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Abstract

Inflammatory bowel disease (IBD) is a chronic and debilitating disorder that has few treatment
options due to a lack of comprehensive understanding of its molecular pathogenesis. We used
multiplexed mass spectrometry to collect high-content information on protein phosphorylation in
two different mouse models of IBD. Because the biological function of the vast majority of
phosphorylation sites remains unknown, we developed Substrate-based Kinase Activity Inference
(SKAI), a methodology to infer kinase activity from phosphoproteomic data. This approach draws
upon prior knowledge of kinase-substrate interactions to construct custom lists of kinases and their
respective substrate sites, termed kinase-substrate sets that employ prior knowledge across
organisms. This expansion as much as triples the amount of prior knowledge available. We then
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used these sets within the Gene Set Enrichment Analysis framework to infer kinase activity based
on increased or decreased phosphorylation of its substrates in a dataset. When applied to the
phosphoproteomic datasets from the two mouse models, SKAI predicted largely non-overlapping
kinase activation profiles. These results suggest that chronic inflammation may arise through
activation of largely divergent signaling networks. However, the one kinase inferred to be activated
in both mouse models was mitogen-activated protein kinase-activated protein kinase 2
(MAPKAPK?2 or MK2), a serine/threonine kinase that functions downstream of p38 stress-
activated mitogen-activated protein kinase. Treatment of mice with active colitis with AT1450, an
orally bioavailable small molecule inhibitor of the MK2 pathway, reduced inflammatory signaling
in the colon and alleviated the clinical and histological features of inflammation. These studies
establish MK2 as a therapeutic target in IBD and identify AT1450 as a potential therapy for the
disease.
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INTRODUCTION

Inflammatory bowel disease (IBD) is characterized by perpetual and incurable inflammation
of the gastrointestinal tract. IBDs, including Crohn’s disease (CD) and ulcerative colitis
(UC), affect more than 5 million people worldwide, with a dramatic increase in the last 50
years [1]. IBD patients suffer from debilitating symptoms including abdominal pain, fever,
rectal bleeding, severe diarrhea, and weight loss. Medical therapy with targeted inhibitors is
effective for some patients, but most patients are not responsive and/or become resistant,
making the search for new inhibitors of the utmost importance. Most available targeted
therapies for IBD hit immunomodulatory molecules, like TNF-a, a4f7 integrin, and the
cytokines IL-12 and IL-23 [2]. While less common in IBD, the use of small molecule kinase
inhibitors is more established in oncology, and considerable effort has been devoted to
developing drugs targeting these enzymes. Whether these drugs will be useful for IBD is
unclear, given that little is known about the role that kinase signaling plays in the disease.
Tofacitinib, which targets the JAK1/3 tyrosine kinases, was the first small molecule kinase
inhibitor approved for treatment of IBD [3]. The inhibition of p38 mitogen-activated protein
kinase (MAPK) seemed a promising treatment due to its increased activity in patients with
IBD, however inhibitor studies were not effective [4].

Global proteomics and phosphoproteomics by mass spectrometry (MS) provide high-
content, quantitative data to interrogate changes in protein expression and phosphorylation
[5, 6]. Nevertheless, there is some uncertainty as to how to draw insights from large scale
datasets where the biological functions and regulatory mechanisms of many individual
analytes (i.e. phosphorylated proteins) are still unknown [7]. While phosphorylation site
annotation with biological function is limited, prior knowledge of kinases and their
respective substrate sites provides the opportunity to infer information regarding kinase
activity through knowledge of substrate phosphorylation state [8, 9]. Indeed, multiple prior
studies have used MS-based phosphoproteomics as a proxy for direct measurements of
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kinase activity. These techniques vary with respect to sources of prior knowledge of kinase-
substrate interactions, data input, and the metrics used to infer activity [10, 11]. For example,
Kinase Enrichment Analysis (KEA) integrates kinase-substrate interactions from a variety of
online resources (from both computationally predicted interactions and the literature) and
calculates the significance associated with each kinase based on the presence (but not
quantity) of its substrates in the input list relative to the background kinase-substrate dataset
[12]. Similarly, Kinase-Substrate Enrichment Analysis (KSEA) employs a variety of input
data sources, but, in contrast to KEA, utilizes quantitative input data and defines enrichment
through three different output metrics [13-15]. Drake et a/. also synthesized kinase-substrate
lists from a variety of sources,however chose an enrichment score metric analogous to Gene
Set Enrichment Analysis (GSEA) [16]. Phosphosite-set Enrichment Analysis (PSEA), while
enriching sets more general than individual kinases (e.g. pathways), similarly employed the
GSEA algorithm with sets comprised of phosphorylation site specific prior knowledge [17].
PTM signature enrichment analysis (PTM-SEA) infers activity of phosphorylation
signatures (which include kinases as well as pathways and perturbations, PTMsigDB) also
using the GSEA algorithm [18]. Inference of kinase activities from phosphoproteomics
(IKAP) employs a machine learning algorithm to calculate kinase activities, drawing on
PhosphoSitePlus for prior knowledge [19]. Integrative Inferred Kinase Activity (INKA)
analysis integrates both kinaseand substrate-centric information [20]. Alternatively, while
not explicitly focused on inferring kinase activity, the motif-x algorithm operates on input
data of phosphopeptide sequences (among others) and extracts statistically significant
motifs, such as those belonging to a particular kinase [21, 22]. An extension of this motif-
search approach, combined with prior knowledge of motifs associated with kinases, was
used to study signaling downstream of the EGFRvIII mutation in glioblastoma [23].

While these techniques enable identification of kinase activities from phosphoproteomic
data, many lack consideration of site-specific kinase-substrate interactions from studies
across organisms. Moreover, and perhaps to a larger detriment, most approaches consider
primarily human substrate sites and are not applicable to multiple organisms.

