3D cultures of commonly employed cell lines.

In this study, we examined the quantitative difference in the proteome and phosphoproteome
of 2D and 3D cell cultures of the colon carcinoma cell line HT29. This cell line can be
grown as an adherent monolayer or as 1mm spheroids. Using a stable isotope labeling of
amino acids (SILAC) labeling strategy with liquid chromatography mass spectrometry (LC-
MS), we quantified protein and phosphoprotein abundance differences in two biological
replicates. We determined that there are notable differences in the proteomic and
phosphoproteomic pathways in the two samples. In particular, pathways controlling growth
rate in the 3D cells were more reduced in expression as compared to 2D.

MATERIALS AND METHODS

Chemicals and Materials

HPLC grade acetonitrile (ACN) and HPLC grade water were purchased from B & J Brand
(Honeywell Burdick & Jackson, Muskegon, MI). The water used in all experiments except
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LC-MS/MS sample preparation was obtained from a Thermo Scientific Barnstead
NANOpure™ Water Purification System (Thermo Scientific). Acetic acid (HAcO) was
acquired from Sigma-Aldrich (St Louis, MO, USA). Trifluoroacetic acid (TFA) was
obtained from Acros Organics (Belgium, NJ). Formic acid (FA, Optima LS/MS) and
phosphoric acid (H3POg4) were acquired from Fisher Scientific (Fair Lawn, NJ). Cell lysis
buffer reagents including urea, sodium chloride (NaCl), Trizma Base, sodium fluoride
(NaF), B-glycerophosphate disodium salt hydrate (C3H7Nay,OgP-xH,0), sodium
orthovanadate (Na3O4V), sodium pyrophosphate tetra-basic decahydrate (Na;O7P,-10H,0),
and phenylmethylsulfonyl fluoride (PMSF) were obtained from Sigma-Aldrich (St Louis,
MO, USA). Complete protease inhibitors cocktail tablets mini (EDTA-free) were acquired
from Roche Diagnostics (Mannheim, Germany). Reagents needed for tryptic digestion
including dithiothreitol (DTT), iodoacetamide (IAA), calcium chloride (CaCl,) were
acquired from Sigma-Aldrich (St Louis, MO, USA). Reagents used to make SCX and
immobilized metal affinity chromatography (IMAC) buffers including potassium phosphate
monobasic (KH,POy,), potassium chloride (KCI), potassium phosphate dibasic
(KoHPO4-3H,0) were obtained from Sigma-Aldrich (St Louis, MO, USA). Ammonium
bicarbonate (NH4HCO3) was ordered from Sigma-Aldrich (St Louis, MO, USA).

Cell Culture and Trypsin Digestion

The colorectal cancer cell line HT-29 was purchased from the American Type Culture
Collection (ATCC, Manassas, VA). These cells were used within three months of
resuscitation of frozen aliquots thawed from liquid nitrogen. The provider assured the
authentication of this cell line by cytogenetic analysis.

HT-29 cells were cultured in McCoy’s 5A media supplemented with 10% fetal bovine serum
and grown in 5% CO, at 37 °C. For the 2D monolayer cultures, 2 x 10° cells were seeded in
T-75 flask. For the 3D spheroid cultures, 3000 cells were seeded in 96-well ultra low
attachment plates to form multicellular aggregates. In biological replicate 1, the 3D
spheroids were cultured in “heavy” SILAC media while the 2D monolayer culture was
grown in “light” media. The SILAC heavy media contained heavy arginine (:3Cg, 15N,) and
lysine (3Cg, 1°N,) (Isotec, Sigma) while the light media contained the naturally occurring
isotopes of arginine and lysine. In biological replicate 2, the 2D monolayer was cultured in
heavy media and the 3D spheroids were grown in light media. For each biological replicate,
the 3D culture is a pooled sample of 180 3D spheroids that were grown separately, and the
2D culture is pooled sample of 3 dishes of monolayer cells that were grown separately.

