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Abstract

Three-dimensional cell cultures, or spheroids, are important model systems for cancer research
because they recapitulate chemical and phenotypic aspects of in vivo tumors. Spheroids develop
radially symmetric chemical gradients, resulting in distinct cellular populations. Stable isotopic
labeling by amino acids in cell culture (SILAC) is a well-established approach to quantify protein
expression and has previously been used in a pulse-chase format to evaluate temporal changes.

In this article, we demonstrate that distinct isotopic signatures can be introduced into discrete
spatial cellular populations, effectively tracking proteins to original locations in the spheroid,
using a platform that we refer to as spatial SILAC. Spheroid populations were grown with light,
medium, and heavy isotopic media, and the concentric shells of cells were harvested by serial
trypsinization. Proteins were quantitatively analyzed by ultraperformance liquid chromatography—
tandem mass spectrometry. The isotopic signatures correlated with the spatial location and the
isotope position do not significantly impact the proteome of each individual layer. Spatial SILAC
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can be used to examine the proteomic changes in the different layers of the spheroid and to
identify protein biomarkers throughout the structure. We show that SILAC labels can be discretely
pulsed to discrete positions, without altering the spheroid’s proteome, promising future combined
pharmacodynamic and pharmacokinetic studies.
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INTRODUCTION

There are roughly 150,000 new cases of colorectal cancer diagnosed each year in the United
States, and it remains the third most common cancer worldwide.12 Effective model systems
are needed to study the molecular changes that accompany the development and progression
of colon and rectal tumors. Equally important, there is a need to evaluate potentially new
therapeutics for these tumors. Evaluating both the pharmacokinetics and pharmacodynamics
of a new treatment is an important consideration and requires appropriate measurements.

In vivotumors have a complex microenvironment, and researchers have spent decades
developing different models to test the efficacy of novel treatments.3

Simplistic model systems, such as two-dimensional monolayer cell cultures, have
historically been used to evaluate new drug compounds.* Two-dimensional cell cultures
have many advantages, namely, versatility, cost effectiveness, and compatibility with high-
throughput assays.>~7 Although these systems are effective at gaining preliminary insights,
they lack the complexity of the tumor microenvironment. As a compromise between cost,
complexity, and simplicity, a three-dimensional cell culture, or spheroid, can be utilized.8°
Spheroids share many of the advantages described for two-dimensional monolayers but are
more accurate models of solid epithelial tumors.>~"-10 Their enhanced accuracy, compared
to that of monolayers, arises from increased numbers of cell—cell contacts and the presence
of radially symmetric chemical gradients. As a result, cells grown in three dimensions have
fundamentally different cellular responses from those in two-dimensional cultures, including
substantial differences in proteomic expression.11-17

Spheroids are unique three-dimensional cell culture models not only due to their distinct
chemical microenvironments, which mimic /n vivo tumors, but also due to their growth
patterns.>7+18 Spheroids grow in a radially symmetric fashion from a central aggregation of
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cells when seeded into a concave vessel in the presence of cell culture media. The concavity
of the growing vessel forces contacts between the cells, and they adhere to one another,
resulting in the spheroid structure. As the cells continue to divide, the spheroid will grow
outward in a radially symmetric fashion, with older cells near the central core and newer
cells dividing on the outer shells. As the spheroid grows in size, diffusion gradients develop,
limiting the movement of oxygen, nutrients, and other chemicals into the center of the
spheroid (Figure 1).519 Likewise, metabolic waste products and carbon dioxide accumulate
in the center of the spheroid due to reduced diffusion, driving down the pH in the center

of the spheroid to ~5, a difference of 2 pH units from the outer periphery in fully mature
spheroids.” The health of the cells changes in response to chemical microenvironments, and
distinct cellular populations develop.” In the center of the spheroid, where waste products
accumulate and the pH is acidic, a central necrotic core is formed. The cells on the outside
of the spheroid, where nutrients and oxygen are abundant and the pH remains at around

7, are proliferative and viable.” The spatial region between the proliferative outer rim and
the inner necrotic core experiences an intermediate chemical environment, and many of

the cells become senescent, resulting in a middle quiescent layer. These three layers, the
necrotic core, a quiescent middle layer, and a proliferating outer layer, are characteristic of
the spheroids and make them a valuable system to model the different cellular populations
present in a tumor. It is worth noting that while we, and others in the field, often describe
the cellular layers as distinct and sharp, their phenotypic properties also show a gradient
that correlates with a continuum of chemical changes. Therefore, while the three populations
show distinct characteristics, the “lines” demarcating them can be a bit blurred, as the
cellular gradients are a result of the chemical diffusion patterns. Understanding the chemical
properties of the three cellular populations is critical in advancing therapeutic development;
however, due to the nature of the diffusion patterns, this can be quite challenging and
requires techniques to separate the spheroid layers.

