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BETECTION OF PHOSPHOKINASE SIGNATURES

5 CROSS-REFERENCE TO RELATED APPLICATIONS
{6001} This application claims priority benefit of U.8. provisional applicaton no.
62/657,620, filed April 13, 2018, which is incorporated by reference in its entirely for all

purposes.

BACKGROUND OF THE INVENTION
10 [000621 In afunctional sense, cancer is a proteonuc disease that arises from selectively
diverted signaling pathways®?. Kinase phosphorylation cascades function as adaptive
networks that are re-wired by oncogenic processes®’. Half of all cancer-drugs that are FDA-
approved or in clinical trials target hy peractive kinases, such as BCR-ABL, BRAFVSYF o

HER2Y. While therapeutic decisions increasingly rely on the detection of mutated kinase

[
W

genes or aberrantly expressed/phosphorylated proteins, few experimental platforms are
practical enough to directly and comprehensively monitor the activity of kinase enzymes’?,
and thus the key actionable dependencies of tumors remain often unclear!'2. A technology
capable of identifying the phospho-catalytic signatures of kinases in biclogical samples could

benefit the bio-medical field and improve therapeutic guidance.

20 {80031 Proteomic detection systems use the phosphorylatable regions of proteins {o infer

kinase activity. Antihody-based assays measure {phospho-jprotein levels, which depend on

1.13-15 16-21

avatlability and specificity of antibodies . Mass spectrometry techniques'®**. sometimes
combined with kinase inhibitors?*?, allow detection of raw amounts of (phospho-)proteins,
but remain restricted due (o cost, equipment and protocols. Altermmatively, genenc amino-acid

25 sequences are used as individual biochemical probes to directly detect the phospho-catalytic
activity of kinases in radioactive-labeling assays, microfluidic electrophoresis systems, ATP-
consumption tests, hvbnid peptide/phospho-antibody platforms, or SPR and FRET

techniques®®

3 Readouts from these approaches, however, rely on broad-spectrum consensus
peptides originally designed for one-probe-to-many-kinases detection methods, well suited
30 for pharmacological drug screens, but not intended to specifically identify or differentiate

between kinases’ activity in biclogical extracts.
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BRIEF SUMMARY OF SOME ASPECTS FO THE DISCLOSURE
[3084] Provided herein is a new technological resource to distinguish and measure the
phospho-catalytic activity of many kinases in paraliel. This strategy relies on collections of

3435 and are

peptide probes that are derived from the biological target sites of kinases
physically used as distinct combinatorial seis of sensors to monitor the activity of kinases in
samples. The technology 1s modular by design: users can adapt probe libraries and assay
conditions to their needs. Using a proof-of-concept 228-peptide librarv, computational
methods to analyze phospho-catalvtic signatures established from high throughput ATP-
consumption measurements are provided in the examples section, which iltustrate the present
mnvention. Further, aspects of the invention relate to identification of kinase targets in
specific types of cancer. For example, an analysis of BRAFY*E tymors for kinase activity is
provided as an illustration. BRAFY*%F colorectal cancers (CRC) and melanomas (MEL)
remain clinical challenges, with poor prognosis and mostly palliative treatment options, that
likely involve kinase-signaling pathways, which can hold the key to new therapeutic
opportumiiies. In one aspect, this approach is used to identify new druggable kinase nodes that
drive the unresponsiveness of CRC and MEL to anti-BRAFVOE therapy in cell models and
patient tumors. Additional benefits of the present mvention will also be apparent to one of

skill in the art, e g., as discussed in the EXAMPLES section.

[6865] In some aspects, the disclosure is thus based, in part, on a high-throughput svstem to
measure the activity of kinase enzymes using their biological peptide targets as phospho-
sensors. In some embodiments, the disclosure provides a target peptide set {o detect the
activity of multiple kinase/kinase families, including, e.g, ABL, AKT, CDK, EGFR,
GSK3B, MAPK and SRC, using a multiplex assay, e g, an ATP-consumption screen, o
identify the activity of kinases of interest to be evaluated, e.g., kinase activities in cancer
cells. Further, in some aspects, the disclosure provides methods and compaositions for the
analvsis of drug sensitivity, e.g., drug-sensitivity to BRAFV600E-targeted therapy in
colorecial cancer; and identifies phosphocatabylic signatures of melanomas for designing and

implementing therapies.

BRIEF DESCRIPTION OF THE FIGURES
[0086] Fig. 1. Libraries of biclogical peptides function as combinatorial sensors to
identify, differentiate, and measure the phosphorylation activity of linases.