The 2D monolayer cells were grown to 80% confluence then rinsed twice with ice-cold
phosphate buffered saline and lysed with 8M urea lysis buffer. Every 10 ml of lysis buffer
contains 8 M urea, 75 mM NaCl, 50 mM Tris-HCI (pH8.2) (Sigma-Aldrich), 1 mM NaF, 1
mM B-glycerophosphate, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 1
mM PMSF, and 1 tablet of EDTA-free protease inhibitors cocktail. The 3D spheroids were
grown for 10 days to a final diameter of 800 pm and harvested with 200 pl of lysis buffer per
60 spheroids. Cells were lysed with 1 min of sonication followed by 2 min rest intervals,
repeated three times. The cell lysates were centrifuged for 10 min at 2500 g to remove cell
debris and the total protein concentrations were determined with the bicinchoninic acid
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(BCA) protein assay kit (Thermo Scientific Pierce, Rockford, IL). After the BCA assay,
proteins from the 2D monolayer and the 3D spheroids were mixed in a 1:1 (light: heavy)
ratio. A 500 pg protein sample from each biological replicate was allocated for the
proteomic profiling and 3 mg of proteins was used for phosphoproteomic analysis.

Western Blot

A 20 ug protein sample from each of the harvested cell lysates was run on a NUPAGE SDS-
PAGE 4-12% gel (Life Technologies, Carlsbad, CA) for 1 hour. Proteins were transferred to
a nitrocellulose membrane using transfer buffer (Life Technologies, Carlsbad, CA)
containing 10% methanol. Transfer conditions were 25V, 500mA for 90 minutes after which
the membrane was briefly washed with DI water. A buffer containing 5% Non-fat dry milk
in 1x PBS was used for antibody incubation and washes. Primary antibodies against Rb1,
MCMS5, p-Rb1 (Ser 807/811) (Santa Cruz Biotechnology, Santa Cruz, CA), UQCRCL1
(Abcam, Cambridge, MA) and COX IV (loading control) (Cell Signaling Technology, MA)
were diluted between 1:250 to 1:1000 in milk buffer. The membrane was incubated in
primary antibody at RT for 1 hour on a rocking platform. The membrane was rinsed 3 times
for 10 minutes each in milk buffer. The secondary antibody, HRP anti-mouse or rabbit
(Jackson ImmunoResearch, West Groove, PA), was diluted 1:10,000 in milk buffer and
incubated with the membrane for 1 hour at RT on a rocking platform. Membrane was rinsed,
as above, with a final rinse of DI water. Chemiluminescent substrate (Thermo Scientific,
Rockford, IL) was incubated with membrane for 5 minutes. Solution was removed and
membrane was wrapped in plastic wrap. In a dark room, the membrane was exposed to
Kodak BioMax film (VWR, Radnor, PA) for 2 to 5 minutes. The film was then developed
using GBX developer and fixer (VWR, Radnor, PA).

Preparation of Mass Spectrometric Samples

To reduce disulfide bonds, protein samples were treated with 5mM dithioreitol (DTT) for 25
min at 56°C. To alkylate the cysteines, iodoacetamide (IAA) was added to a final
concentration of 14 mM and allowed to react in the dark for 30 min. To stop the alkylation
reaction, another 5mM aliquot of DTT was added and reacted in the dark for another 15
min. To achieve a final urea concentration of 1.8 M, the protein mixtures were diluted with
25 mM Tris-HCI (pH 8.2). Protein samples were digested with trypsin from bovine pancreas
(Sigma-Aldrich, St Louis, MO, USA) overnight at 37°C at a 50:1 protein to trypsin ratio in
the presence of 1 mM CaCl,. To stop the digestion reaction, trifluoroacetic acid was added
to a final concentration of 0.4% (vol/vol) and the samples were centrifuged at 2500 g for 10
min to remove precipitates. The peptides were then desalted by 500 mg reverse-phase C18
Sep-Pak solid-phase extraction cartridges (Waters Corporation, Milford, MA).