Targeted and global proteomic and phosphoproteomic data from a mouse model of colitis
indicate that p21-activated kinase (PAK) and mechanistic target of rapamycin (nTOR)
promote gastrointestinal inflammation [24, 25]. Here, we have further developed a user-
friendly GSEA-based approach to infer changes in kinase activity from global
phosphoproteomic data. We first drew upon and expanded kinase-substrate interactions
available from PhosphoSitePlus by integrating information across organisms [8]. We then
uniquely matched organism- and isoform-specificity of MS data output creating custom
substrate sets for a large panel of kinases. Lastly, we outlined the use of GSEA as an
algorithm to calculate enrichment. We applied this approach—called Substrate-based Kinase
Activity Inference (SKAI)—to phosphoproteomic data from two mechanistically distinct
mouse models of IBD, providing new hypotheses for kinases that may contribute to chronic
inflammation. Using SKAI predictions as a foundation, we then validated the activation of
MAPKAPK?2 (MK?2), a serine/threonine kinase in the p38 MAPK signaling pathways,
during inflammation [26]. In patients with IBD, p38 activity is increased; this has been
found to have a variety of effects including a recruitment and activation of immune cells
such as lymphocytes and neutrophils [4]. However, inhibition of p38 MAPK has not been
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successful clinically. This highlights MK2 as particularly interesting in the context of not
only our results, but also in the established biological understanding of IBD. Lastly, we
performed a preclinical trial in mice to demonstrate that MK2 activation plays a central role
in IBD and serves as a relevant target for future preclinical and clinical studies.

Animal models

T cell transfer (TCT) was performed according to established methods [27]. Splenocytes
were extracted from wildtype (WT) C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME)
and subsequently processed to isolate naive T cells and regulatory T cells (Treg). These were
injected into Ragl null animals at 400 000 and 200 000 cells/animal, respectively. Animals
were then monitored for colitis with direct screening by rigid colonoscopy. Optical
measurements were performed using the Image 1 camera system (Karl-Storz, Tuttlingen,
Germany) and UR-4MD HD video recorder (TEAC, Montebello, CA). Animals injected
with naive T cells become inflamed; Treg injected animals remain uninflamed.

TNFAARE animals were maintained by backcrossing to C57BL/6 animals from the Jackson
Laboratory. TNFAARE mice used were as described in Kontoyiannis et al. [28].

All animal work was approved by the Institutional Care and Use Committee of Beth Israel
Deaconess Medical Center under protocol number 078-2014, and 080-2017. Approved
protocols conformed to the USDA Animal Welfare Act, PHS Policy on Humane Care and
Use of Laboratory Animals, and the “Institute for Laboratory Animal Research (ILAR)
Guide for the Care and Use of Laboratory Animals.”

Collection of MS datasets

Proteomic and phosphoproteomic data from a TCT mouse model were described and
generated previously (MassIVE, accession no. MSV000081198) [25].

TNFAARE tissue samples were collected and processed as in Lyons et al. [25], however
from the ileum rather than the colon. Sample processing and MS measurements were
performed as described in previous work [25]. These datasets were collected for this
manuscript and have been made available in the Mass Spectrometry Interactive Virtual
Environment (MassIVE) database, accession no. MSV000082217.

Phosphoproteomic scaled to total proteomic data (phosphor-/total) were calculated as a
composite ratio of a phosphopeptide scaled by its corresponding (based on UniProt ID) total
protein abundance where possible.

To ensure consistent nomenclature with the sets, we created an identifier for each
phosphorylated peptide that concatenates its respective UniProt ID and phosphorylated site
(UniProtID_SiteNumber). We utilize UniProt IDs as they provide a unique name for each
analyte. Gene or protein names can be used as well, however this may require careful
consideration if more than one analyte has the same gene name and site (depending on the
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post processing of MS results this may occur). Additionally, we note that for SKAI analyses,
we excluded multiply phosphorylated peptides due to lack of clarity in interpretation.

Unsupervised clustering

Unsupervised hierarchical clustering of total proteomic, phosphoproteomic, and
phosphoproteomic scaled to total proteomic data was conducted on data transformed as the
log, fold change (FC) relative to the median control value. Clustering was performed using
MATLAB (MathWorks, Natick, MA, r2015b) with the Euclidean distance metric, average
linkage method, and optimal leaf ordering.

Differential expression analysis

Differential expression of MS data between inflamed and control samples was conducted for
total proteomic, phosphoproteomic, and phosphoproteomic scaled to total proteomic data
using a Wilcoxon Rank Sum test. Within each dataset, multiple hypothesis correction was
employed using the Benjamini Hochberg procedure. Analyses were conducted in MATLAB.

Principal component analysis

Principal component analyses (PCAs) of total proteomic, phosphoproteomic, and
phosphoproteomic scaled to total proteomic data were carried out on data transformed as the
log, FC relative to the median control value. Analyses were conducted in MATLAB. Given
use of the log, FC transform, data were not centered in order to retain the control as the
point of reference for the data.

Substrate-based kinase activity inference (SKAI)

SKAI employs both the kinase substrate and phosphorylation site datasets available from
PhosphoSitePlus. Updated monthly, this study used the 2017-10-02 version. Each entry in
the kinase substrate dataset provides an organism-specific phosphorylation site paired with a
kinase capable of phosphorylating it and associated meta information. Identifiers from three
naming systems are provided for both kinase and substrate: gene name, protein name, and
UniProt ID. Additional metadata includes site-specific information such as the amino acid
sequence surrounding the phosphorylation site and its corresponding site group ID. The
latter allows for expansion of the kinase substrate dataset beyond the specific organisms and
isoforms presented, detailed in this manuscript, as the site group ID uniquely identifies each
site with homology across protein isoforms and organisms.

The phosphorylation site dataset is a collection of known sites of phosphorylation. Entries
are organism specific. Similar to the kinase substrate dataset, metadata includes identifiers
from three naming systems (protein, gene, and UniProt ID) as well as the site group ID. This
dataset includes phosphorylation sites for which a kinase has not yet been identified, or
perhaps not yet identified in a particular organism, and as a result contains a superset of the
sites described in the aforementioned kinase substrate dataset.