{a) Schematic of the assay procedure.
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(b) Unsupervised hierarchical clustering of phospho-catalytic activity signatures of 25
recombinani kinases established from 228 peptides. For each experimenial run, the average
value of ATP consumption across the 228 peptides was used for internal normalization. The
kinase activity per-peptide was then calculated as the difference in ATP consumption
between individual peptide-derived values and the overall infernal mean. Next, peptide-
specific activity values were averaged across independent repeats {o establish the phospho-
activity signature of each kinase for all peptide sensors. Finally, the 228-peptide-derived
phospho-catalytic signatures of the 25 recombinant kinases were analyzed using wnsupervised
hierarchical clustering. Phospho-catalytic profiles are color-coded based on the relative level
of activity measured in presence of each peptide, frora blue for low-or-no activity, to white
for intermediate-or-mean activity, 1o red for high phospho-catalytic activity. The
red/gold/grey peptide color-key on the right side of the phospho-catalvtic heatmap indicates
the origin of peptides (biological, generic positive control, or random). The number of
independent experimental repeats per kinase {») is listed underneath the heatmap. The same
concentration of recombinant kinases was used (see Supplemental Methods).

(¢} Pearson-correlation heatmap highlighting the functional relationship between kinase
enzvines established from their differential spectrurn of 228-peptide~-specific phospho-
catalytic activities. Kinases are arranged by alphabetical order within their respective
families.

{(d) Profile of AUC values obtamned for an increasing number of randomized sampling
combinations of peptide sensors to predict the wdentity of HCK. AUC values (y-axis) reflect
the performance of HT-KAM assay for predicting HCK s identity by comparing the 7x 228~
peptide phospho-signatures of HCK versus the 113x 228-peptide phospho-signatures
measured for all other 24 kinases, when relving on one or multiple peptide sensors (x-axis;
random peptide sampling of a combination of up to 50 peptides out of 228} The AUC values
corresponding to Diagonal Linear Discriminant Analysis {DLDA) classifiers that match
HKC’s specific all-biological peptide subset is shown as a red dot; HCK s all-generic
positive control peptide subset as a gold dot; all-random peptides as a grev dot; exact AUC
values and number of peptides for each combination are indicated.

{e) Dnstinet subsets of peptides can be identified as functional predictors of the differential
activity signature of each kinase fanuly. The number and origin of peptides composing the
differential phospho-signature of kinases is shown in the bar graph. Peptides were classified
as ‘predicted” {dark shade) or not (i.e. ‘other’; light shade), where ‘predicted” defines a

peptide sequence previously identified m the lterature as a target of a given kinase. Fora
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biological peptide, it is an amino acid sequence that corresponds to a known phosphorylatable
protein region’®*, and for a generic positive control peptide it is an amino acid sequence that is
commercially available. The AUC of each peptide set per kinase 1s listed undemeath the
graph.

() Phospho-catalytic profiles measured in presence of the biological peptide targets of
AKTI, MAPKI/ERK2 or JAKZ kinase. The average activity per indicated biological peptide
across ‘n’ independent experiments is color-coded blue-to-white-to-red from low-to-medium-
to-high kinase activity. Biological peptide probes are organized by decreasing phospho-
catalvtic activity per kinase. Each phospho-catalytic heatmap is shown side-by-side with a
grey-scale of significance (p-values for a pairwise t-test comparing the activity measured
from ‘»’° independent experimental runs for each biological peptide vs. the average aclivity
measured with S-random peptides). Average phospho-catalytic activities obtained from four
distinct conirol pepiide groups are shown for comparison at the bottom of each panel
(random, Y/S/T-free, reference, or generic positive conirol).

{g) Box plots showing that the subsets of biclogical peptides specific 1o each kinase are
associated with significantly higher levels of phosphoryiation activities than activities
measured from the pool of S-random peptides. Box plot distribution of data displays
minimuim, tirst quartile, median, third quartile, and maximum. The difference in kinase
activity experimentally measured with biological vs. reference peptides was highly
significant {p<2E-~100; left vs. right set of box plois).

(h) Functional clustering of kinases based on the 151-biological peptides included in the
assay. The analysis is based on all HT-KAM readouts, but only phospho-activity values
derived from the 151 biclogical peptides were used for ranking analysis. Kinases belonging
to distant genetic farmlies are distinguishable. ABL and SRC kinases from non-receptor
tyrosine kinase families are identified as functionally related. Individual kinases of known
distant biological/biochemical relationship with the rest of their genetic families can be
singled out (e.g. ABL1TY: AKTZ: MAPK 14, SRMS).