The two 500 pg peptide samples for proteomic were separated with high-pH reverse phase
separation with OASIS HLB 1cc Vac Cartridges with 30 mg sorbent per cartridge and 30 pm
of particle size from Waters Corporation (Milford, MA). In the HLB separation, the buffers
contained 10 mM NH4HCO3 and were adjusted to pH 10 with NH4OH. The IMAC enriched
samples were first washed three times with 3 mL of 80% acetonitrile/ NH4;HCO3 and
equilibrated with 3 mL of 1% acetonitrile/ NH4HCO3. The samples were then conditioned
with 0.5 mL of 1% acetonitrile/ NH4HCO3 and loaded onto the equilibrated HLB columns.
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The samples were washed with 3 mL of 1% acetonitrile/ NH4HCO3 to remove salts.
Stepwise serial elution was performed with 0.5 ml of each elution buffer in the order of 5%,
10%, 15%, 20%, 25%, 30%, 35%, and 80% acetonitrile/NH4HCO3. Eluates were collected
in an Eppendorf tube containing 25 ul of 100% formic acid to acidify the phosphopeptides
and stabilize them. Forced air was used to accelerate the solutions passing through the HLB
cartridges. To minimize LC-MS/MS analysis time, fraction numbers were combined with
5% mixed with 25%, 10% mixed with 30%, 15% mixed with 35%, and 20% mixed with
80% acetonitrile/NH4HCOg3 fractions. The resulting HLB fractions were lyophilized and
desalted with C18 ZipTips prior to LC-MS/MS analysis. ZipTips were not used if working
with trap column.

Enrichment of Phosphopeptides for Mass Spectrometric Analysis

To prepare the samples for phosphoproteomic analysis, the IMAC-HLB protocol was used
as previously described.(25) Phos-Select iron affinity gel (IMAC beads) were purchased
from Sigma-Aldrich (St Louis, MO). The beads were washed three times with a 10x volume
of IMAC binding buffer composed of 40% acetonitrile and 25 mM formic acid in water. The
beads were then resuspended in the binding buffer to generate a 50% gel slurry. The 3 mg
peptide mixture was incubated with vigorous shaking for 60 min at room temperature in 120
uL of the IMAC binding buffer and 10 pL of the IMAC slurry in a 100:1 peptide-to-IMAC
ratio. Following the incubation, the IMAC beads were washed three times in IMAC binding
buffer to eliminate any non-specific binding. To elute the phosphopeptides, the IMAC beads
were rinsed three times at room temperature with 40 pL of elution buffer (50 mM
K,HPO4/NH4OH, pH10) while shaking. A solution of formic acid (40 pL of a 10% solution)
was added to acidify the solution immediately after the elution. The second round of IMAC
enrichment was performed with the IMAC flow-through from the first round of IMAC
enrichment and the third round was performed with the flow-through from the second round.
After three rounds of IMAC, the peptide solution was separated with the high-pH reverse
phase (HLB) separation as previously described in the proteomic sample preparation. The
HLB fractions were lyophilized and desalted with C18 ZipTips prior to LC-MS/MS
analysis.

Mass spectrometric analysis—Prior to tandem mass spectrometric analysis (MS/MS),
all peptide samples were lyophilized and resuspended in a mass spectrometry loading buffer
(1% HPLC grade acetonitrile, 0.1% formic acid in HPLC grade water), and analyzed with a
Q-Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) coupled to a
nanoACQUITY Ultra Performance LC (UPLC) system from Waters Corporation (Milford,
MA). The peptide samples were injected onto a C18 reverse phase column (100 pm x 100
mm, 1.7 pm particle size, BEH130) (Waters Corporation, Milford, MA) with 97% buffer A
(0.1% formic acid in water) and 3% buffer B (0.1% formic acid in acetonitrile). A 73-min
linear gradient was used to separate the peptides, with the gradient changing from 3% to
40% buffer B for non-enriched samples, and 3% to 30% for phosphopeptide enriched
samples, at a flow rate of 2000 nL/min. The mobile phase composition was then maintained
at 85% buffer B for 5 min before being re-equilibrated with 3% buffer B for 10 min before
the next run.
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A nanoelectrospray source was used on the Q-Exactive and was operated at a source voltage
of 1.8 kV. The ion transfer tube temperature was maintained at 280 °C. Full MS scans were
acquired with an m/zrange of 350-1800 in the Orbitrap mass analyzer with a mass
resolution of 70000 at /7/z=200. The automatic gain control (AGC) value was set at 1x10°,
with maximum fill times of 250 ms. For MS/MS scans, the top 12 most intense parent ions
were selected with an 2.0 m/zisolation window and fragmented with a normalized collision
energy (NCE) of 30%. The AGC value for MS/MS was set to a target value of 1x106, with a
maximum fill time of 120 ms. Parent ions with a charge state of z=1 or with unassigned
charge states were excluded from fragmentation and the intensity threshold for selection was
set to 8.3x10%. Fragmentation was performed with an HCD collision cell (mass resolution
35000 at m/z=200). A dynamic exclusion period of 20s was used after 1 repeat count. All
samples were run in technical duplicate.

