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Phenotypic Analysis of Organoids by Proteomics

Alexis Gonneaud, Claude Asselin, Frangois Boudreau, and Frangois-Michel Boisvert*

The development of 3D cell cultures into self-organizing organ-like structures
named organoids provides a model that better reflects in vivo organ
physiology and their functional properties. Organoids have been established
from several organs, such as the intestine, prostate, brain, liver, kidney and
pancreas. With recent advances in high-throughput and -omics profiling
technologies, it is now possible to study the mechanisms of cellular
organisation at the systems level. It is therefore not surprising that these
methods are now used to characterize organoids at the transcriptomic,
proteomic, chromatin state and transcription factor DNA-binding levels.
These approaches can therefore provide a wealth of information regarding
both the mechanisms involved in different diseases, and those involved in cell
responses to different conditions, in a more in vivo setting. The authors
provide an overview of the potential applications of quantitative mass
spectrometry with organoid culture, and how the use of large-scale proteome

measurements is emerging in different organoid systems.

1. Introduction

Since the first proteome characterization,'! mass spectrometry
has allowed the simultaneous identification and quantification
of large numbers of proteins in cell and organ samples. Deter-
mining the cellular proteome allows the establishment of a func-
tional map of protein expression patterns beyond gene expres-
sion, and as such is complementary to genomics studies. The
properties assessed by proteomic studies include protein abun-
dance, protein—protein interactions, post-translational modifica-
tions, subcellular localization and protein turnover. This provides
a dynamic overview of the changes that occur during different bi-
ological processes . Until recently, studies have focused on the
proteomic analysis of 2D cell lines in relation to different patholo-
gies, such as cancer.?™

Cell culture models display several advantages to study the
effect of pharmacological drugs, such as anti-cancer products.
From a biological point of view, traditional 2D cell culture mod-
els are rapid and practical, and allow a first evaluation of the
effects related to drug treatments. However, homogeneous cell
culture models are far removed from the normal biological con-
text. Indeed, cell-cell interactions and cell-matrix contacts are fre-
quently altered. Tissue structure and complexity, as assessed by
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the simplified multicellular composition
of these models, are missing. One way to
address this oversimplification is to de-
velop spheroid 3D models. These mod-
els are closer to in vivo models, without
the inconvenience of time and associated
costs, and can be established from previ-
ously characterized cell lines. This more
complex system implies cells folding into
spheres,® coupled to different microen-
vironments or cell co-cultures.! Cell-cell
and cell-matrix interaction models ¥ are
more relevant and closer to normal and
pathological biological processes,”” and
allow the impact evaluation of the tumor
stroma.l'% Spheroids originating from
cancer cells are characterized by different
growth zones, either hypoxic or prolifera-
tive, common tumor-related phenotypes.
While 2D cell cultures are mostly in
a proliferative stage, 3D spheroids display
different proliferative stages .''! 3D spheroid culture models are
thus more complex, thereby providing improved drug discovery
assays in order to better evaluate and measure drug-dependent
effects on cell polarization, survival or differentiation, among
others."? Effective pharmacological doses may be determined by
measuring the penetration of the agent into spheroids. For exam-
ple, spheroids obtained from HCT116 human carcinoma colon
cells were treated with an anticancer drug, irinotecan. Irinote-
can metabolites were detected by MS/MS and MALDI IMS, and
irinotecan distribution in spheroids was reconstructed, accord-
ing to drug exposure time and concentration . Comparison
between 2D cell models and 3D spheroid cultures from differ-
ent cell lines reveals extensive differences, notably in cell interac-
tions with the environment through adhesion molecules, among
others 115