(1Y AUC forest-plots comparing the specificity/sensitivity of biological (red) vs. generic
control positive (gold) vs. random {grev ) peptide subsets. Biological peptides behave as good
functional sensors of kinases, and the identity of a kinase can be effectively predicied from
the phospho-signature monitored with its subset of biological peptides.

(i) Enzymatic activity of ABLT measured in presence of its 11-biological peptides, and etther

without treatment {left column; UNT) or treated with senial ditutions of ABL1-targeting
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inhibitors imatinib and dasatinib (2 sets of 3 columns on the right; concentrations indicated at
the top).

{k) Measurable effects of inhibitors on the activity of ABLI, ABL1TP LYNA, AKT1
kinases using their biological peptides as reporters. Shifis in activity are represented as the
average (colored dot) +/- StDev of the change in ATP consumption across all biological
peptides i comparison to unireated control. While the activity of ABL1 was most reduced by
these inhibitors, the anticipated specific effects of inhibitors was apparent by their relative
low or lack of effect on ABL1T! LYN A and AKT1 kinases (e.g. LYN A was affected by
higher doses of Dasatinib). Staurosporine was used as a non-specific control of kinase

activity inhibition.

[6007] Fig. 2. Mapping the phosphe-catalytic signatures of cancer cells in their native
or drug-treated/resisiant states, identify their specific kinase dependencies and reveal
their differential valnerabilities to single and combinatorial kinase-targeting therapies.
(&) Identification of kinases known to participate in the response of BRAFYYE CRC cells
(WiDr) to BRAFYCEqaroeting therapy (VEM). Western blots for total and phospho- protein
MEK1/2, ERK1/2 and EGFR are shown as controls on the left. Change in activity of these
kinases after VEM treatment was measured using their respective subsets of biological
peptides (shown as heatmaps and bar graphs). Bnefly, for each experimental run, the average
value of ATP consumption across the 228 peptides and 14 data-points from cell extract alone
(i.e. established from 14 peptide-free control wells per 384-well plate} was used for internal
normalization. Fach sample’s kinase achivity per-peptide was then calculated as the
difference in ATP consumption between individual peptide-derived read outs and the internal
mean. Next, the peptide-specific activity values were averaged across independent repeats (3
independent biological replicates tested in 4 independent technical replicates). Finally, the
difference in phosphorviation activity per peptide between VEM and UNT profiles was
calculated across all 228 peptides. Results are represented as a series of kinase-focused
heatmaps using their particular subset of biological peptides (top right panel}. Each colored
bar represents the differential activity in presence of a biological peptide of the indicated
kinase, ranging from blue-to-white-to-red o respectively indicate lower-to-unchanged-to-
higher activity after VEM treatment. The number of biological peptide sensors per kinase is
mdicated underneath the name of the kinase. A relative cumulative index of activity for each
kinase was plotted as an indicator of the differential kinase signatures found in VEM-treated

samples versus their control counterpart (bar plot on the bottom right; average of differential
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activity values across all kinase-specific biological peptides, divided by the number of
peptide sensors). Significance is measured in pairwise Student t-test comparisons between
VEM and UNT across all runs (¥/#: p<0.08; ¥*/##: p<0.01), and either including all
bislogical peptide sensors (*/**), or 75% of peptides that followed the main activity trend
{(#/##) 1o elude cross-reaction effects due to parallel feedback activation loops such as AKT
or EGFR as illustrated from the biological peptide targets of ERK2 that paradoxically display
higher activity {red bars at the top of the ERKZ2-heatmap) but relate to proteing directly
involved in mechanism of therapeutic resistance, such as the EGFR-pathway**® or TGFBR-
pathway®’.

{b) identification of new kinases that mediate intrinsic resistance to BRAFY% . targeted
therapy in WiDr CRC cells.

{c) Validation of changes in activity of kinase enzymes using western blot. For example,
mereased phospho-S473 AKT relates to increased AKTT activity, while mcereased phospho-
89 GSK3B foretells decreased GSK3B activity.

{d) Response of Wibir cells 1o combinatorial-targeted therapies. Survival graphs show ceali
growth sensitivity profiles to dual targeting of BRAFYY™E + AKT1 or PDPK1 or PRKCA.
Table insets provide characteristics of response to drug combinations: C.I. = combination
index following Loewe Additivity model and measured as the average growth inhibition for
VEM=<2uM and 2nd drug<GI50 conceniration {arbitrary threshold: synergy CI£0.6; additivity
0.6<CI<1.0); D1 = drug interaction (two-way ANOV A p-val). Drug responses serve as a
validation of kinase activity signatures found by HT-KAM screening, as well as a discovery
of new vulnerabilities.