The different cellular populations in a spheroid can be isolated by a method called serial
trypsinization. Serial trypsinization involves the sequential peeling of cell layers from
spheroids through the use of dilute trypsin—a process analogous to “peeling an onion”.20
Spheroids are rotated or agitated in the presence of a dilute trypsin solution, causing
dissociation of the outer-most cellular layers from the spheroid. Cell culture medium washes
are interspersed with the trypsin incubations to limit the extent of dissociation and allow
collection of the isolated cells. Importantly, this process occurs in a controlled manner,

and we have verified that only the most peripheral layers of cells are removed with each
trypsin incubation.2! By regulating the trypsin incubation time, the number of cells removed
with each trypsin wash can be controlled.22 We have previously characterized both the
proteomic changes and drug metabolism in discrete spheroid populations, using the serial
trypsinization approach.23.24

Stable isotope labeling by amino acids in cell culture (SILAC) is a highly effective isotopic
labeling technique developed by the Mathias Mann group in the early 2000’s.2° This
technique introduces heavy isotope-labeled amino acids, typically lysine and arginine, to
cell culture medium. Cells grown in this medium metabolically incorporate the labeled
amino acids as the cells grow and divide. This type of metabolic labeling allows for multiple
differentially labeled samples to be combined immediately at a 1:1 level after cell lysis,
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eliminating variability that is often introduced when performing parallel sample preparations
all while allowing for quantification.2> Additionally, SILAC has been shown to have an
extremely high labeling efficiency, which makes this approach a robust quantification
technique.28

In the last few years, the idea of combining pulse-chase experiments with metabolic labeling
has become a powerful tool in determining protein turnover.2’-30 Pulse-chase SILAC,
referred to as pSILAC, has shown great utility for temporal studies.31-33 In this article,

we demonstrate the use of isotopic labeling for spatial studies, which we refer to as spatial
SILAC. We hypothesized that isotopic labels could be incorporated into the proteins of

the individual spheroid cellular layers by using timed cell culture medium pulses, because
of the unique and highly reproducible growing pattern of the spheroids. Ultimately, these
pulsed labels will create a spatial map of the spheroid’s proteome, tracing proteins back to
their layer of origin. As the cell’s chemical microenvironment is determined by its location
within a spheroid, and the addition of a chemical label is specific to the radial region

of the spheroid, and we are ultimately able to correlate a particular chemical label to a
particular layer within the spheroid. Therefore, any resulting proteomic changes associated
with a particular label can be inferred as resulting from that corresponding distinct chemical
microenvironment.

MATERIALS AND METHODS

Cell Culture and Tumor Spheroid Formation.

Two experiments were conducted: the first testing labeling specificity using duplex labeling
in the spheroid and the second testing the effect of label position variance with triplex
labeling. Both experiments followed similar sample preparation protocols. HCT 116 cells
were purchased from ATCC (Manassas, VA), cultured in McCoy’s 5A cell culture medium
(Life Technologies, Grand Island, NY), and supplemented with 10% fetal bovine serum
(Thermo Scientific, Gaithersburg, MD) and 1% L-glutamine (Invitrogen, San Diego, CA)
(Gibco).34 The cells were used within 2 months after resuscitation of frozen aliquots from
-80 °C.

Cells were passed into SILAC McCoy’s 5A cell culture media supplemented with 10%
dialyzed fetal bovine serum (Fisher Scientific, Pittsburgh, PA), 1% L-glutamine (Invitrogen,
San Diego, CA) (Gibco), leucine, and one of three combinations of labeled lysine and
arginine (Fisher Scientific, Pittsburgh, PA). Light-labeled cells were grown with 12C14N
lysine and 12C14N arginine. Medium-labeled cells were grown in 13C14N-labeled lysine and
13C14N arginine. Heavy-labeled cells were grown in 13C15N lysine and 13C15N arginine.
Cells were grown in an incubator at 37 °C with 5% CO». Cells were split every 3 days. The
cells were grown for 5 passages at a doubling time of 21 h, which surpasses the minimum
five doublings required to ensure that the SILAC labels were fully incorporated.34

Upon complete label incorporation, spheroids were prepared in an agarose-coated 96-well
plate. 7,000 cells per well were introduced to each well in 200 zL aliquots of media as
previously described in Hummon Lab protocols.35-38 Spheroids were incubated at 37 °C
with 5% CO». Starting on day 2, 50% of cell culture media were changed every 48 h.
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At day 4 and 8, the cell culture media were changed to different SILAC-labeled media.
After 12 days in the culture, tumor spheroids reached their maximum growth (~1 mm) and
were harvested for serial trypsinization. For the first duplex experiment, 900 spheroids were
prepared. For each population, 120 spheroids were used for serial trypsinization, and 60
were used for full lysis. The triplex experiment utilized a total of 600 spheroids, with 6
different combinations of labels grown.