We expanded the kinase-substrate pairings in the kinase substrate dataset to encompass all
entries in the phosphorylation site dataset that have the same site group 1Ds. While the
kinase and site group 1D associations remain the same, this broadens the organisms and
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isoforms considered. For example, the literature the kinase-substrate set is derived from may
have focused on, for example, a specific organism (e.g. human) or isoform. We assume that
the kinase-substrate interaction is applicable to all substrate isoforms and organisms with a
given site group ID (the validity of this assumption is supported by the conservation of
relationships between organisms) [29]. Note, this process will likely result in the creation of
duplicate pairings (i.e. pairings of the same site group ID, isoform, and organism); these are
consolidated into one entry after the expansion.

The organism-specific kinase-substrate sets are assembled to satisfy the GSEA gene set
format [30, 31]. They consist of a first row of kinases. We used protein name identifiers as
they are more general than the UniProt IDs (e.g. they do not depend on an entry being
reviewed), however other identifiers are available. A second row contains an optional
description; we left this blank. Subsequent rows in each column contain the substrate sites
corresponding to the cognate kinase. Kinase-substrate sets are organism-specific, such that
the site numbering corresponds to the organism-specific substrate site. This is accomplished
by selecting the subset of the expanded pairings that pertain to the organism of interest. We
chose to use the organism-specific UniProt ID as these identifiers uniquely identified
analytes in our phosphoproteomic datasets (UniProtID_SiteNumber). The last step is to
remove any duplicate entries within a column that may have arisen as a result of the
expansion or assembly of kinase-substrate sets. Sets for mouse, human, and rat are available
formatted for immediate use with GSEA (data file S1).

We performed enrichment analysis via the GSEA algorithm and employed the GSEA
software available at http://www.broad.mit.edu/gsea/ [30, 31]. To infer kinase activity, we
used phosphoproteomic data or phosphoproteomic scaled to total proteomic data and
replaced ‘gene sets” with our expanded, organism-specific kinase-substrate sets.

As outlined in Subramanian et al., there exist a variety of parameter values within the GSEA
algorithm [30]. We gave careful consideration to the ranking metric used. Given the small
sample sizes often available from phosphoproteomic studies (e.g. 7= 3), we used a
nonparametric ranking metric. Specifically, we ran the GSEA algorithm using a pre-ranked
list of the phosphorylated peptides in the dataset of interest (multiple polyphosphorylated
peptides were excluded from analysis due to lack of clarity in interpretation). Specifically,
we chose a nonparametric signal-to-noise value,

ma — mp
MAD, + MADR

where mis the median and MAD is the median absolute deviation when comparing groups
Aversus B (e.g. inflamed to control). MAD has a minimum value of 0.2x%|m(as
recommended in the GSEA documentation). Additional parameters used in the analysis can
be found in data file S9. Significantly enriched sets were defined as those having a false
discovery rate (FDR) @value <0.25 and P-value <0.1.
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ATI450 dosing studies

Dosing studies were carried out to ensure animals were dosed sufficiently with AT1450
(Aclaris Therapeutics, Wayne, PA) to induce MK2 pathway inhibition. Standard rodent
chow was formulated with AT1450 at 172, 516, and 1458 ppm. This was fed to adult female
BALB/c mice for 3 days ad /ibitum. Mice were subsequently challenged with a 50 g
intraperitoneal injection of Salmonella typhosa-derived LPS for 1 hour. Serum was then
collected and TNFa concentration, a metric of MK2 pathway activity, quantified by a
single-plex assay (Meso Scale Diagnostics, Rockville, MD). We chose an AT1450
concentration of 1000 ppm for our preclinical mouse studies. This is lower than the
maximum dose employed while still within the range of maximum MK2 pathway inhibition;
furthermore, this concentration has been effective in previous publications [32, 33].

Tissue processing, histology, and immunohistochemistry

To further interrogate the TCT model, colons were dissected and flushed with phosphate-
buffered saline (PBS) and measured lengthwise. They were then opened longitudinally and
one lengthwise section was divided into proximal and distal colon and flash frozen in liquid
nitrogen. A matched lengthwise section was taken and placed in PBS for flow cytometry.
The remaining piece was rolled and fixed overnight in 10% formalin for histology. Fixed
tissue was processed and embedded into paraffin blocks and then cut into 5 um sections
using a Leica RM2235 microtome (Leica, Wetzlar, Germany). Hematoxylin and eosin
(H&E) staining was preformed according to standard protocols. H&E stained sections were
imaged using a BX61VS slide scanner (Olympus, Waltham, MA). To quantify crypt height,
a line, approximated visually by histology, was drawn from top of the muscle layer to the
lumen every five crypts across the length of the colon. For scatter plots, all measurements
were evenly spaced across the distal and proximal regions separately using polyline
measurements of the lengths of those sections. Averages were taken of all measurements in
the distal and proximal regions separately.

For immunohistochemistry using anti-Ki-67 (D2H10) from cell signaling (Danvers, MA),
tissue sections were deparaffinized and rehydrated and subjected to antigen retrieval by
pressure cooker in Target Retrieval Solution, pH 6 (DAKO, Santa Clara, CA). Tissue
sections were blocked with DAKO peroxidase block for 15 minutes at room temperature and
DAKO serum-free protein block for 30 minutes at room temperature and then exposed to
primary antibodies overnight at 4°C. Tissue sections were incubated with DAKO HRP rabbit
secondary for 30 minutes at room temperature, detected with 3,3’ -diaminobenzidine (DAB),
and then counterstained with hematoxylin. To determine the number of positive Ki-67 cells,
the number of positive stain cells was quantified per half crypt along the length of the whole
distal colon.

Flow cytometry

Once all colons were removed and placed in PBS, tissues were homogenized in Dulbecco’s
Modified Eagle Medium (DMEM) with 2 mg/ml collagenase type | and incubated for 1 hour
at 37°C on a shaker. After incubation, samples were pushed through a 45 pm filter and
centrifuged for 5 minutes at 500 g. Cells were stained with BioLegend (San Diego, CA)
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antibodies for 10 minutes: APC/Cy7 anti-mouse CD45 and BV-605 anti-mouse CD4. Cells
were analysed on a 5-laser BD Avria sorter.