(e} Peptide phosphorylation activity signature of cancer cell lines. For each experimental rum,
the average value of ATP consurmption in sarople-containing wells measured across 228
peptides and 14 peptide-free conirols, was used for internal normalization. The activity per-
peptide was then calculated as the difference in ATP consumption between individual
peptide~denived read outs and the internal mean. Next, phosphorylation activity values
measured for each peptide were averaged from 23 independent replicates for each cell hine.
Finally, the phospho-catalvtic activity signatures measured across the 228-peptide sensors
were subjected to unsupervised hierarchical clustering. Phospho-catalyiic activities are color-
coded based on the relative level of activity measured in presence of each peptide for each
cell line, from blue for low activity, to white for intermediate-or-mean activity, to red for high
activity. The peptide class is indicated as a red/gold/grey color streak on the night side of the

heatmap.

6



Wh

10

20

2

CA 03096871 2020-10-09

WO 2019/200245 PCT/US2019/027201

() Kinase activity signature of cancer celi lines. For each cell line, the activity of kinases was
calculated as the average of the phosphoryvlation activities measured in presence of their
respective biological peptide subsets. The profiles of 60 individual kinases or kinase farmlies
detected with >4 biological peptides are shown. Unsupervised hierarchical clustering was
applied across both kinases and cell lines, and color-coded as a blue-to-black-to-vellow scale
from low-to~-medium-~io-high activity. Profiles highlight the heterogeneity of kinases™ activity
across cancer cells. Control for ATP levels and protein concentrations across cells, and
vahidation of phospho-signatures using complementary compuiational analysis, immuno-
blotting, or drug treatment responses are available in Figs, 18-22,

{g) Comparnison of kinase activity and drug sensifivity 1n two phenotypically distinct
BRAFV®E call lines: A375 (melanoma) vs. WiDr {colorectal), which are respectively
constdered 1o be inherently sensitive and resistant to BRAF-therapy. The activity of 10
different kinases was mean-centered between cell lines (v-axis) and compared (o their GISO’s
(x-axis; drug concentration causing 50% inhibition of cell growth in 3-day assays) for 14
inhibitors. Color-coded drug names are indicated underneath each graph. Validation using a
second, alternative drug was tested for four of the kinases. All drug concentrations are in ubM,
except dinaciclib and trametinib in nM.

{(h} Graphical correlation of kinase activity with drug sensitivity. Kinase activity values (y-
axis) correspond to activities shown in {¢}. The x-axis shows the sensitivity of A375

calculated as the Logio of GISO(WiDr}y / GISO(A375),.

[0008]  Fig, 3. Mapping the phespho-catalytic signatures of melanoma tumors reveals
druggable kinases predictive of poor outcome zud vemurafenib-unresponsiveness in
BRAFVSUE natients.

{a) Schematic of the procedure.

(b) Peptide phosphorylation signatures of patient tissues. Data analvsis followed the same
steps as for cancer cell extracts. HT-KAM data were clustered using Euclidean distance and
ward linkage. Phospho-catalvtic activity and peptide annotation are color-coded as indicated
10 the bottom right legend. Retrospective knowledge of survival outcome, recuirence and
treatment-resistance are indicated above each map. along with their BRAFY*F mytational
status. Within the deceased group, patients #4-5-9 were VEM-resisiant (red squares}, and
patients #2-4-8 were ipihmumab-resistant (i.e. refractory to anii-CTLA4 immuno-therapy):

see Figs. 23-24 for details.

~J
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{c) Kinase activity signatures of tumor tissues. Analvsis followed the same steps used (o
deconvolute the profiles of cell lines. For each tumor, the activity of kinases was calculated
as the average of phosphorylation activities measured in presence of their respective
biclogical peptide subsets {only kinases detected with >4 biological peptides are shown).
Kinase activity profiles were mean-centered per tumor and then per kinase across samples.
Semi-supervised hierarchical clustering was applied across kinases (tree on the lefi;
Fuclidean distance), while maintaining the order of patients established in (b} Kinases’
catalviic activity is color-coded as a blue-to-black-to-yeliow scale of relative low-to-high
activity. Parficular kinases are indicated by an arrow/letier on the right, and underline the
balance between up/down-activation of proto-oncogenic kinases (RPSOKB, PIM, AKT)
versus tumaor suppressor kinase (GSK3B), either within each patient {fop vs. bottom; e.g.
VEM-resistant BRAFV600E mutated melanomas), or between patient groups (left vs. right;
e.g. good vs. poor outcome).