Data Analysis—The .raw files acquired using the Q-Exactive were analyzed with
Proteome Discoverer 1.3 software (Thermo Scientific, Bremen, Germany) with MASCOT
2.2.4 as the search algorithm. The searches were against the SwissProt human database
modified with the addition of common contamination sequences (updated on 05/2012,
86758 sequences). The peptide false discovery rate (FDR) was calculated with searches
against the corresponding reverse database. Searches were carried out with a precursor
peptide mass tolerance of 10 ppm and a fragment ion mass tolerance of 0.02Da. Two missed
trypsin cleavages were allowed in the searches. Cysteine carbamidomethylation was set as a
fixed modification. Oxidation of methionine and phosphorylation of serine, threonine, and
tyrosine were all set as variable modifications. Any peptides that were the same mass but
with different oxidation states were treated as the same peptide in all data analysis in case
the oxidation was a result of sample manipulation. A value of 0.01 for the FDR was used in
all searches. Confident phosphosite identifications had PhosphoRS scores higher than 0.99.
The resulting peptide lists from the searches were exported to Microsoft Excel and Venn
diagrams were generated with the online tool Venny (http://bioinfogp.cnb.csic.es/tools/
venny/index.html). (26) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis and Gene Ontology (GO) analysis was performed with R package Cluster Profiler.
(27) Network analysis was performed with Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING). (28) Only those proteins/phosphoproteins that were quantified
with more than 2-fold change in both biological replicates were used for GO, STRING, and
KEGG analysis. To maintain as much information of STRING network but avoid making the
network too complicated, the following interaction score cutoff were applied for each
network: 0.9 for up regulated proteome; 0.7 for down regulated proteome; 0.9 for
uncorrected phosphoproteome; and 0.5 for corrected phosphoproteome. For GO analysis, the
p-value cutoff of 0.01 and g-value cutoff of 0.01 were applied for enriched GO terms.

RESULTS AND DISCUSSION

2D and 3D Cultured Cells Show Different Protein Expression and Phosphorylation

The differences in protein expression and phosphorylation levels between 2D and 3D
cultures were analyzed with a SILAC labeling strategy. As illustrated in Figure 1, 2D and 3D
cultured cells were differently labeled with “light” or “heavy” amino acids and lysed
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separately to extract labeled proteins. In order to minimize the side effects from labeling, we
used a reverse label strategy and included two biological replicates. The cell lysates were
then mixed with a 1:1 ratio. After alkylation and trypsin digestion, the pooled SILAC
peptides were divided into two samples. One sample was fractionated with high pH reverse
phase columns for proteomic analysis. The second portion of the pooled sample was treated
with IMAC to enrich for phosphopeptides, and the enriched phosphopeptides were further
fractionated with high pH reverse phase column for mass spectrometric analysis of the
phosphoproteome (Figure 1).

We identified and quantified notable numbers of proteins and phosphoproteins from both the
2D and 3D samples. The identification and quantification results are summarized in Figure 2
and Table 1. We identified a total of 5867 protein groups, including 2523 phosphoprotein
groups and 8733 phosphopeptides. Among these identified results, 3348 were unique protein
groups, 1536 were unique phosphoprotein groups, and 4468 were unique phosphopeptides.
The overlap between biological replicates indicated good reproducibility of the experiment,
as 2492 out of 3348 unique protein groups (74.4%) and 987 out of 1536 unique
phosphoprotein groups (64.3%) were identified in both biological replicates (Table 1). Of all
these identifications, 319 protein groups were identified in both non-phosphorylated and
phosphorylated states (Figure 2B). In order to compare the protein expression and
phosphorylation levels in the 2D and 3D culture systems, we screened for those that are
quantifiable in both biological replicates. This analysis revealed 2245 quantifiable protein
groups, 801 quantifiable phosphoproteins, and 1534 quantifiable phosphopeptides that were
quantifiable in both biological replicates. Among these, in the 3D culture system, we
quantified 225 protein groups and 73 phosphoproteins, corresponding to 120
phosphopeptides were up regulated. By contrast, 116 protein groups and 236
phosphoproteins corresponding to 374 phosphopeptides were down regulated at least two-
fold (Table 1). For the phosphoproteins that were identified with their non-phosphorylated
counterparts, a correction with the non-phosphorylated protein expression was performed to
determine the corrected phosphorylation levels, which showed that 29 phosphoproteins and
59 phosphopeptides were up regulated in 3D cultures, while 80 phosphoproteins and 130
phosphopeptides that were down regulated in 3D cultures with the corrected
phosphorylation levels (Table 1). The complete lists of up and down regulated proteins are
detailed in the Supporting Information.