In 2009, an intestinal organoid cell culture model was devel-
oped. Lgr5-expressing intestinal epithelial cell stem cells, grown
in Matrigel and in a specific growth and differentiation medium,
were able to rebuild an intestinal-like structure referred as “mini-
gut”.1 This structure was composed of a proliferative crypt/bud
compartment and a differentiated center area surrounding a
lumen and containing differentiated intestinal epithelial cells,
including Paneth cells, goblet cells and enterocytes.'® Paneth
cells were located between stem cells, thus providing factors
needed for stem cell growth and maintenance, including Wnt3, a
B-catenin proliferative pathway activator.l'” Since then, signifi-
cant progress has been made in defining optimal conditions to al-
low growth, expansion and differentiation of stem cells from sev-
eral different tissues."®?2 Indeed, organoids have been cultured
and maintained from various tissues, including stomach,?’!
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brain,?¥ lung 1% and liver .?*) Thus, organoids better reflect tis-
sue characteristics in both normal and diseased physiological
conditions, as opposed to 2D cells or 3D spheroid models.l?”-%#!
Unlike cancer cell lines, organoids maintain all the variables spe-
cific to the original epithelial cell, including the tumor cell.?) As a
result, organoid culture is becoming an attractive model for per-
sonalized medicine, as it allows the testing of existing and ex-
perimental treatments on samples with distinct genomic individ-
ual signatures.*®3! Organoids offer the opportunity to study, in
a “body-like” manner, the protein and gene expression variations
occurring in different pathologies or environmental conditions
321, The ability to culture these mini-organs raises the question of
their use for quantitative proteomics, in order to accurately quan-
tify proteins in physiologically relevant systems. Quantitative pro-
teomics allow the measurement of proteome changes during cel-
lular differentiation, or in response to different inhibitors and
drugs. With the recent promise of adapting organoid technol-
ogy for precision medicine,**! the combination of organoid cul-
ture with quantitative proteomics will become advantageous to
quantify global changes in protein expression, thereby identify-
ing novel signalling pathways and targets upon defined environ-
mental contexts (Figure 1).

In this review, we discuss recent advances in proteomics study
approaches with organoid models. We discuss and compare dif-
ferent quantitative proteomics methods that have been used, and
we highlight results of some studies published so far, underlin-
ing the importance of this emerging area of research.

www.proteomics-journal.com

2. Quantitative Proteomics Approaches to Study
Organoids

A number of mass spectrometry-based quantitative approaches
have been developed to measure protein changes in several sam-
ples under different conditions. A common feature for quantita-
tive proteomics methods is to use strategies to generate small dif-
ferences in peptide mass, in order to quantify samples analyzed
simultaneously by the mass spectrometer. While several methods
exist, so far only a few methods have been used for quantifying
proteome differences in organoidsi>” (Figure 2).

Stable isotope labeling with amino acids in cell culture, or
SILAC, uses stable and non-radioactive isotopic atoms to gener-
ate a small difference in peptide mass that is then quantified by
mass spectrometry analysis.?®3% SILAC allows quantitative pro-
tein analyses by comparing the mass of light and heavier forms
of a given peptide from each differentially labeled protein, re-
sulting from the presence of heavier and stable isotopes such as
13C, 2H and "N. Cells are metabolically labelled in specialized
growth media in which specific amino acids, typically arginine
and lysine, are replaced with amino acids containing the corre-
sponding heavy isotope-substituted carbon, hydrogen and/or ni-
trogen forms.* After stable isotope incorporation of proteins
in cellulo, proteins cleaved at the substituted arginine or lysine
by trypsin generate peptides with a shift in mass relative to the
control unsubstituted peptide, and this can be resolved by mass
spectrometry. The intensity ratios between “light” and “heavy”
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Figure 1. Organoid culture and therapeutic potential.

Since their first establishment from the gut in 2009, organoids are now generated from multiple tissues, including brain, lung, liver, stomach, pancreas
or intestine. Organoid culture provides a model that closely recapitulates the in vivo organization, functions and responses of the tissue of origin.
Organoids can be cultured and amplified prior to analysis with different -omics approaches, notably proteomic assays and RNA-sequencing. Comparing
organoids derived from healthy and abnormal tissues allows multiple applications for disease modeling of different pathologies, such as cancer and
inflammation. It thus provides an attractive model to define molecular defects in patients and to adapt treatments.
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Figure 2. Comparison of available proteomics technologies for organoid analysis.

Many novel proteomic approaches have now been applied to study organoids. A common feature for quantitative proteomic methods is to use strategies
to generate small differences in peptide mass, in order to quantify samples analyzed simultaneously by the mass spectrometer. These methods use
either metabolic labeling (SILAC), addition of a tag through chemical reactions for the quantification at the MS level (chemical tag), or addition of an
isobaric tag for quantification at the MS/MS level (isobaric labeling). Alternatively, quantification can be based on the intensities of peptides (label-free

quantification).

peptide signals identified by mass spectrometry directly correlate
with the relative amount of cognate proteins from each sample.
This method has been extremely successful for quantitative anal-
ysis of cell and organelle proteomes and has become particularly
attractive for comparative studies of protein localization, modifi-
cations and interactions. !