{d) Table of kinases whose hiological peptides are significantly represented among most
differential peptides associated with survival outcome. The muddle column shows
significance based on enrichment analysis EASE — Fisher one-sided test using 34 out of 228
peptide sensors {p<0.05 as significance cut-oft). The nght colunn provides significance
values (FDR-corrected Student t-test) using all (unselected) biological peptides per kinase
subset, and comparing all experimental runs between swrviving and deceased groups.

{(e) Biological peptide-derived activity signatures of AKT, PIM, RPSGKB and GSK3B
kinases averaged across tumors from VEM-resistant patients #4,5.9.

(f) Response of BRAFVSUE melanoma cell lines to drugs that target vulnerabilities identified
by HT-KAM assay. We chose to target AKT, PIM, RPS6KB and GSK3B kinases based on
the kinase profiles of VEM-resistant patients shown in panels {c-e). The growth of A375 and
Sk-Mel-28 cells was tested in presence of a range of concentrations of VEM thorizontal axis;
concentrations indicated at the top) combined with a 2™ inhibitor (vertical axis; kinase target,
drug name, range of concentrations indicated on the left) in 3-dav survival assays. We elecled
1o use Sk-Mel-28 cells because they are inherently highly resilient to BRAF-therapy. The
relative scale of growth inhibition (G} is color-coded {legend on the top left). GI heatmaps
serve as visual indicators of whether the therapeutic index of BRAF-therapy alone can be
improved when combined with a 2™ kinase-targeting drug.

{(g) Streamlined side-by-side comparison of drugs’ effects on cells’ response to BRAFV6OE.
targeting. Graphs show the percentage of growth mhibition (v-axis} resulting from combining

VEM at various concentrations (x-axis) with a 2 inhibitor at its G150 concentration alone
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{curves of VEM+2nd drug are color-coded: black lines represent the conirol VEM alone).
The 27 and 4% graph serve as control response profiles obtained from MTOR- and MEK-
inhibttor treatmoent m A375 and Sk-Mel-28. Rectangles highlight the highest achievable
response elicited by these various drug-combinations. Percent cell death at GI50
concentrations are provided undereath the graphs.

(k) Characteristics of drug combination effects. D1 = drug interaction. C.L = combination
index following the Bliss Independence model and measured as the average of all
experimental CI values (threshold: synergy CI<0; additivity CI=0; antagonism CI>0)*,

(1) Primary tumor cells derived from a VEM-resistant melanoma PDX that displays high level
of phospho-RPSGKB1 protein (used as readout of kinase activity}, are sensitive to RPSGKB-

targeting drug in 3-week colony formation assay.

[0009] Fig. 4. Source of peptide probes and arrangement of kinase assay plates.

{a) List of 228 peptides used in the assay. The table provides the conmectivity details between
kinases and peptide substrates (colunms 3-5) for the 151 biological peptides, 14 generic
positive control peptides, and 63 reference peptides included in the assay. Peptide ID)'s and
categories are listed in the first two columns. The 25 kinases listed above the color-coded
area (right side) are those tesied in biochemical assay using purified recombinant kinases.

{b) Numerical~/color-coded connectivity used in table (a). This defines the “functional’
relationship between each peptide lane and each tested recombinant kinase shown in table
{(a). For instance, a peptide/kinase mtersection coded 1-black corresponds to a biological
peptide predicted from literature to be phosphorylated by the kinase indicated at the top of
table. However, this same biological peptide is coded 2-yellow in adjacent columns, which
indicates that other kinases are not predicted {o phosphorylate this peptide/substrate target
sites. Similasly, a peptide/kinase intersection coded 3-orange corresponds to a generic
postiive control peptide predicted from literature to be phosphorvlated by the kinase indicated
at the fop of table. However, this same generic positive control peptide is coded 4-teal in
adjacent columms, which indicaies that other kinases are not predicted to phosphorylate this
peptide/substrate target sites.

{¢-d) Origin of peptide sensors. The functional relationship betwaen kinases and pepiides was
previously established from computational curation resources butlt to mine public databases
(see: website at hitp address cancer ucsf edw/phosphoatias; US20120296880%%13), Panel (¢)
summarizes the curation process and molecular connectivity between kinases, substrate

proteins, and phosphorviatable peptide target sequences. Panel (d) is a projection of the

9
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coverage of biological peptide targets (left) and generic posiiive control peptides (right) per
kinase across all human kinases/kinase families. Genenic posttive control peptides were
curated from commonly available/advertised single-probe kinase assays or screens. The
quantitative and qualitative coverage of peptides per kinase is represented as discs, which are
dimensioned based on absolute number of peptide targets per kinase, and color-coded based
on uniqueness of peptide targets per kinase.