A previous report by Poland et al examined the differential proteome by combining 2-
dimensional gel electrophoresis with MALDI to compare proteomic differences between 2D
and 3D conditions, using the same cell line as we used in this research. (29) The authors
reported that 14-3-3 B, 14-3-3 1, a-Tubulin, p-Tubulin, and Rho-GDI were down regulated
in 3D cultures, while calreticulin precursor and peroxiredoxin were up regulated in 3D
cultures. Our data agrees well with all these findings, indicating good reproducibility for
comparing 2D and 3D cultures. In addition, our dataset identified more protein targets as
well as provided the phosphorylation information that was absent from Poland et al.’s work.
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Observed Differences Between 2D and 3D Cultured Cells are Reproducible in Biological

Replicates

The data quality of the mass spectrometric proteomic analysis and the reliability of the
identified and quantified protein groups and phosphopeptides were examined by comparing
the two biological replicates for each analysis (Figure 3). The overlap between biological
replicate 1 and biological replicate 2 shows 2492 identifiable protein groups, and 2245
quantified protein groups (Figure 3A & Table 1). The correlation of biological replicate 1
and biological replicate 2 showed a linear trend and the R squared value is 0.816, indicating
a high correlation between the two biological replicates (Figure 3C). Interestingly, most of
the quantified protein groups did not show much change between the 2D and 3D cultured
cells (Figure 3E & G). Two-fold change was selected as a threshold value to determine
whether a protein has differential expression levels or not in the 2D and 3D cultured cells.

The data quality of phosphoproteomic analysis is shown in Figure 3B, D, F, H. Similar to
proteomic analysis, the correlation of biological replicate 1 and biological replicate 2
showed a linear trend and the R squared value is 0.655 for phosphopeptides, indicating some
correlation between the 2 biological replicates (Figure 3D). The overlap between biological
replicate 1 and biological replicate 2 shows 1667 identified phosphopeptides, and 1534
quantifiable phosphopeptides (Figure 3B & Table 1), and most of the quantifiable
phosphopeptides did not show notable abundance changes between the 2D or 3D cultured
cells (Figure 3F & H). We chose two-fold change as the threshold to determine whether a
phosphopeptide has different expression level or not in 2D and 3D cultured cells.

One interesting observation is that the overall protein expression levels and phosphorylation
level show the contrary trend, with 225 up regulated protein groups and 116 down regulated
protein groups in 3D cultures, in contrast to 120 up regulated phosphopeptides and 374
down regulated phosphopeptides in 3D cultures. These data correspond to 59 up regulated
phosphopeptides and 130 down regulated phosphopeptides in the dataset with
phosphorylation levels corrected by corresponding non-phosphorylated counterparts (Table
1). Although the distribution of fold changes for both protein groups and phosphopeptides
shows a fitted Gaussian distribution for each biological replicate and did not show shifting to
one side (Figure 3E & F), the overlapping segment with protein groups and phosphopeptides
quantified in both biological replicates shows a decreased overall phosphorylation level in
3D cultures.

Western blot analysis was performed in lysates harvested from an additional 3D and 2D
biological replicate to verify the abundance of selected proteins. The proteins MCM5, Rb1,
and p-Rb1 were down regulated in the 3D cultures as compared to the 2D cultures. In
comparison, UQCRC1 was shown to be up regulated in 3D cell culture when compared to
2D. These results are shown in Figure 4 and match the SILAC results obtained.

Gene Ontology and Network Analysis for Protein Groups

Gene Ontology (GO) analysis was performed to examine the gene functions in the up and
down regulated proteins with more than two-fold expression changes in the 3D cultures
(Table 2). The enriched GO terms indicate that the proteins with differential expression in
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2D and 3D cultures are primarily correlated with RNA binding, nucleic acid binding,
enzyme binding, cytoskeletal protein binding, and histone binding for their molecular
functions (MF). While for the biological process (BP), the differences mainly exist in the
process of cell cycle, cytoskeleton organization, and DNA metabolic process. On the other
hand, for cellular components (CC), the enriched GO terms between 2D and 3D cultures that
differ include nuclear part, organelles, nucleus, as well as cytosol, cytoplasm, and
cytoskeleton components.