Serial Trypsinization.

Serial trypsinization is a technique that utilizes dilute trypsin to dissociate the discrete layers
of cells from the spheroids.3® For both experiments, spheroids were collected from the
96-well plates, and excess media and debris were removed through aspiration. Sets of 60
spheroids were placed in 3 cm cell culture dishes and rinsed twice with 2 mL of PBS.

After washing the spheroids, all PBS was removed, and 1.5 mL of 0.05% trypsin/EDTA
solution, which was maintained on ice, was added to each plate of spheroids and placed
onto an orbital shaker set to 90 rpm for 3 min. The trypsin was then quenched with 1.5

mL of McCoy’s 5A cell culture medium containing FBS and allowed to rotate for an
additional 3 min. The cell suspension was collected into a fresh conical tube, avoiding the
remaining intact spheroids. After the cell suspension was removed, 1.5 mL of serum-free
McCoy’s 5A was added to the plates to wash away any remaining serum, which would
prevent further proteolysis. The suspension was collected and combined with the previously
collected aliquot. This process was repeated two additional times with all the collected
media combined, which constitute the outer layer of cells from the spheroid.

The middle quiescent cells were collected by repeating an additional 3 cycles of this process,
as shown in (Figure 2). To dissociate cells from the necrotic core, the remaining spheroid
portions were manually dissociated via pipetting. The cell suspensions for each layer were
then centrifuged at 4000xg for 5 min. The remaining supernatant was aspirated, and the
pellet was resuspended in 200 gL of high-performance liquid chromatography grade water
and transferred to a micro-centrifuge tube. The aqueous suspension was centrifuged again
for 5 min at 15000xg. This process was repeated twice to ensure that all excess cell culture
medium components were removed. The cells were then stored at —80 °C until they were
prepared for analysis by mass spectrometry.

Cell Lysis and Protein Extraction.

Reagents for cell lysis buffer were purchased from Sigma-Aldrich (St. Louis, MO),

and complete EDTA-free protease inhibitor cocktail tablets were purchased from Roche
Diagnostics (Mannheim, Germany). After either serial trypsinization or full spheroid lysis,
cells were lysed in an SDS cell lysis buffer containing 6% SDS in 50 mM Tris-HCI (pH

8), 1 mM sodium fluoride, 1 mM g-glycerophosphate, 1 mM sodium orthovanadate, and

1 tablet of the EDTA-free complete protease inhibitor cocktail. Cells were lysed using 250
L of lysis buffer and sonicated on ice for 1 min at 15% amplitude 3 times. The proteins
were clarified via centrifugation at 15000 rpm for 10 min and then quantified. Protein
concentrations were determined by performing a bicinchoninic acid (BCA) protein assay
(Thermo Scientific Pierce, Rockford, IL). Protein disulfide bonds were reduced with 5 mM
dithiothreitol for 30 min at 90 °C followed by alkylation with iodoacetamide acquired from
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Sigma-Aldrich (St Louis, MO). After quenching the alkylation reaction, SDS was added to
reach a final concentration of 5% prior to suspension-trapping.

Suspension Trapping (S-Trap) and Digestion.

Removal of SDS from the solubilized proteins was facilitated by suspension-trapping, which
was performed using S-Traps from ProtiFi (Farmingdale, NY). Samples were prepared
according to manufacturer’s protocol with slight modifications.4? In order to digest the
proteins, trypsin (from bovine pancreas, Sigma-Aldrich, St. Louis, MO) was added to a 100
mM tetraethylammonium bromide (TEAB) solution, centrifuged through the S-Trap, and the
flow-through trypsin was reloaded and allowed to digest overnight at 37 °C. The resulting
peptides were eluted per the manufacturer’s instructions and vacuum-centrifuged to dryness.

High-pH Reverse-Phase Fractionation.

To reduce sample complexity, peptides from the triplex experiment were separated using
high-pH reverse-phase fraction with an Oasis HLB 1cc 10 mg extraction cartridge (Waters).
Prior to fractionation, peptides were resuspended in 5 mM TEAB, and a Pierce quantitative
colorimetric peptide assay (Thermo Scientific) was performed in order to quantitate peptides
and pool samples for normalization. The peptide resuspension was adjusted to 20 mM
TEAB at pH 9. The column was conditioned with acetonitrile (ACN) and equilibrated with
10 mM TEAB (pH 9). The samples were applied to the column, washed with 10 mM TEAB
(pH 9), and eluted. The peptides were eluted into three fractions: 8, 15, and 50% ACN in 10
mM TEAB (pH 9). The fractions were then vacuum-centrifuged to dryness.

Chromatography and Mass Spectrometry Specifications.