(e} Biological peptide/kinase connectivity.

(f) Overall arrangement of individual 384-well plates. Besides the 228 peptides, each
experimenial plate includes: (i) 14 “peptide-free” wells (i.e. sample with buffers but withowt
any pephide), (11} intermnal duplicates for a series of peptides-containing wells and peptide-free
wells, (111} assay conirols: ATP alone (ATP-loading control}, kinase assay buffer alone, and

ATP dilution standard.

[6010] Fig. 5. Activity signatures established for all recombinant kinases across all
peptide sensors and all experiments.

{a) Repeatability of the assay across 120 different 384-well-plate assays. The graph shows a
run-to-run comparison of activity profiles for mdividual kinases. The reproducibility of the
assay was high, as measured by Pearson’s correlation coefficient for replicate runs of 228-
peptide-denived kinase activity profiles of 23 recombinant kinases, and based on >40,000
single ATP-consumption data points.

{(b-e) Example of peplide-derived phospho-catalvtic signatures for the JAKZ kinase. Four
independent experimental runs are compared. ATP consumption profiles derived from
fuminescence readouts are shown in (b} and compared in {¢}. Results transformed as
mternally normalized data by centering ATP consumption profiles against their overall 228-
peptide-derived mean, are shown in {d) and compared in {e}. The stack bar graph in (&)
visually shows that ATP consumption profiles follow similar trends across all ditferent runs:
most bars foliow the same activity trend of “all-up/higher-than-the-mean™, or “all-
down/lower-than-the~-mean”, or “close-to~-the-experimental-mean”. This relates 1o the good
correlation (>0.9) found between experiments as shown in table (e}, and in graph {(a).

(f-i) Cumulative bar plots for the other 24 recombinant kinases we tested. Each plot
represents the stacked results of activities observed in experimental repeats and in presence of
each ndividual peptide. In each graph, most bars follow the same “all medium™ (around “¢7,
t.e. mean kinase activity measured across all 228-peptides per experimental run), or “all-

high” (above the mean), or “all-low™ (below the mean) activity trends, which further
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demonstrates run-to-run reproducibility and data consistency. Graph-to-graph comparisons
(i.e. kinase-to-kinase) allow discerning kinases” specific catalytic signature.

(1) Cumulative bar plot resulting from merging all profiles of all 25 kinases/120 experiments
together. Together, the comparison of panels (d,£-1) show that some peptides are associated
with high kinase activity for a particular kinase, or a kinase family, or broadly across multiple
kinases/kinase families. Some other peptides are associated with munimal kinase activity (see
most negative stacked bars). Peptides from the pool of 63 reference peptides were broadly
associated with low kinase activity. As also shown in main Fig. 1b, panels {d,f-m) show that
differences in patiern and intensity of activity between members of a same kinase sub-family
can be identified {e.g. ABL2 vs. ABL1; AKT2 versus AKTI1/3; BREK, FRK or SRMS versus
other SFK’s; ERK?Z vs. p38a). The differential activity of distinct kinase isoforms (LYN A
versus LYN B) or “wild type” versus oncogenic kinase (ABL1 versus mutated ABL1T ) can
be found, which fumetionally corroboraies what has been so far inferred from the differential
interactomes {PPI) of distinct protein isoforms'®. This shows that kinases affected by
alternative-splicing events or ‘minimal’ genetic / oncogenic mutations can exhibit highly
specific and distinctive phospho-catalyiic functions {as if encoded by unrelaled genes). Such
results expand the anticipated complexity of cell signaling networks and their alternative
cancer-state!. These data also illustrate the broad dynamic range {over 4 logs of magnitude)
of measurable catalvtic activities offered by the use of a large variety of peptides, and
observable between different kinases. The differential distribution of 228-peptide~-derived
activities per kinase reveals that each kinase displays distinctive catalytic capabilities. These
data show that the HT-KAM strategy is a robust discovery platform that detects and discemns

the unique catalvtic properties of different kinase enzyvroes,

(G811} Fig 6. Dilution and time course assays. A subset of kinases and genenc postiive
comtrol peptide sensors cornmonly used in the field, were interrogated to assess the guality of
the results generated with the HT-KAM assay platform.