To determine the possible protein-protein interactions, those proteins that have more than
two-fold expression changes in 3D versus 2D cultures were analyzed by STRING (Figure
5). The proteins that are up regulated in 3D cultures show several clusters. One large cluster
is composed of protein components in the mitochondrial respiratory chain complex,
including NDUFA1 (NADH: ubiquinone oxidoreductase subunit A1), NDUFS5, NDUFSS,
SDHA (succinate dehydrogenase complex iron sulfur subunit A), SDHB, SDHC, etc. This
cluster contains components that mainly function in the mitochondrial respiratory chain, and
are involved in energy conversion in mitochondria. Another large cluster includes interferon
related proteins, including 1SG15 (interferon-stimulated protein, 15 KDa), IFIT1 and IFIT3
(interferon-induced protein with tetracopeptide repeats 1, and repeats 3), etc. These proteins
are functional in pathways to regulate the energy supply for cells. The up regulation of these
protein networks in 3D cultures indicate that in 3D spheroids, cells are undergoing more
oxidative phosphorylation and are providing more energy to support cell functions. By
contrast, the proteins down regulated in 3D cultures contains the MCM (minichromosome
maintenance complex) family proteins, including MCM 2, 3, 4, 5, 6, 7, and MCMBP (Figure
5B). The MCM proteins are essential for initiation of eukaryotic genome replication, (30)
and the down regulation of MCM proteins in 3D cultures indicates that cell DNA replication
and cell proliferation is down regulated in 3D systems. This result is logical since in 3D
cultures the cell proliferation is restrained in the necrotic core, and cells are mostly quiescent
in the middle layer. (16, 17, 31-39)

The KEGG pathway analysis of proteins showed similar trends (Figure 6). The up-regulated
pathways in 3D cultures include the oxidative phosphorylation pathway, metabolic
pathways, peroxisome pathways, and biosynthesis of amino acids (Figure 6A). The
peroxisome pathways are crucial for biosynthesis of ether lipids, (40) which is an important
composition of cell membranes. Up regulation of these pathways will provide more energy
for cells to maintain their functions. On the other hand, the down-regulated pathways in 3D
cultures include DNA replication, cell cycle, and RNA transport (Figure 6B). Down
regulation of these pathways in 3D cultures would result in decrease of cell proliferation,
which is in agreement of the STRING network analysis. Tables of identified pathways are
detailed in the Supporting Information.

Network Analysis for Phosphoproteins

For the phosphoprotein dataset, only the phosphoproteins that have corresponding protein
information were used for network analysis, and phosphorylation levels were corrected with
the corresponding protein levels. The STRING algorithm was applied to phosphoproteins
that were either up or down regulated by more than 2-fold with their corrected
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phosphorylation levels. For phosphoproteins that have multiple phosphopeptides quantified,
only those that had same trends of up or down regulation for all quantified phosphopeptides
were used, and the phosphorylation levels were represented with the average value of all
quantified phosphopeptides from the same phosphoprotein. The STRING networks with
corrected phosphorylation levels are shown in Figure 7A, while the STRING networks with
uncorrected phosphorylation levels are shown in Figure 7B.

Some of the interesting phosphoproteins in the corrected network include MAPK1 (mitogen-
activated protein kinase 1), PTK2 (protein tyrosine kinase 2), and PAK4 (p21-activated
kinase 4), which were all down regulated in 3D cultures. The phosphorylation of MAPK1
regulates cell growth, adhesion, survival and differentiation. (41) PAK phosphorylation has
multiple roles including cytoskeleton regulation, cell motility, cell cycle progression, and
also apoptosis and proliferation. (42) PTK2, also known as FAK1 (focal adhesion kinase 1),
is essential for regulation of cell migration, adhesion, formation of focal adhesions, and cell
cycle progression. (43) The down regulation of phosphorylation levels on these proteins in
3D cultures as compared to 2D cultures correlate with the slower doubling time, and thus
slower growth rate, for the 3D cultured cells. They also indicate that the 3D cultured cells
have lower cell-to extracellular matrix interactions.