All peptides were resuspended in 0.1% formic acid in water. For the duplex analysis,
peptides were resuspended at a concentration of 500 ng/gl. For the fractionated triplex
samples, peptides were resuspended at a concentration of 50 ng/zL. Samples were injected
via a Waters NanoAcquity liquid chromatography system coupled to a Q-Exactive HF mass
spectrometer (Thermo). A C18 NanoEase m/z Peptide UPLC BEH column (1.7 tm particle
size, 75 ym x 200 mm, Waters) was used and maintained at a temperature of 50 °C. The
autosampler was set to inject 4 i of each sample at a flow rate of 400 nL/min. The samples
were separated using a 185 min gradient utilizing solvent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in ACN), as depicted in Supporting Information Table S1.

Mass spectrometry analysis was performed on a Q-Exactive HF mass spectrometer operating
in a positive data-dependent acquisition mode. lons were formed via nano-electrospray
ionization. Full MS scans were acquired with a resolution of 60,000 with the AGC target set
to 3 x 108 and max IT 30 ms. The scan range was set at 375-1,575 m/z. Subsequent dd-MS2
resolution was set at 15,000 with AGC target 2 x 10° and max IT 19 ms. The top 20 ions
from precursor scanning were selected for fragmentation. The isolation window was set to
2.0 m/z, and the dynamic exclusion was set at 20 s.

Data Analysis.

Raw data files were searched against the Uniprot Human database using the Andromeda
search engine within MaxQuant version 1.6.2.10 and uploaded to the PRIDE server
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(https://www.ebi.ac.uk/pride/). The search settings were specified for mass analysis via

an orbitrap, with a first search peptide tolerance of 20 ppm and a main search peptide
tolerance of 4.5 ppm. The specified digestion enzyme was set to trypsin with a maximum

of two missed cleavages. The variable modification set included methionine oxidation,
asparagine, and glutamine deamidation and acetylation of the protein N-terminus. The only
fixed modification was cysteine carbamidomethylation. SILAC labels were specified for
quantitation, and matching between runs was allowed. The PSM and protein false discovery
rates were set at 0.01, and a minimum of two unique peptides were required to discriminate
sequences with shared peptides.

The resulting data were then filtered and analyzed using Perseus software. The two separate
experiments were analyzed separately with slight variations. The duplex labeling efficiency
was determined by examination of the “all peptides” file output from MaxQuant. The
MSMS label states were identified as either heavy, light, or both. The resulting peptides
were counted, and labeling efficiencies were determined by the number of peptides
identified by the specified label divided by all identified peptides. These results were

also compared to the corresponding mass intensities. To verify these values at the protein
level, the hierarchical clustering by Pearson’s correlation and principal component analysis
(PCA) was performed on filtered, normalized protein ratios. Protein ratios were filtered in
Perseus against proteins only identified by the site, matches to reverse sequences, potential
contaminants, and finally based on valid values where evidence counts were only kept

if they had a minimum of 70% data occurrence. The resulting 531 proteins were then
normalized using classical SILAC ratios from the pulsed labels. The resulting ratios were
then used for the hierarchical clustering by Pearson’s correlation and PCA.

After completing the analysis of the duplex spheroids, the triplex-labeled spheroids were
examined. To facilitate the analysis of the second experiment, the “protein group” file was
uploaded, and the normalized ratios for all three layers of the six spheroid populations
(excluding the outer layer of MLH due to sample limitations) were used to generate a
matrix. The matrix was filtered against proteins only identified by the site, matches to
reverse sequences, potential contaminants, and finally based on valid values where evidence
counts were only kept if they had a minimum of 70% data occurrence. The resulting

406 proteins were annotated and normalized by Z-scoring prior to undergoing PCA. The
hierarchical clustering was performed using the Pearson Correlation clustering.

RESULTS AND DISCUSSION

In this study, we utilized both a duplex and triplex SILAC quantitative proteomic approach
to label specific spatial regions of the spheroid proteome, using a platform we call spatial
SILAC. This method allows for the rapid identification of where a protein originated from
within the spheroid through a mass spectrometric analysis. Both experiments shed unique
light on the spatial SILAC platform, highlighting both its successes and potential pitfalls.

To validate whether spatial SILAC is a robust method for the three-dimensional cell culture,
two different experiments were completed to both test labeling specificity and to examine
the effects of varying labels in different positions. These spheroids are referred to as a
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duplex (labeled with two SILAC labels: heavy and light) or triplex (labeled with three
SILAC labels: heavy, medium, and light).