(&) Activity of kinases measured at different concentrations and over time.

(b) Activity of kinases measured over time in presence of generic positive control peptides
versus negative control {(non-phosphorylatable} peptides. Significance is shown at the top of
the box plot. Kinase-dead recombinant proteins or inactive kinase spliced isoforms {e.g. FYN
) were also used as negative conirols to validate results from the assay (daia not shown).

Profiles in (a-b) match standards in the field, and show the quality of the assay was excellent.

16012] Fig 7. Comparison of dynamic range te data variation across peptides.

1
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{a) Heatmaps of the top-20 pepiides associated with the highest measurable activity per tested
recombinant kinase. The first columm of each kinase sub-panel indicates three peptide
categornes: (1) an orange square is for a kinase’s generic positive control peptide (as
advertised/commonly used); {11} a vellow square is for any other generic positive control
peptide out of the 14 generic positive control peptides included in the HT-KAM assay: (i) a
fuchsia square is for a biological peptide. The second colurun of each kinase sub-panel shows
the peptide-phosphoryiation activities for the top-20 peptides (red color scale). Activity
profiles were normalized following the method applied in Fig. b and Fig. §, i.e. raw
tamnescence data were transformed into ATP-consumption data, and then transformed in
kinase activity profiles by mean-centering results across 228-peptide sensors per run and per
kinase, before averaging profiles for each kinase and comparing significance of peptide
phosphoryiation profiles across experimental repeats. Activities are shown as a white-to-red
scale {saturated red at +100uM above the mean ATP consamption measured across 228-
peptide per kinase). In the third column of each kinase sub-panel, FDR-corracted 1-test values
per peptide probe are shown to assess the significance of activity profiles. The
phosphorylation activities measured with each of the top-20 peptides were compared to the
pool of 63-reference peptides included in HT-KAM assays across all experimental repeats for
each kinase. FDR-corrected t-test values (BHp) are shown as a white-to-grey-to-black scale
{white color cut-off at 0.05, saturated black at 1E-10}.

These results indicate that, for many kinases, their best generic positive control peptides have
a good, but not necessartly optimal, ability to report on their enzymatic activity. More
specifically, the "best’ positive control peptide for 17 out of the 25 recombinant kinases did
not correspond o one of their originally advertised generic positive conirol peptides (e
vellow surpasses orange for BLK, BRK, FRIK, HCK, LCK, LYN A, SRC, YES|, ABL1,
ABLITBL EGFR, ErbB2, ErbB4. JAKZ, CSK, AKT2. MAPK14). Furthermore, for 18 out of
25 kinases, biological peptides were better reporters than their best, oniginally advertised,
generic positive conirol peptide (1.¢. fuchsia surpasses orange for BLK, BRK, FGR, FREK,
HCK, LCK, LYN A, SRMS. YESI, ABLITY EGFR, JAK2. CSK, AKT1, AKT2, AKT3.
MAPKI/EREK2, MAPK14/p38a). In many instances, biological peptides can be considerad as
at least as good sensors of kinases’” activity as currently available generic posttive control
peptides.

{(b) Individual comparisons of FDR-corrected t-test across top activity reporting peptides per
peptide category. This graph compares the significance (BH-p values) for the highest
phosphorylation activities measured with the top peptide belonging to each of the three

12
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categonies: (i} best of the advertised/commonly used generic positive control peptide(s) for
each kinase {orange dot); {11} any other best generic posifive control peptide {(i.e. best of any
of the 14 generic peptides other than the ones advertised for the indicated kinase; yellow
triangle); (111} best biological peptide (fuchsia lozenge). Along with data in panel (a), kinase
assays show that positive conirol peptides work well {as expected), but performance can be
improved by using/including biological peptide sequences.

(¢} Z-factor profiles. Comparing the dynamic range to data variation of "positive’ versus
‘negative’ controls is a standard method in the field to evaluate the performance of an
enzvmatic assay (i.e. Z-factor or £7). We used this method to assess the guality of individual
assays included in HT-KAM experimental sets, and to further assess how using different
peptide probes impacts assay readout performance. 7#° was evaluated by comparing ATP
consumption values measured in presence of a peptide probe versus in absence of peptide {7