One interesting phosphoprotein, MSH6 (mutS homolog 6), was found only in the
phosphoproteome dataset but not in the proteome dataset. MSH6 is a DNA mismatch
repairing protein and is essential for repairing DNA. (44) Decreased phosphorylation levels
of MSH6 imply that in 3D culture, less MSH6 was required for DNA repair, which might be
a result of the slower growth rates for cells in 3D cultures, or because better resistance to
DNA damage for cells in 3D cultures. To analyze whether cells in 3D cultures are more
resistant to DNA damage, further research is required.

CONCLUSION

This is the first report of a large-scale comparison of 2D and 3D cell cultured systems
examining both the protein expression and phosphorylation levels. In this paper, we
identified 3348 unique protein groups and 4468 unique phosphopeptides from SILAC-
labeled 2D and 3D cultures. We quantified 225 up regulated and 116 down regulated protein
groups, and 120 upregulated and 374 down regulated phosphopeptides in 3D cultures in
comparison to 2D cultures. These protein groups and phosphoproteins interact with each
other and form complicated networks. These networks regulate cell functions such as
proliferation, cell cycle, DNA damage repair, and DNA replication, and metabolic. In
summary, our work suggests that in 3D cultures, cells have slower growth rates, require
more energy to maintain cellular functions, have less DNA replication and fewer cells are
progressing in cell cycle. Given that many biomedical studies have been performed in 2D
instead of 3D cultures over the years, our study provides an assessment of the proteins and
pathways that should be reevaluated from studies conducted from cells grown in 2D
monolayers. While 2D cultures are a valuable model system, this study clearly indicates that
there are substantial proteomic and phosphoproteomic differences when cells are cultured in
3D instead of 2D. Given the fact that /n vivo, cells do not proliferate and expand as rapidly
as 2D cultures, as evidenced by the fact that tissues remain constant in size, the 3D cultures
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are better representations of /7 vivo conditions. The results presented in this study might be
applied to many areas of /n vitro study such as drug screening and aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Workflow for the experiments. HT29 cells were grown either as a 2D monolayer or in 3D
spheroids in two biological replicates. In one biological replicate, the 3D spheroids were
labeled with the heavy SILAC media while the monolayers were prepared in light SILAC
media. Reverse labeling was used for the second biological replicate. Proteins were
harvested from the 2D and 3D samples in each biological replicate and combined ina 1:1
ratio. The combined protein fractions were then aliquoted for proteomic and
phosphoproteomic enrichment, with 500 pg used for the proteomic analysis and 3 mg of

protein allocated for the phosphoproteomic enrichment. The proteins were then reduced and
alkylated prior to tryptic digestion. For the proteomic analysis, peptides were fractionated on
HLB reverse-phase columns and then analyzed by LC-MS/MS. For the phosphoproteomic
analysis, peptides were enriched first by three rounds of IMAC, followed by high pH reverse
phase fractionation prior to LC-MS/MS analysis, as described previously. (25)
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Figure 2. Distribution of Proteins and Phosphoproteins Detected
A) Numbers of proteins and phosphoproteins identified. TotalPro is the total number of

proteins detected in the proteome; UniquePro is the number of unique proteins that were
only detected in one biological replicate; OverlapPro is the number of proteins that were
identified in both biological replicates; QuantPro is the number of proteins, identified in both
biological replicates with at least a Log?2 fold change difference in expression. The same
terminology is used for the phosphoproteome numbers. B) Venn diagram showing the
number of unique proteins identified in the proteome (blue circle) with the number of unique
phosphoproteins (yellow). The intersection shows proteins identified in both the proteome
and phosphoproteome.
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Figure 3. Data Quality Control
A) and B) Venn diagram showing protein groups or phosphoprotein groups detected in the

proteomic analyses of two biological replicates. C) and D) Scatter plot of the fold changes
for all protein groups or phosphoprotein groups quantified in both biological replicates in the
proteomic analyses. The solid line represents a 1:1 correlation between the replicates. The
dashed line is the calculated correlation in the dataset. E) and F) Theoretical normal
distribution of fold changes versus calculated distribution of fold changes for the proteome
or phosphoproteome dataset. G) and H) Box plots of the MaxQuant Log?2 fold change results
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for biological replicate 1 and 2 for the proteome or phosphoproteome dataset. Panels A, C,
E, G represent the results of proteome datasets, while panels B, D, F, H represent the result
of phosphoproteome datasets.
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Figure 4. Western blot verifiesrelative protein quantitation found in SILAC proteomic results
MCMD5, Rbl, and p-Rb1 were down regulated while UQCRC1 was up regulated in 3D cell