In the duplex spheroids (Figure 3a), the position of the heavy label was shifted among the
three possible positions (core, middle, or outer rim) with the other two positions labeled
with the light control media. Additional spheroids were also grown solely in either light or
heavy media as controls. This duplex labeling experiment was designed to examine label
specificity. In the triplex experiment (Figure 3b), spheroids were grown with three different
isotopic media (referred to as light, medium, and heavy) with each medium pulsed into
each position. There are six permutations, which are described in Figure 3b. All spheroids
were grown for 12 days, with the distinct isotopic media introduced as 3 four-day pulses
(media changed on days 0, 4, and 8) with harvesting on day 12 (Figure 3b). Roughly, the
first isotopic cell culture medium labels the central necrotic core of the spheroid, the second
pulse labels the middle quiescent region of cells, and the last pulse of media labels the outer
proliferative rim. To ease the referral of the labeling order, we have developed a naming
convention using the capital letter of each medium (H, M, or L) in the following order:

the core, middle, and outer rim. Therefore, a spheroid labeled HML would contain a core
labeled with the heavy isotopic media, medium isotopic media in the middle quiescent ring,
and light isotopic media in the outer proliferative zone.

For both experiments, isotopic labels were sequentially introduced in different orders

to facilitate a distinct labeling system, encompassing all possible permutations. These
spheroids underwent serial trypsinization to isolate the individual multicellular layers. These
separate layers were then lysed and prepared individually for bottom-up proteomic analysis.
The resulting protein identifications were used to compare the proteomes of similar spheroid
regions containing differing isotopic labels. In this study, we aimed to determine whether the
isotopic labels would migrate from their selective locations and whether the SILAC labels
remained consistent enough in their radial locations for further proteomic studies involving
perturbations of the model system.

Analysis of Label Specificity with Duplex Labels.

In developing the spatial SILAC approach, the first step was to verify label specificity
within the spheroids and to assess whether isotopic labels would effectively label the cellular
subpopulations. In our initial study, heavy- (}3C15N lysine and 13C15N arginine) or light-
(12C14N lysine and 12C14N arginine) labeled cells were seeded into spheroids to form the
necrotic core. The spheroids were allowed to grow in isotopic cell culture media for 4 days.
On day 4, a complete medium change was performed and either light or heavy media were
added. The spheroids were grown for an additional 8 days with half culture medium changes
occurring every 48 h, followed by an additional labeled medium swap on day 8 to form

one of the five control permutations, as shown in Figure 4. Upon maturation on day 12,

the spheroids were harvested. Spheroids were either serially trypsinized or lysed whole, and
then, the resulting cells were washed, lysed, and prepared for mass spectrometry analysis.

Upon mass spectrometry analysis, we first determined the labeling efficiencies for both the
monolayer cells used for seeding the cores and for each individual spheroid layer from the
five populations. Using the total peptide intensity for each label, it was determined that the
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heavy-labeling efficiency for the initial HCT116 cells grown in the monolayer was 94.47%,
and the light-labeling efficiency was 97.70% (Figure S1). These spheroids were grown for
six doublings to allow for complete label incorporation, and this high percentage confirms
that the monolayer cells were indeed fully labeled prior to being seeded for spheroids. We
then determined labeling efficiencies for each individual spheroid layer by comparing the
MSMS label states, which are directly related to the label partner detected for each peptide,
the results of which are shown in (Figure 4). The total peptide counts shown in shades

of red indicate a clear trend in the label location. The sum of the peptides identified by

a heavy SILAC label is upregulated in the layers which they were pulsed into and are

not significantly “bleeding out” into the neighboring layers. Additionally, the overlapping
percentages were examined to determine the origin of the peptides identified as heavy in
the neighboring layers. It was determined that approximately 25% of those heavy-labeled
peptides actually originated in the layer that was pulsed with the heavy-labeled cell culture
medium (Figure S2). These data demonstrate that we can preferentially and discretely label
each individual spheroid layer, allowing for proteins associated with a particular label to be
traced back to their spatial origins with an associated probability.

After establishing the label incorporations for the duplex spheroids, the next step was to
evaluate the protein abundances in each position. The initially identified 4,060 proteins were
filtered and normalized in Perseus. From the given SILAC ratios for each protein group
identified, classical SILAC ratios were generated based on turnover from the light control.
This normalization was completed to control for any possible layer mixing caused during
serial trypsinization. The normalized and filtered ratios were then used for the hierarchical
clustering by Pearson’s correlation and PCA (Figure 5). In the hierarchical clustering, the
samples cluster according to the protein groups that correspond to their original position

in the spheroid without reference to the label. Put another way, the identity of the label
does not have a significant effect on the resulting protein abundances. For example, the
protein abundances are extremely similar in the LHL, LLH, and HLL spheroids on the
far-left side of the heat map, representing the protein abundance in the outer core, regardless
of the isotopic label used. These data indicate that once the label state of a protein is
determined, it can then be traced back to its spheroid origin. The results of the PCA

also confirm this finding as the samples neatly cluster according to the position in the
spheroid in which they originated. The clustering of these samples is particularly notable
as this unsupervised analysis is only considering the data’s covariance matrix. The 95%
confidence region is indicated by the shaded regions around the data points and shows a
significantly discrete clustering without overlap. These results show that it is possible to
selectively label the different cellular populations within the tumor spheroid by introducing
the different cell culture medium conditions throughout the growth period. Importantly, it
shows that there was minimal migration of labels after medium switches as most of the
heavy label overwhelmingly stayed in the core, middle, or outer layer when pulsed in at the
corresponding time point and that the presence of the different labels does not significantly
affect protein abundance.