Signaling analysis

Frozen colonic tissue samples were thawed and lysed in 250 pl Bio-Plex lysis buffer (Bio-
Rad, Hercules, CA) supplemented with Factor I, Factor Il, 2 mM PMSF, and cOmplete
protease inhibitor cocktail (Roche Diagnostics Deutschland GmbH, Mannheim, Germany).
Protein lysates were quantified using a bicinchoninic acid assay (Thermo, Waltham, MA)
and samples were equally loaded and run on 10% SDS-PAGE gels. Following transfer onto
polyvinylidene fluoride membranes, membranes were blocked with Odyssey Blocking
Buffer for 1 hour at room temperature and probed with primary antibodies from Cell
Signaling Technology: MK2 (#3042), p-MK2 (Thr334, #3041), HSP27 (#95357), p-HSP27
(Ser82, #9709), and GAPDH (#5174). B-Tubulin antibody was from Sigma-Aldrich (St.
Louis, MO). Following incubation, membranes were washed with 1X Tris-buffered saline
and Tween-20 (TBST) and then incubated in secondary antibody. Membranes were washed
in 1X TBST and analysed on an Odyssey CLx Infrared Imaging System (LI-COR, Lincoln,
NE).

Luminex analysis was also performed on colonic tissue lysates. Measurements were carried
on a Millipore MAGPIX® according to the manufacturer’s instructions, as described [24],
using the following kits: MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead
Panel—Immunology Multiplex Assay (MCYTOMAG-70 K); Bio-Plex Pro Cell Signaling
Akt panel, 8-plex (1g00006jk0KOrr); and Bio-Plex Pro Cell Signaling MAPK Panel, 9-plex
(Ig00000s6k181s). Analytes whose signal was at or below background were excluded from
analysis.

Statistical analysis of MK2 pathway inhibition and signaling studies

RESULTS

Statistical analysis of dosing studies, quantitative western blots, histology and
immunohistochemistry quantification, flow cytometry, and Luminex analysis data was
conducted in Prism 7 (GraphPad, San Diego, CA). Comparisons are made using a Wilcoxon
Rank Sum test.

Expanded kinase-substrate sets as much as triple prior knowledge

To utilize kinase-substrate relationships as a bottom-up approach to kinase activity inference
from phosphoproteomic data (Fig. 1a), we first compiled a list of known kinase-substrate
associations. There exist multiple sources of prior knowledge—determined both
experimentally and /n silico—of kinase-substrate relationships [10]. We chose
PhosphoSitePlus because it is based on experimental data, is updated monthly, and identifies
each phosphorylation site with a ‘site group ID’—a classifier that identifies homologous
phosphorylation sites across isoforms and organisms [8].

PhosphoSitePlus provides two sets of phosphorylation data: the full set of observed
phosphorylation sites (phosphorylation site datasef) and the subset of phosphorylation sites
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with an identified kinase (kinase substrate dataser). Both these datasets are organism- and
isoform-specific based on the literature result(s) from which they were identified. When
considering the total number of unique phosphorylation sites in PhosphoSitePlus—identified
using the site group ID—<4% were found to have at least one known kinase associated with
them and many of the kinase-substrate relationships were known only for a single organism
(Fig. 1b). Overcoming this organism-specific, prior knowledge is key to conducting robust
kinase activity inference analysis as both identifiers used in global phosphoproteomics
(UniProt IDs) and phosphorylation site positions are organismand isoform-specific.
Nevertheless, many of the phosphorylation sites for a specific organism that were not yet
associated with a kinase were associated with a kinase in another organism, allowing us to
infer a kinase-substrate relationship for that site in the original organism. This was true for
17% of human sites and 59% of mouse sites (Fig. 1b).

To create the most inclusive prior knowledge kinase-substrate set, we expanded the original
kinase substrate dataset utilizing organism-specific information available in the
phosphorylation site dataset. Based on the conservation of kinase-substrate relationships
between organisms [29], we assumed that a kinase-substrate relationship is generalizable to
all organisms and substrate protein isoforms in which the substrate site is seen to have been
phosphorylated in prior studies. One example of this expansion is the interaction of the
RAC-alpha serine/threonine-protein kinase (AKT1) with its substrate microphthalmia-
associated transcription factor, MITF. AKT1 was experimentally shown to phosphorylate
MITF on residue Ser>18 in humans [34]. Using the site group ID for this site (450265), we
identified corresponding sites in mice within the phosphorylation site dataset, MITF isoform
8 (1S08) site Ser*0? and MITF site Ser>16, The resultant mouse-specific expanded kinase-
substrate set contains two additional interactions that are inferred by homology from this
original human-specific entry within the kinase substrate dataset (Fig. 1c). We carried out
this expansion for mouse, human, and rat interactions (Fig. 1d).

Following this expansion, kinase-substrate sets were formed for each kinase by collecting
the substrate sites associated with the kinase (data file S1). Substrates were identified using
UniProt IDs and phosphorylation site to ensure consistent nomenclature with output from
global MS studies. For mouse kinase-substrate relationships, this expansion, on average,
approximately tripled the number of substrates for each kinase, and did so fairly uniformly.
It added new substrate annotations for kinases already highly annotated such as cAMP-
dependent protein kinase catalytic subunit alpha (PKACA) and extracellular signal-regulated
kinase 2 (ERK2) and for kinases with fewer known substrates (Fig. 1e). We also calculated
the percentage overlap between kinase-substrate sets and found this to be minimal (Fig. S1
and Table S1.

There exist a breadth of computational approaches and metrics used to infer kinase activity
from phosphoproteomic data [10]. We chose to use the GSEA algorithm as it is frequently
used by both bench and computational scientists. We term our approach, implementing the
expanded Kinase-substrate sets within the GSEA algorithm to infer kinase activity from
phosphoproteomic data, Substrate-based Kinase Activity Inference, SKAI. For a full
description of kinase-substrate set generation and use of GSEA, see Methods.