culture when compared to 2D. COX IV was used as a loading control throughout the
experiment. Protein amounts of COX 1V was confirmed to be constant using Image J.
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Figure 5. Networks of up or down regulated proteinsin 3D versus 2D in the proteomic dataset
A) Proteins that were up regulated with a fold change of at least Log2 in both biological

replicates in the 3D samples as compared to the 2D samples. The protein data was uploaded
to STRING and the functional protein interactions were predicted as a several protein
networks. B) Proteins that were down regulated with a fold change of at least Log2 in both
biological replicates in the 3D samples as compared to the 2D samples. The protein data was
uploaded to STRING and the functional protein interactions were predicted as a several
protein networks.
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Figure 6. KEGG Pathway Analysis
The up and down regulated proteins in the proteomic dataset were analyzed by KEGG

Pathway analysis to examine the expression changes in well-annotated pathways. A) The
table shows pathways enriched in the up regulated proteins groups in the 3D sample
compared to the 2D sample are shown, including their enrichment score. B) The table shows
pathways enriched in the down regulated proteins groups in the 3D sample compared to the
2D sample are shown, including their enrichment score. Many of the down regulated
pathways in the 3D versus the 2D sample are related to cell growth.
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Figure 7. Network of up and down regulated proteinsin 3D versus 2D in the phosphoproteomic
dataset

A) Corrected phosphoproteins that were altered with a fold change of at least Log2 in both
biological replicates in the 3D samples as compared to the 2D samples. The protein data was
uploaded to STRING and the functional protein interactions were predicted a protein
network. Up regulated corrected phosphoproteins in the 3D versus the 2D samples are
shown as large circles and down regulated corrected phosphoproteins are shown as small
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circles. B) STRING network of uncorrected phosphoproteins generated with similar
strategies as in A).
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Table 1

Page 24

Number of protein groups, phosphoproteins groups and phosphopeptides identified. All up /down regulated
proteins/phosphoproteins/phosphopeptides displayed at least a Log2-fold change in both biological replicates.

Number of Number of
Phosphoprotein Groups  Phosphopeptides

Description Number of
Protein Groups

Total 5867

Unique 3348

Identified in both bio- 2492

replicates

Quantifiable in both 2245

bio-replicates

Up-regulated in 3D 225

(2-fold cutoff) *

Down-regulated in 3D 116

(2-fold cutoff) *

2523 8733
1536 4468
987 1667
801 1534

73(29™%9 120 (597

236 (80 374 (130

*
Up-/down-regulated proteome/phosphopeptides are decided with 2-fold changes in both biological replications.

Aok

Indicate up-/down-regulated phosphoprotein groups or phosphopeptides corrected with their correspondent protein expression levels.
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Table 2

Enriched GO terms

Gene Ontology terms that are enriched between the 3D and 2D phosphoproteins datasets. All protein groups
that were changed more than Log2 either up or down regulated in the 3D compared to the 2D dataset were
included. GO terms for molecular functions, biological processes, and cellular components with p values <

0.01 and Q values < 0.01 are included.

Molecular Functions (MF)

protein binding
poly(A) RNA binding

RNA binding

nucleic acid binding

heterocyclic compound binding

organic cyclic compound binding

enzyme binding

cytoskeletal protein binding

macromolecular complex
binding

actin binding

histone binding

Biological Process (BP)

cellular component organization or
biogenesis

cell cycle

cytoskeleton organization

multi-organism cellular process

cellular response to heat
macromolecular complex assembly
cellular component assembly

regulation of catalytic activity

positive regulation of metabolic process
cellular response to stress

ribonucleoprotein complex biogenesis

response to heat

DNA metabolic process
endomembrane system organization
nucleic acid metabolic process
protein complex subunit organization
metabolic process

chromatin assembly or disassembly

actin cytoskeleton organization

Cellular Components
(o)

nuclear part

nuclear lumen

non-membrane-bounded
organelle

organelle lumen

membrane-enclosed
lumen

nucleus
intracellular part

nucleoplasm

intracellular
organelle part
macromolecular complex

intracellular membrane-
bounded organelle

cytosol
cytoplasm
cytoskeleton

adherens junction
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