Anal Chem. Author manuscript; available in PMC 2022 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beller et al. Page 10

Spatial SILAC Triplex Spheroids.

The triplex spheroids were prepared using heavy (13C1°N lysine and 13C1°N arginine),
medium (13C14N lysine and 13C14N arginine), and light (12C14N lysine and 12C14N
arginine) cell culture media. The media were introduced and exchanged in 4 day pulse-chase
increments during the 12 day growth period of the tumor spheroids. Spheroids were grown
in six different permutations. After harvesting the cells from the different radial layers

by serial trypsinization, the individual layer protein abundances were analyzed by UPLC-
MS/MS. Prior to filtering, a total number of 3,051 proteins were identified. Using the total
proteins identified, these results were strictly filtered and normalized. SILAC is a relative
quantification strategy, so all final values represent ratios between two labels. In this study,
each position was normalized to the label present in the necrotic core, and the core labels
were compared to the label present in the quiescent layer. This normalization allowed for the
comparison of different isotopic labels among each of the three spheroid layers.

Once the ratios were calculated for the identified proteins, we investigated whether labeling
bias was present in the data set. In simpler terms, we examined whether the specific location
of an isotopic label affected the relative quantification value observed. To address this
question, quantification ratios for each of the 406 protein groups identified were calculated
in every sample and then compared against all other quantification ratios to determine

if a positive correlation was present (Figure 6). In every case tested, the data show that
regardless of the comparison, there was a strong positive correlation between the ratios,
indicating that the labels do not show significant bias in any location and can be used
interchangeably (Figure S3). Please note that there is some natural spread in the correlation,
which is due to the biological variation of the proteins in the distinct layers of the spheroid.

To further validate that the underlying biology remains unaffected, a few proteins

were selected to evaluate consistency in the abundance ratios. First, three proteins

associated with housekeeping genes were selected: tyrosine 3-monooxygenase/tryptophans-
monooxygenase activation protein zeta polypep-tide, phosphoglycerate kinase 1, and
peptidylprolyl isomerase A.#! The proteins associated with these genes were selected to
establish a baseline, because we expected these proteins to be consistent in every sample.
Next, proteins were selected for their roles in either cellular proliferation or apoptosis.

Two proteins were selected to represent proliferation: fructose-bisphosphate aldolase A and
alpha-enolase (ENOA).42:43 Both of these proteins have been noted as being upregulated in
cancer and are known to support cell growth, making them ideal targets to track proliferation
in our spheroid layers.4243 Two proteins were also chosen as apoptosis markers: prohibitin-1
(PHB1) and prohibitin-2 (PHB2).444> The prohibitin family of proteins has been widely
implicated in cancer cell survival and apoptosis. Both PHB1 and PHB2 have been
specifically associated with apoptosis, and prohibitin-1, when knocked down, has been
shown to decrease apoptosis in CRC cells.#446 These two targets were evaluated specifically
in the necrotic population of cells.

In Figure 6, three categories of protein groups are identified as being housekeeping,
proliferative, or apoptosis markers. In Figure 6a, where proliferating protein correlations
with respect to the core labeling are shown, a clear trend is present; the proliferative markers
show a clear more abundant positive correlation, the housekeeping proteins are in the
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middle, while the apoptosis markers display a less abundant correlation. These relative ratios
indicate that the proliferation markers are more abundant in the labeled proliferative layer,
which supports the idea that we are discretely labeling a particular layer of the spheroids.
In Figure 6b, where the necrotic protein correlations are shown with respect to quiescent
labeling, an exciting reverse trend is evident. These proteins show the opposite trend when
the core is considered, meaning that apoptosis markers are up-regulated in the necrotic
core, and the proliferation markers are down-regulated there. In these graphs, the ratios for
the apoptosis proteins display strong positive correlations, while the proliferation proteins
are down-regulated, as would be expected in the central, acidic core of the spheroids.

This confirmation of the underlying biology is extremely promising with respect to future
pharmacodynamic and pharmacokinetic studies.

Comparing the Proteome in Different Cellular Layers.