A different approach for the quantification that also uses a
shift in mass measured at the MS level can be done following
enzymatic digestion of proteins, and then labeling the resulting
peptides using labels of different masses, with the possibility of
adding an affinity tag to further purify the labeled peptides.*?! For
example, peptides obtained from human colon organoids were
tagged by stable isotope dimethyl labeling.***3! The advantage of
this method is that it greatly reduces the time necessary for in
vivo incorporation of isotopes and does not require the prepara-
tion of complex media in comparison to SILAC, but it does in-
troduce variations due to differences in preparation from mixing
the samples at later steps.

Isobaric labeling (Tandem Mass Tag, TMT; isobaric Tags for
Relative and Absolute Quantitation, iTRAQ) uses various isobaric
chemical groups with the same mass, but with different fragmen-
tation properties during tandem mass spectrometry. This allows
the measurement of reporter ions with different masses. These
tags generally contain an amine-reactive group that undergoes
N-hydroxysuccinimide (NHS) reactions with peptides after
trypsin digestion, and independently labeled samples are then
mixed in equal ratios. During mass spectrometry analysis, frag-
mented peptides yield the peptide sequence as well as the

Proteomics 2017, 17, 1700023

1700023 (3 of 6)

reporter tags, whose intensities are measured to quantify the rel-
ative ratio of the peptide, and thus the protein, within the com-
bined samples. Because these tags have all the same mass and are
measured at the MS/MS level instead of the MS level such as in
the previous methods, the labelled peptides are indistinguishable
during the chromatography and single MS mode. This allows a
greater number of different samples to be compared.

Multiple reaction monitoring (MRM) is a method that targets
specific peptides in complex samples by selecting predefined pep-
tide ions and a combination of specific fragment ions for accu-
rate quantitation.*!l In contrast to the other quantitative meth-
ods, MRM allows absolute quantitation by using isotopically la-
beled synthetic peptide internal standards, which are designed to
be identical to target peptides.[**) Known concentrations of heavy
synthetic peptides are added to the sample, and the concentration
of the target protein can be calculated by measuring the observed
peptide against the internal heavy standard.*¥ MRM therefore
holds great potential for the validation of candidate proteins in
quantitative studies, but requires previously identified protein
targets. So far, MRM quantitative proteomics methods have not
been used in organoid model studies.

3. Strengths and Limitations of the Different
Quantitative Approaches

An important difference between these methods is that isobaric
labeling or post-enzymatic labeling does not require cell culture

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.proteomics-journal.com

ADVANCED
SCIENCE NEWS

Proteomics

www.advancedsciencenews.com

in specialized isotopic amino acid media, and can therefore tag
samples taken directly from patients or animals. Nonetheless,
prolonged organoid culture is required to obtain sufficient mate-
rial as well as for organoid proliferation and differentiation prior
to sample preparation for mass spectrometry, minimizing the
difference of the additional time for growth needed to insure suf-
ficient SILAC organoid labeling. Organoids, either directly or fol-
lowing isotope incorporation, can be frozen for storage, preserva-
tion and future assays, which shortens the time of culture after
the initial incorporation.®” Thus, culture time differences may be
minimized since SILAC-labeled frozen organoids can be used to
restart organoid growth.*>! As opposed to isobaric labeling meth-
ods, SILAC is more limited in the number of combinations avail-
able for isotope labeling because of the number of labels that can
be simultaneously used. Indeed, since peptide quantification for
SILAC is performed at the MS level, an increased number of la-
beling conditions results in a decrease in signal intensity. Thus,
the major advantage of iTRAQ or TMT is the possibility of mul-
tiplexing up to ten or more different samples in one analysis. On
the other hand, the strength of SILAC is that as samples are com-
bined prior to cell lysis and trypsin digestion, errors following
extensive sample manipulation and preparation prior to labeling
are prevented, resulting in a more accurate quantification.