Integr Biol (Camb). Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Strasser et al. Page 10

Univariate and multivariate analysis of global data provides limited insights

Our overarching goal is to identify signal transduction pathways that are activating during
chronic gastrointestinal inflammation. To this end, we analysed global total proteomic and
phosphoproteomic data from the TCT model of colitis [27] and from the TNFAARE model
of ileitis (Crohn’s-like IBD) [28] (Fig. 2a). To account for changes in phosphorylation that
result from changes in total protein abundance, we calculated a dataset of phosphoproteomic
scaled to total proteomic data, which represents phosphoproteomic measurements that are
normalized to their respective total proteomic measurements (Tables S2-S7). Importantly,
while the TCT and TNFAARE models both develop chronic inflammation of the intestinal
tract, they develop inflammation in different regions (colon and ileum, respectively), which
raises the interesting question of whether the pathways that are dysregulated are similar or
different.

We visualized each dataset (via unsupervised hierarchical clustering and PCA) to interrogate
measurement repeatability and to investigate changes in global phosphopeptide signalling
associated with the inflamed state. Biological replicates clustered together, while inflamed
and control samples were well separated in principal component space (Figs.S2 and S3). We
also carried out univariate differential expression analyses, however, due to limited
annotation of phosphorylation signals, they did not lend themselves to actionable hypotheses
regarding their effect (Tables S2-S7).

SKALl identifies kinases dysregulated during inflammation

To move beyond univariate analysis, we applied SKAI to the TCT and TNFAARE
phosphoproteomic datasets to demonstrate the technique’s ability to generate hypotheses in
two established models of IBD. For each dataset, we calculated the kinase-substrate set
enrichment score (normalized enrichment score, NES) for the relative quantification of
phosphosites in the inflamed versus control tissues, using both phosphoproteomic and
phosphoproteomic scaled to total proteomic data. We inferred differential activation of
kinases in the two models based on the NES. In the TCT model, comparison of
phosphopeptides in inflamed versus control data identified seven unique kinases with
significant substrate set enrichment or de-enrichment (Fig. 2b, Table S8). We noted that
PAK1 had a significant positive substrate set enrichment, consistent with our earlier work
[25]. SKAI analysis of the TNFAARE model resulted in more kinases identified overall than
the TCT model, likely due to the larger size of the TNFAARE dataset (Fig. 2c, Table S8).
However, in this model only the phosphoproteomic data identified significantly enriched and
de-enriched kinase-substrate sets; none were significant in the phosphoproteomic scaled to
total proteomic data analysis. For comparison, analyses employing the unexpanded
organism-specific kinase-substrate lists were also conducted, which resulted in fewer
detected and significantly enriched kinases (Fig. S4).

In comparing the TCT and TNFAARE analyses, we found minimal overlap. The activities of
two kinases (GSK3A and GSK3B) were predicted to be decreased in both models, although
these kinases share many substrates and therefore cannot be easily distinguished by SKAI
(Fig. 2d). The only kinase predicted to have increased activity in both models was
MAPKAPK?2 (MK?2), a serine/threonine kinase in the p38 stress-induced MAPK pathway
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(Table S9) [26]. In contrast to what we found with GSK3A and GSK3B, it is unlikely that
the MK2 inference is due to the activity of another kinase. In phosphoproteomic scaled to
total proteomic data from the TCT model, the MK2 substrate list had the most overlap with
that of PAK1, but only 17% of MK2 substrates were shared by PAK1 (Fig. 2d).

MK?2 pathway inhibition resolves inflammation

Due to the biological significance of this pathway in IBD [4] and the potential of MK2 as a
therapeutic target, we sought to further investigate its role in colitis. We utilized the TCT
model of colitis [27]. After adoptive transfer, we used colonoscopy to monitor animals for
clinical signs of colitis, such as thickening of the mucosa and bleeding ulcers, which
typically arose in 8-16 weeks (Fig. S5a). We found an increase in MK2 expression and
phosphorylation on Thr334 (a sign of activation) relative to animals without inflammation
(Fig. 3a). We also found increased MK2 phosphorylation in TNFARE animals with
inflammation (Fig. S5b). These observations validate the prediction of MK2 activation made
by SKAL.

To determine whether inhibition of MK2 could alleviate colitis in the TCT model, we treated
inflamed (those with established colitis) and control animals with AT1450, an orally
available small molecule inhibitor, and monitored the progression of inflammation via
colonoscopy. Dosing was determined based on prior studies as well as a dosing study (Fig.
S5¢) [32, 33]. Following acute ATI1450 treatment, we did not observe a change in the ratio of
phosphorylated MK2 to total MK2, but we did observe a significant decrease in the
phospholtotal ratio of HSP27 (Ser®2 in human and Ser8® in mouse), an MK2 substrate (Figs.
3b and S5d). These observations indicate that MK2 is activated during colitis and that
treatment with AT1450 effectively blocks MK2 pathway activity. This is consistent with
SKAI results; HSP27 (Ser86) was one of the substrates that contributed to the positive
enrichment of MK2 (Table S9). Inflammation became more severe in animals fed standard
mouse chow, while colitis—as assessed by colonoscopy—was reduced over the 2-week
treatment in animals that received ATI450 (Fig. S5a). Following the endoscopy scoring
system develop by Kodani et a/. [35], all control animals presented with an endoscopy score
of 0. Inflamed animals scored between 8 and 10, except when measured post-AT1450
treatment where they were found to have a score between 0 and 4 (Fig. S5e). Moreover,
upon sacrifice at the end of the treatment period, we noted that AT1450 treatment reversed
the colonic shortening phenotype that is common in mouse models of colitis (Fig. 3c).