We next examined spatially related changes that occurred in the spheroid proteome. As
mentioned above, the spheroid model system is well-known for having distinct cellular
layers that reflect their radially symmetric chemical gradients.>’ It is also well-established
that the proteome changes in response to these distinct chemical microenvironments, and we
next aimed to determine if those same patterns were evident in our triplex spatial SILAC
data set.2947 A PCA was performed on the filtered SILAC ratios associated with protein
groups and is shown in Figure 7b. Each data point represents a reduced covariance matrix
stemming from the original SILAC ratio for each protein identified within each individual
sample. As stated previously, this analysis is unsupervised and thus does not consider the
origin of the samples. Again, the shaded regions around the data points indicate the 95%
confidence region.

Ultimately, this means that the data will be sorted by their principal components independent
of anything besides the normalized SILAC ratios associated with each protein, which allows
us to draw conclusions based purely on the observed clustering. The principal components
shown in Figure 7b, from left to right, show that there are three distinct groups of the
samples, each representing a different layer of the spheroid. The 95% confidence ellipses
indicated by the shading show no overlap in their regions. This analysis shows a distinct
clustering for each of the spheroid layers, with complete separation of the necrotic core, the
quiescent middle, and proliferating outer layers, regardless of the isotopic label used.

We next examined the relative abundance of the quantified proteins in each layer and
performed the hierarchical clustering using a Pearson correlation. This unsupervised analysis
was to determine whether the proteins changed in abundance based on the spatial location.
The results of this analysis are shown in Figure 7a and represent relative abundance of 406
proteins. This heat map shows that not only do the layers cluster together but the abundance
of individual proteins within each layer is consistent regardless of the presence of a heavy-,
medium-, or light-labeling approach. The results of the more global, unfiltered data set with
2,873 proteins included exhibit a similar clustering (Figure S4).

Within the heat map (Figure 7a), there is a complete separation between the core and the
two outer layers. The middle quiescent and outer proliferative layers are mostly separated,
with minimal overlap. This pattern is a robust trend appearing in each population of
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spheroids, regardless of the labeling sequence. However, these similarities in the quiescent
and proliferating layers are not a surprise and must be taken into further consideration.

Due to the nature of these two regions, many similar protein expression patterns are
expected to be seen. In the core, there is a distinct change in the proteome as apoptotic
signaling pathways had been previously activated leading to an increase in necrotic cells. By
confirming the biological trends within the unbiased clustering to the previous correlation
graphs, it can be concluded that discrete labeling exists in the triplex spheroids and that this
platform can be used to trace proteome changes to individual layers within the spheroid.

With any new method, there are complications. One potential pitfall for this platform is

the complexity of the data analysis. Many previous publications have mentioned various
techniques for assessing SILAC labeling efficiencies. Although using a single technique may
be sufficient in some circumstances, for the spatial SILAC platform, we have found better
success utilizing a combination of techniques to not only evaluate the percentage of peptides
identified by a designated label but also by looking into the corresponding peptide mass
intensities. By looking at how the peptide was identified and at the corresponding light and
heavy mass intensities, we gain a fuller understanding of where labeled peptides are being
incorporated and to what degree they are being detected.

CONCLUSIONS

In this article, we describe the development of spatial SILAC, an approach to isotopically
label the proteins in the different layers of the multicellular spheroid. By measuring the
isotopic composition of a protein by mass spectrometry, one can infer its spatial origin in

the spheroid and the corresponding chemical microenvironment. We demonstrate that due

to the radial growth pattern of the spheroids, we can selectively label the three primary

cell populations of the spheroid with different SILAC labels. We also demonstrated that the
labels can be swapped without introducing labeling bias. The protein abundances measured
with the spatial SILAC approach strongly correlate with the known physiological patterns
within the spheroid, namely, in the unsupervised clustering of the quantified proteins into the
three spatial regions of the spheroid.

Because the chemical and cellular gradients in the spheroid represent gradual changes across
a continuum, there is some observed overlap in the isotopic patterns, most notably, between
the middle quiescent and outer proliferative layer. However, even with some overlap, clear
demarcations exist between the inner core and the rest of the spheroid, and the overlap
between the middle and outer layers is modest. Future work will focus on refining the
protocols to optimize the separation of samples in the outer and middle layers. This
optimization will be achieved through optimization of the serial trypsinization procedure,
using a combination of well-established immunological markers with flow cytometry and
using the protein biomarkers identified in this analysis by mass spectrometry to refine the
layers.