Label-free quantification is generally based on the precursor
ion intensity and is measured at the MS1 level. The total ion in-
tensity of the peptide signal, considering all isotopic peaks, is in-
tegrated, and used as a quantitative measurement of the origi-
nal peptide concentration. In contrast to using isotopes or tags,
every sample needs to be measured separately, and peptide sig-
nals are compared between multiple LC-MS runs using elution
time as well as their mass over charge ratio. Several variations
of peptide quantification, as well as computational and statistical
analysis, have been developed.l*) Because label-free quantifica-
tion does not rely on any additional labeling or sample prepara-
tion, it is applicable to any kind of sample and has no limits in the
number of samples that can be compared. However, accurate and
reproducible proteome-wide quantification remains a challenge,
notably in the detection of small changes between biological sam-
ples.

MRM is particularly suitable for low abundance peptides and
provides absolute quantification compared to other methods.*’!
However, absolute quantitation, which requires suitable internal
standards that needs to be synthesized and optimized for each
target peptide, only measures the abundance of individual pep-
tides, not the whole protein. Therefore, the number of proteins
that can be quantified using this approach is rather limited. MRM
thus remains an excellent method of choice for the quantifica-
tion of specific proteins, but is less amenable for discovery-based
studies relying on identifying and quantifying large number of
proteins that have not been previously selected.

Mass spectrometry-based proteomics approaches can be ap-
plied to study not only protein abundance, but also to measure
post-translational modifications, protein subcellular localization
and interaction networks. The major challenge is the need for suf-
ficient amount of starting material for biochemical enrichments,
since the resulting purified fraction is in the order of 1-5% of the
starting material. Current proteomics studies have used starting
material in the range of 30-200 ug of total organoid-derived pro-
teins for comparative protein expression analysis. Considering
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that most applications, such as phosphoproteomics and affinity-
purification of protein complexes, require more than one mil-
ligram of proteins, such experiments necessitate the scaling up
of organoid production. This is certainly within the range of cul-
tures currently done, with a need of an approximately five-fold
increase in the amount of organoids.

4. Proteomics on Organoids

The first report using quantitative mass spectrometry to study
organoids was published in 2015 by Boj et al.*”] Gene expression
patterns from normal or ductal pancreatic murine cancer were
analysed by RNA-seq. iTRAQ labeled proteins were obtained
from murine pre-invasive pancreatic intraepithelial neoplasm
organoids (mP), multiple primary tumor organoids derived from
Krast/'SG12D pdx1-Cre and Kras™/-S1-G12D Trp5 3H/ISLRI7Z2H Py
Cre mice (mT), as well as normal pancreatic ductal organoids
(mN). Their proteomic analysis identified approximately 710 pro-
teins increased or decreased between mP and mN organoids,
and 1047 proteins up- or down-regulated between mT and
mN organoids. However, a comparison with RNA-seq data re-
vealed only a few protein changes correlating with transcrip-
tional changes. A comparison of molecular pathways differing in
both -omics data uncovered differences in anabolic and catabolic
pathways, including perturbations in fatty acid metabolism, be-
tween mP and mT organoids. This correlated with pancreatic
ductal adenocarcinoma progression. Thus, analysis of pancreatic
organoids by proteomics approaches could be a strong alterna-
tive for characterizing human pancreatic cancer, as biopsies can
be cultured in organoids for rapid evaluation and selection of ap-
propriate treatments.

In 2016, Williams et al. ¥ have determined the effect of
environmental chemical stresses on 8plex iTRAQ labeled pro-
teins from murine mammary organoids. Organoids were treated
with physiologically relevant concentrations of xenobiotic agents,
such as bisphenol A, mono-n-butyl phthalate and polychlorinated
biphenyl 153. Control and xenobiotic-treated samples were ran-
domized in four groups, before analysis of different protein sam-
ple comparisons. This led to the identification and quantification
of approximately 4000 proteins. Xenobiotic treatments induced
mammary organoid morphology modifications, correlating with
protein changes associated with some gene ontology-identified
cellular processes, including proliferation, cell cycle and trans-
lation. Analysis of the proteomic data revealed modifications of
several alternatively spliced proteins, suggesting that environ-
ment stress-induced disturbance could impact mammary devel-
opment, and, ultimately, breast cancer initiation or progression.