One of the primary phenotypes associated with TCT-induced colitis is hyperplasia of the
colonic crypts [36]. Treatment with AT1450 significantly reduced crypt height in animals
with inflammation, while not affecting animals without inflammation (Fig. 3d and e).
Consistent with the reduction in crypt height, we noted a significant reduction in the number
of Ki-67-positive cells when animals with colitis were treated with AT1450 (Fig. 3f). In mice
without colitis, AT1450 had a small, but significant, effect on the number of Ki-67-positive
cells, albeit in the opposite direction (Fig. 3f). Consistent with a resolution of inflammation,
we found that AT1450 treatment led to a significant decrease in the number of colonic T cells
in animals that had inflammation (Fig. 3g). Altogether, these results demonstrate that
inhibition of the MK2 pathway with AT1450 suppresses active colitis in the TCT model.
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Pro-inflammatory signaling is reduced by ATI450

MK?2 signals through downstream proteins regulate the expression of pro-inflammatory
cytokines and chemokines [37]. To determine the effect of AT1450 on the expression of
inflammatory signals, we used Luminex’s XMAP technology to measure the expression of
25 cytokines and chemokines in the colons of animals from our preclinical trial, many of
which were significantly up-regulated during colitis (Figs. 4a and S6, Table S10). Consistent
with prior studies linking MK2 to cytokine production, some of these, for example, G-CSF
and MIP2, were significantly reduced after AT1450 treatment (Fig. 4b). There were some
cytokines, such as IP-10 and MIP-1a, that were significantly up-regulated during
inflammation, but were not affected by MK2 pathway inhibition, even though the colitis
phenotype was obviously reduced (Fig. 4b).

Although there are many known MK2 substrates, there is little known about the specific
MK?2 signaling cascade in colitis. To explore MK2 signaling during colitis, we again used
Luminex’s xMAP technology, this time to measure phosphorylation of a panel of 11 cell
signaling molecules (Figs. 4c and S7, Table S10). Consistent with our prior work on the
TCT model, we found that mTOR phosphorylation on Ser2248 was up-regulated during
colitis [24], however this was not significantly affected by MK2 pathway inhibition.
Previously published work has shown that MK2 phosphorylates AKT on Ser473 [38]. Our
analysis revealed a significant decrease in AKT (Ser#73) phosphorylation after AT1450
treatment in animals with colitis, supporting the notion that AKT is a substrate for MK2 in
this system (Fig. 4d). We also found that AT1450 treatment led to a decrease in
phosphorylation of ATF-2 (Thr’1), a transcription factor that is known to be phosphorylated
directly by members of the stress-induced MAPK pathway (Fig. 4d) [39].

DISCUSSION

MS-based phosphoproteomics analysis provides a wealth of high-content information
relating to protein regulation. Nevertheless, it can be difficult to determine the activation
states of pathways and individual proteins given the large number of unannotated
phosphorylation sites. Moreover, the activation state of specific kinases is difficult to
quantify if they (and their regulatory phosphorylation sites) are not present in a given
dataset. As a result, the collection of global phosphorylation data can fall short of its promise
to identify dysregulated signaling in pathogenic states. Here, we present an approach for
kinase activity inference, SKAI, that provides a refined methodology for the generation of
experimentally testable hypotheses based on global phosphoproteomics. Specifically, we
integrate information across organisms and provide expanded organism-specific kinase-
substrate sets. By applying SKAI to global phosphoproteomic and phosphoproteomic scaled
to total proteomic data from the TCT and TNFAARE mouse models, we were able to
acquire general insights into the computational approach as well as specific insights into the
mouse models and new therapeutic opportunities for IBD.

SKAI employs the GSEA algorithm to infer kinase activity by using gene sets composed of

bona fide phosphorylation substrates for protein kinases. We maximized these substrate lists
by combining known kinase-substrate relationships across organisms (Fig. 1). McDonald et
al. demonstrated that more that 80% of human kinase-substrate associations are conserved in
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mouse, where the remaining do not occur due to lack of conservation of the substrate [29].
Our expansion excludes organism-specific substrates not observed in studies of each
respective organism. We therefore expect even high than 80% conservation of kinase-
substrate associations.To provide further evidence for the validity of the cross-organism
expansion, we turn to the kinase-substrate dataset from PhosphoSitePlus. Specifically, we
considered the ground truth mouse kinase-substrate relationships identified in
PhosphoSitePlus and those of other organisms. Of the mouse substrates paired with a kinase,
we then looked to those which also have a kinase association with another organism. The
percent conserved is calculated as the number of relationships that are the same between
mouse and another organism relative to the number of substrates that have a kinase (the
same or not) identified in mouse and another organism. This is determined to be 69%. We
note that of the ground truth mouse kinase-substrate interactions, 56% do not have a
corresponding relationship in another organism. This is anticipated to be due to experimental
bias (e.g. wealth of human cell line data overwhelming that of mouse, which kinases were
studied in prior work) rather than a biological implication. We hypothesize this is a likely
cause for a lower percentage than the percent conserved reported in McDonald et a/. While
earlier approaches have noted the importance of having organism-specific kinase-substrate
sets [18], our organism expansion that integrates information across studies is the first of its
kind.

Analysis of phosphoproteomic data from animal studies receive the most significant benefit
from this expansion—as much as three times the available prior knowledge—as they gain
from knowledge of kinase interactions observed in a wealth of studies performed in human
cell lines in vitro (Fig. 1). We further observed this benefit through comparison of kinase
activity inference carried out using the original mouse kinase-substrate set of interactions
and the results using the expanded set (Figs. 2 and S4). Not only did the expanded set
facilitate detection of additional kinases, it also detected MK2, which we have successfully
validated as a potential therapeutic target. Without the use of the expanded sets, MK2 would
not have been detected or significant in both models (Figs. 2 and S4).