Spatial SILAC with spheroids has the potential to be a robust drug-screening proteomic
platform. A substantial advantage of spheroids is that they can be produced in large
quantities, making them an ideal drug-testing platform.24 The labels effectively create an
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isotopic address allowing for proteins to be linked to a specific spatial microenvironment.
This unique platform allows for both spatial and temporal studies. Future directions for this
research will involve extensive testing with chemotherapeutics to examine the proteomic
responses in specific chemical contexts. /n7 vivo tumors are highly heterogenous, and current
drug-testing compounds do not adequately explore those chemical differences. The spatial
SILAC platform offers exciting opportunities to evaluate proteomic responses to novel
therapeutics in a more realistic tumor model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of a 12 day old spheroid (cells are not drawn to scale). Nutrients and oxygen are

most abundant at the outside of the spheroid and decrease in the center. The pH changes
from 7 to 5 in the center of the spheroid due to the accumulation of waste. Three populations
of cells develop in response to the radially symmetric chemical gradients—the inner necrotic
core, the middle quiescent layer, and the outer proliferating rim—although the boundaries
between the cellular populations also represent a subtle gradient. The total spheroid diameter
at 12 days of growth is ~1 mm and contains ~1 million cells.1®
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Experimental Workflow
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Figure 2.
Experimental workflow. Spheroids were prepared with one of the three different pulsed

isotopic cell culture media, and the red box specifies one spheroid population that is
followed through the workflow. Each set of spheroids was subjected to serial trypsinization
to harvest the three cellular populations. In this case, LC-MS/MS analysis of just the LHM
spheroid is shown. Six rounds of serial trypsinization were performed and combined into
three fractions, representing the three cellular populations. The cells were lysed in sodium
dodecyl sulfate, and the proteins were quantified by BCA. Proteins were reduced, alkylated,
and digested with the S-trap protocol, and the resulting peptides were analyzed by LC-
MS/MS. The three distinct isotopic media are distinguishable in the MS mode.1°
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Figure 3.
Growing order for pSILAC spheroids demonstrating the radial locations of the isotopic

labels. Spheroids are grown for 12 days. The top (a) figure represents the spheroids used
for duplex label specificity. Spheroids with a single heavy layer were prepared (top row)
and control spheroids that were only grown in either light or heavy media. Light media (L)
are green and heavy media (H) are red. The bottom (b) shows the triplex spheroids used

to examine varying permutations. Each spheroid is grown with variations of three isotopic
media, light (green), medium (blue), and heavy (red) for 4 days. The arrows represent
growth time, and the colors indicate the presence of the isotopic labels. The labeling
convention is core middle outer with respect to isotopic labels.1®
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Figure 4.
SILAC label incorporation percentages were calculated by counting the number of peptides

identified by each label type. The red bars show the percentage of peptides identified
by the heavy isotopic label in each layer of the spheroids. The red and green circle
diagrams represent the spheroid population being examined, with green referring to light-

labe

| presence and red indicating heavy labeling.
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Pearson Correlation
Principal Component Analysis
Pearson
1 Correlation .

X =9
5 v
“ 5
s ~ °A
2 "E

(]
A c °
0 2 71
1 £

O
2 (&) <
3
4

-30

T T T T T
-20 -10 0 10 20

Component 1 (51.2%)

C frxfEzICC X
x et c - 4 X c
Fr T FITFFFTF

Outer Middle Core

Figure5.
Hierarchical clustering by Pearson correlation and PCA suggests layer specific separation

for the proteins identified by layer. In the hierarchical clustering (a), more abundant proteins
are shown in red, with less abundant proteins shown in bright green. PCA (b) of each labeled
layer of the spheroid populations. The layers are represented by the shape of the data points
and color (purple = core, pink = middle, and yellow = outer). The shading around the data
points is representative of the 95% confidence regions. Spatial origin (core, middle, or outer)
is the primary determinant of the clustering.
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a.
Proliferating Protein Correlations in Respect to Core Labeling
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Figure 6.
Comparison of the 406 protein quantification ratios that were present in every layer to

examine labeling bias in the different spheroid layers. Each data point represents the ratio
of two ratios (one on the Xaxis and one on the Y'axis) for the SILAC ratio corresponding
to each protein group. The labeled spheroids are shown on the X'and Yaxes, and the
colored letter is the label being compared. Three comparisons are shown here for the
outer layer (a), and three are shown for the core (b), while the rest can be seen in
Supporting Information Figure S2. In all the comparisons, a positive correlation is present,
indicating that the position of the label does not significantly affect the quantification.
Positive protein correlations with respect to core labeling suggest that this technique is
not biasing the observable proteome of each layer. Significant apoptosis, proliferation,

and housekeeping markers are also identified to confirm that these trends are biologically
relevant. (a) Proliferating protein correlations with respect to the core labeling. (b) Necrotic
core correlations with respect to quiescent labeling.
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Figure7.
(a) Hierarchical clustering by a Pearson correlation representing the proteome of each layer

of the spheroid populations. Significantly upregulated proteins are shown in red, with down-
regulated proteins shown in bright green. (b) PCA of each labeled layer of the spheroid
populations. The layers are represented by the shape and color of the data points (purple

= core, yellow = outer, and pink = middle). The spatial location (core, middle, or outer) is
the primary determinant of the clustering. The protein ratios from the necrotic core cluster
separated from the two outer layers. The middle and outer layers show some modest overlap
with the outer cells.
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