Gonneaud et al. *% have established intestinal jejunal organoid
growth conditions for SILAC incorporation, including the op-
timal time for efficient isotope incorporation, and the possibil-
ity to freeze SILAC-labeled organoids for future use. Treatment
with the class I HDAC inhibitor CI1994 induced morphological
changes, resulting in smaller and less differentiated organoids
characterized by an apparent reduction in intestinal epithelial
crypt formation. The proteomic analysis identified and quan-
tified over 2500 proteins in these purified organoids allowing
protein comparison, as well as evaluation of the reproducibil-
ity using technical and biological replicates. The results showed
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increases in absorptive lineage markers, in contrast to decreases
in secretory lineage proteins, consistent with the observed
phenotype. Additional gene ontology analysis of differential pro-
tein expression patterns in response to the inhibitor revealed in-
creased metabolic-related processes and decreased proliferation-
associated functions related to DNA replication, cell cycle or RNA
processing.

Another investigation combining -omics approaches was pub-
lished by Cristobal et al. . Organoids derived from seven dif-
ferent patients with colorectal cancers were used to generate
personalized tumor profiles. Proteins from organoids were la-
beled with a quantitative dimethyl isotope labeling method, and
gene transcript profiling was assessed by microarray analysis.
Of 5,790 proteins identified, about 5% of these proteins were
considered differentially expressed between tumor-derived and
control organoids. Of those, 78 proteins were increased while
227 proteins were decreased. Protein data analysis established
a specific signature for each patient-derived organoid, allowing
a classification of the different types of colorectal cancer. For
example, the DNA mismatch repair protein MSH3 was down-
regulated in only one patient, but correlated with an MSH3
frameshift deletion in that patient, confirming the identifica-
tion of specific proteins affected in some of the patients. How-
ever, only 22 proteins out of 305 displayed concordant pro-
teome and transcriptome changes. This study underlines the
potential of patient-derived organoids for personalized disease
characterization.l.

In another study, Dakic et al.*® have characterized the ef-
fects of a hallucinogenic molecule, 5-methoxy-N, N-dimethyl-
tryptamines  (5-MeO-DMT), on 45-day cultured cerebral
organoids treated for 24 h. Proteome quantification was done
with label-free protein samples. Of the 6728 proteins identified,
934 were differentially expressed following the treatment with
5-MeO-DMT. Pathway analysis revealed downregulation of
NFAT and NF-«B signaling pathways in response to the drug,
suggesting anti-inflammatory effects, as well as modifications
in proteins related to microtubule and cytoskeletal organization,
and dendritic spine formation. Cell death and neurodegenera-
tion pathways were decreased, suggesting a protective function.
Interestingly, this drug-dependent pattern of protein expression
was only observed in the brain organoid model, but not in 2D
neuronal cell cultures.

These studies highlight the potential of organoids as model
systems for a variety of healthy and diseased tissues. Proteomics
data will facilitate the mechanistic understanding of differences
observed in organoids derived from patients with different ge-
netic backgrounds, or in organoids treated with different drugs or
signals. Until recently, it was generally accepted that there would
be a proportional relationship between cell and tissue mRNA and
protein expression levels. However, several studies comparing
mRNA and protein expression data from cells under similar con-
ditions have not shown a high correlation between both, indicat-
ing numerous additional processes regulating protein amounts
within a cell as opposed to mRNA levels, such as translation reg-
ulation and protein stability.*’! Nonetheless, combined transcrip-
tome and proteome analysis can provide further insights into
mechanisms and biological pathways responsible for differences
in protein expression.
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5. Biological Perspectives

Organoids are fast becoming a promising model to study cells
within a context closer in resemblance to normal tissue condi-
tions. Thus, these mini-organs can better reflect tissue organisa-
tion as well as complex diseases, and patient-derived cells can be
used to characterize the environment as well as to measure more
accurately the effect of drug therapies.

Initially, most -omics data on organoids were focused on tran-
scriptomic analyses.?*°°>2 These genetic approaches allow the
study of the genome, the identification of mutations and charac-
terization of gene transcript expression as well as their variants
(alternative splicing). The information at the protein level is an-
other dimension that allows to quantitatively observe changes in
functional pathways and biological processes with high accuracy
and sensitivity. Using innovative proteomics methods, it is pos-
sible to access information not only at the protein level, but also
to measure post-translational modifications, protein localization
and interaction networks. The study by mass spectrometry us-
ing different quantitative techniques can identify the proteome
of different types of organoids and how they react to different
conditions. Organoid can be generated from samples taken di-
rectly from patients, then expanded, harvested and analyzed by
mass spectrometry.?®l Moreover, the generated organoids can be
used to evaluate which therapeutic approaches is most effective
in this context and can also be stored for future testing.
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