A key observation from our study is the potential for insights provided by SKAI analysis on
both phosphoproteomic data and phosphoproteomic scaled to total proteomic data (Fig. 2).
Each data type likely has its own merit and interrogates a different question based on the
respective data assumptions. We hypothesize that results derived from phosphor-proteomic
data are more tightly linked to kinase activity when the kinase is limiting, and that
phosphoproteomic scaled to total proteomic data is more relevant in the case of a limiting
substrate. This is just a model, however. While relevant biochemically, its accuracy within
the context of tissue is unknown. Our data derive from MS analysis of bulk tissue, so it is
plausible that when considering phosphoproteomic scaled to total proteomic data, the
phosphorylated peptides originate from a tissue region that is distinct from the majority of
the total protein. With this uncertainty, our approach has been to use both data types for
generating hypotheses and then to follow-up experimentally (as presented here in the case of
MK2). Overall, it is evident that both quantities can be biologically relevant—neither one is
exclusively influential; this is further highlighted by the variety of use in the literature [15,
40].
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One goal in creating SKAI was to provide a user-friendly approach for the broader
community of signaling biology researchers studying a variety of model systems. Organism-
specific, expanded kinase-substrate sets can be downloaded (data file S1) and directly
implemented with existing GSEA software and minimal processing of MS data output is
necessary to format substrate site identifiers. Investigators with no prior experience with
programming have immediate access to this approach and can implement it in their existing
workflow, which may already include pathway gene set enrichment through GSEA. Across
biological systems, SKAI can provide an opportunity to delve into the wealth of information
available via phosphoproteomic data, teasing out new mechanisms and consequences of
phosphorylation state regulation.

One consideration when interpreting the results of SKAI is the potential overlap between
kinase-substrate sets. We observed minimal overlap when considering the fraction of
substrates shared between sets overall, but there was considerable overlap between some sets
(Fig. 2d and Table S1). This overlap influenced the results of our analysis, as we identified
negative enrichment of substrates for GSK3A and GSK3B, which share >80% of their
substrates (Fig. 2). As such, we do not know whether either or both kinases contribute to the
increased substrate phosphorylation observed in our datasets. However, MK2 was observed
to only share a small fraction of substrates with other kinases, providing confidence in this
result.

We chose to apply SKAI to datasets from two different mouse models of IBD in order to
determine how different the global signaling network is in the two models and identify
potential therapeutically tractable kinases. Initially, we found that the enrichment results for
the two models were largely distinct (Fig. 2). Since our ultimate goal was to identify
therapeutic targets, we were most interested in the kinases that were predicted by SKAI to be
activated during colitis. In the TCT model, four kinases (PAK1, PKG1, MK2, and PKACA)
were predicted to be activated in the phosphoproteomic scaled to total proteomic dataset
(Fig. 2b). The identification of PAK1 is consistent with our prior work showing that this
kinase plays an important role in maintaining colitis in the TCT model [25]. Collectively,
PAK1, MK2, and PKACA are members of the MAPK pathway. While the individual kinases
have not directly been associated with IBD outside of work within our lab [25], the
relevance of the MAPK to IBD has been identified in prior work [41]. In the TNFAARE
model, only two kinases (CDK1 and MK2) were predicted to be activated, all in the
phosphoproteomic dataset (Fig. 2¢). Common between these two pathways is the cellular
senescence pathway, indicating that perhaps there is a feedback mechanism at work to
compensate for the inflammatory response seen in IBD. The majority of kinase activities in
the TNFAARE model were predicted to have a decrease in activity. While therefore of less
therapeutic interest, we note that biologically, they are found across a range of pathways,
including PI3K-AKT, FoxO, and cGMP-PKG. These at least offer additional starting points
for future work that broadens further explorations of IBD. Whether the differences in
activated kinases observed between the TNFAARE and TCT models reflect the distinct
location of the inflammation (small intestine versus colon) or the distinct mechanism of
initiation (TNF-a over-expression versus T cell activation) is unclear. Moreover, of the five
different kinases identified by SKAI to be significantly activated or de-activated in both
mouse models (GSK3A, GSK3B, MK2, PKACA, and PKG1), none has a clear pre-
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established role in human IBD. It is important to note that SKAI is designed to be a
hypothesis-generating analysis; the statistical thresholds are set to allow for false positives,
but to minimize false negatives. The key is that SKAI identifies pathways to test for
functional significance through additional experimentation.

We chose to focus our experimental validation studies on MK2, which was the only kinase
predicted to be up-regulated in both models. MK2 is a serine/threonine kinase that is
activated by p38 stress-induced MAPK via phosphorylation on multiple residues [42]. The
p38 pathway plays a central role in inflammation by regulating the expression of pro-
inflammatory cytokines [43]. In patients with IBD, there is an increase in p38 expression in
both immune and non-immune cells, leading to the idea that p38 inhibitors could show
efficacy in this disease [44]. Moreover, inhibition of p38 was found to suppress colitis in
both dextran sodium sulfate (DSS)- and trinitrobenzenesulfonic acid (TNBS)-induced
models [45, 46]. In our study, we were able to validate the activation of MK2 predicted by
SKAI through quantitative western blotting for phosphorylation of Ser334, a direct p38a
substrate (Figs. 3 and S5b). The finding that MK2 is activated in the TCT model is
particularly interesting given that we previously showed that p38a activity is reduced in this
model [25]. These observations suggest a disconnect between p38a and MK2 in this system.
MK2 could be activated by another isoform of p38 (B or -y ) and it can also be
phosphorylated by ERK, although SKAI did not predict activation of ERK1 or ERK2 in
either of our datasets.

Because the p38 pathway plays an important role in inflammation, there was hope that
inhibitors would show efficacy in the clinic. Nevertheless, systemic p38 inhibition in patients
is associated with unacceptable side effects and tachyphylaxis [4, 47], possibly due to
feedback activation of NF-xB, JNK, and MEK signaling [48]. This limitation had led to the
search for inhibitors that target other part of the p38 signaling pathway. A selective, orally
available small molecule inhibitor of the MK2 pathway, AT1450 (formerly CDD-450),
inhibits inflammatory responses in animals and is well tolerated at doses up to 30% higher
than the predicted Gy ax €xposure [33]. We therefore evaluated the efficacy of ATI1450 in a
preclinical model of IBD. We demonstrated its activity at multiple levels. This confirms its
capacity to impact downstream signaling pathways (Fig. 4c), to down-regulate pro-
inflammatory molecules (Fig. 4a) and to promote mucosal healing (Fig. 3c—g). Importantly,
no significant side effects were observed in mice treated with ATI1450 and MK2 KO mice are
viable and fertile [33, 37], suggesting that MK2 pathway inhibition represents a viable
therapeutic modality for IBD patients.

One of the interesting insights revealed by treatment of TCT animals with AT1450 concerns
the regulation of ATF-2 and AKT. ATF-2 is a transcription factor regulated by cellular stress
and our data suggest that it is downstream of MK2 (Fig. 4d). AKT activity is regulated by
phosphorylation on Thr3%8 and Ser473, which are predominantly regulated by Pyruvate
dehydrogenase kinase 1 (PDK1) and mTOR [49]. We had noted in our prior work that AKT
Ser473 phosphorylation is up-regulated during colitis in the TCT model, but that inhibition of
mTOR did not decrease this phosphorylation [24]. Here, we also found that AKT Ser473
phosphorylation is up-regulated during colitis, but that this phosphorylation is inhibited by
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ATI450 (Fig. 4d). This observation indicates that in the context of colitis, AKT is regulated
primarily by MK2, rather than by mTOR.

CONCLUSION

We have developed an organism-specific GSEA-based approach (SKAI) to predict kinase
activation state from global phosphoproteomic data. Unlike previous methods, we integrate
information across organisms; this allows us to compile expanded organism-specific kinase-
substrate sets. When applied to mouse models of IBD, SKAI revealed activation of MK2,
which we validated as a therapeutic target through a preclinical study with a clinically
relevant inhibitor. Our study demonstrates that therapeutically relevant information is
present in global phosphoproteomic data beyond individual phosphorylation sites and that
the activation of therapeutically relevant kinases can be gleaned from phosphorylation data
even when the kinase itself is not measured.
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INSIGHT, INNOVATION, INTEGRATION

Analyzing phosphoproteomic changes during pathogenesis can reveal mechanisms of
disease and therapeutic targets, but matching kinase inhibitors with the appropriate
disease state requires a detailed understanding of the key functional changes within the
phosphoproteome. The most effective way to measure global phosphorylation changes is
through mass spectrometry. Translating mass spectrometry data to a functional global
signaling state is difficult, however, in light of the lack of widespread functional
annotation throughout the phosphoproteome and poor coverage of the relatively small
number of annotated sites in any given mass spectrometry experiment. Computational
approaches that overcome these limitations can help to identify therapeutic targets from
global phosphoproteomic data
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Expansion of organism-specific kinase substrate datasets. (a) Workflow diagram illustrating
bottom-up approach to infer kinase activity from prior knowledge and phosphoproteomic
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(blue) at least one known associated kinase from the kinase substrate dataset and

phosphorylation site dataset available from PhosphoSitePlus as of 2017-10-02. Inset
presents the organism breakdown of substrate sites within the set of kinase associated sites.
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are shown in white. (c) Example illustrating process to expand kinase substrate dataset for
mice. (d) Comparison of organism-specific kinase-substrate sets for mouse, rat, and human
within the original dataset (orange) and after the expansion (blue). (e) The number of mouse
substrates associated with each kinase in the original dataset (orange) and after expansion
(blue) are ordered based on substrate set size after expansion.
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SKAI reveals activated kinases. (a) MS workflow. (b and ¢) SKAI conducted on
phosphoproteomic data (phospho, black) and phosphoproteomic scaled to total proteomic
data (phospho/total, white) from (b) TCT and (c) TNFAARE models. Enrichment compares
the inflamed to control samples. Each line in the heat map represents the NES associated
with a kinase (set size =5). Slashes indicate the kinase’s respective substrate set was not
detected in the analysis due to insufficient (<5) substrates in the respective dataset. Bar
graphs present FDR g-values and nominal p-values for each kinase; thresholds are at an
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FDR g-value <0.25 and nominal p-value <0.1. Kinases shown in bold and marked with an
asterisk have results that meet these thresholds. (d) Substrate overlap in TCT SKAI results
from analysis of phosphoproteomic scaled to total proteomic data.
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Figure 3.

ATI1450 treatment reduces inflammatory burden in animals with colitis. (a) Immunoblot
analysis of MK2 and p-MK2 (Thr334) in lysates from colon tissue of animals with and
without colitis. Graphs represent quantification of western blots, 5 mice/group. (b)
Immunoblot analysis of MK2, p-MK2 (Thr334), HSP27, and p-HSP27 (Ser82) in lysates
from colon tissue of AT1450-treated animals. Graphs represent quantification of western
blots from 6 to 8 mice/group (representative blot shown). (c and d) Quantification of distal
colon length (c) and crypt height (d) in animals treated with AT1450, 7 mice/group. (e and f)
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H&E staining and immunohistochemistry for Ki-67 in colon tissue from mice treated with
ATI1450. Images (e) are representative of 7 mice/group, each analysed separately. The
number of Ki-67* cells (f) from analysis of 100 crypts/mouse and 7 mice/group. (g) Flow
cytometry analysis of CD4* T cells in colon tissue from mice treated with ATI450, 4-5
mice/group. Error bars shown as mean + SEM. *p < 0.05, **p < 0.01, and **x*p < 0.005 by
Wilcoxon Rank Sum test.
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ATI1450 treatment inhibits pro-inflammatory signaling.(a and b) Luminex analysis of
cytokine abundance in distal colon tissue from control and inflamed mice treated with or

without AT1450 for 2 weeks. Data are concentration Z-scores of all analytes (a) or

concentration of G-CSF, MIP2, IP-10, or MIP-1a. (b) with 7 mice/group (three technical
replicates per mouse, averaged). (c and d) Luminex analysis of phosphoproteins in lysates of
distal colon tissue from control and inflamed mice treated with or without AT1450 for 2
weeks.Data are raw fluorescence (RFU) Z-scores of all analytes (c) or relative amount of
AKT (Ser?73) and ATF-2 (Thr’1) (d) with 7 mice/group (three technical replicates per
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mouse, averaged). Error bars shown as mean + SEM. *p < 0.05, ¥*p < 0.01, and ***p <
0.005 by Wilcoxon Rank Sum test.
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