=1 — (3% (8tDev Pos + StDev Neg) /

Ave Pog ~ Ave Neg| }). Z7 values from kinase activity
profiles were calculated for the three kinds of peptide probes shown in panels {a-b).
Comparing the extent of the assay’s dynamic range (~0.1 to ~250nM ATP consumption) to
experimental vanation (<1 to 20nM ATP standard deviation) using generic postiive control
peptides versus no-peptide negative controls (i.e. orange dots; measured across the 14
peptide-free wells), showad overall excellent performance of the HT-K AM assay at the level
of individual pepiide assays {average Z°=0.53}. Yet, 2’ couid be significantly increased up to
0.59 when using “any” best peptide out of the 228 peptides included in the HT-KAM screen,
and in particular when including biological peptide sensors (fuchsia lozenges). Along with
results from activity and significance profiles shown in (a-b), these data show that peptide
sequences derived from biological subsirate proteins are well suited (o measure the

phosphorviation activity of kinases,

I6013] Fig. 8, Profiles of Area Under the Curve {AUC) values obtained for an
increasing mumber of randomized combinations of peptide sensors t¢ predict the
identity of an individual kinase or a kinase family.

(a-¢) Progression profiles of AUCs for individual kinases and kinase families. In the analysis
described below, the ‘ouicome’ we wanted to predict was the identity of a kinase based on
peptide activity profiles. For example, for AKT, the analysis outcome was “is this kinase in

390

the AKT family: ves or no”?” when using the activity profile from one or muldtiple peptides
where peptide(s) were “drawn’ from any of the 228 pephides, and activities compared across

all 25 recombinant kinases and all experimental repeats. To do so, Diagonal Linear



Wh

10

20

CA 03096871 2020-10-09

WO 2019/200245 PCT/US2019/027201

Dnscriminant Analysis (BLDA) class predictors were built for each kinase or kinase family
using randomized combinations of an increasing number of peptides to discriminate one
given kinase {or kinase familv) from others. The performance of the DLDA classifier was
defined as the AUC for predicting the identity of a kinase {or kinage family} from repeated
tteration {i=1,000) of random peptide sampling. The confidence intervals of AUC s were
computed using the Delong method (from the pROC package of R). AUC values (y-axis)
obtained for any number of combined peptides {x-axis) are shown as progression profiles of
AUC’s (box plots) for individual kinases {a-b) and kinase families {¢). Plots show the effect
of increasing n on AUC values, where n random peptides are drawn out of 228 peptides, and
where 7 spans from 1 to a combination of 50 peptides (graphs in panels (a,e)) or from 1 toa
combination of 100 peptides (graph in (b}). We analvzed individual kinases for which enough
experimental repeats were executed (here we chose a stringent cut-off of > 6 repeats; t.e.
ABLI, AKTI, EGFR, MAPKI/ERKZ, MAPK14/p38a, HCK, SR, panels (a-b)), and for
kinases grouped by subfamilies (with sufficient (>6) repetitions per family; 1.e. ABL, AKT,
HER, MAPK, SFK; panel {c}). For each of the 50 boxplots per graph shown in {a,¢), or for
each of the 100 boxplois in the graph shown in {b), the line in the muddle of each “box’ is the
median of the data, the length of the box 15 25% and 75% of the data, and the whisker is (25%
- 1.5 x (InterQuartile Range)) (A1QR) and {(75% + 1.5x IQR). The outliers (points) are anything

that falls outside of that range.

[6614] Results in (a-¢) show that, for every kinase or kinase family, the sensitivity and
specificity of a kinase-assay mtended to measure theiwr phospho-catalvtic activity, is
svstematically improved when: (i) inchuding an increasing number of combined peptide
sensors; and/or {ii) when using particular subsets of peptides that perform significantly betier
than other combinations within a particular tterative number of peptides (i.e. higher AUC’s
within a given n-number of peptides). These results also show that some unique combinations
of few peptides can behave as highly specific and sensitive reporters of a given kinase (i.e.
these peptide subsets would be located toward the top left comer of each plot; nole that the
results of this method/analysis do not —however— define which peptide sets differentiate with
the highest probability and highest spacificity/sensitivity between different kinases, which is
a question we resolve later in Figs, 16, 11, 14, 15 and shows that biological peptide subseis
happen to be exquusitely well-suited for). Tt can be noted from these data that, in the
perspective of expanding the coverage of the HT-K AM platform to monttor more/other

kinases, the computational analyses and modeled data in {a-c} already demongsirate that
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including additional peptide probes would only increase the capability of the HT-KAM
svstem to accurately predict the identity of more/different kinases out of their phospho-
catalytic activity signatures. Together, these results dernonstrate that our strategy of including
a multiplicity of peptide sensors considerably improves the sensitivity and specificity of any

kinase assay.

[6015] Fig. 9 Kinase phosphorylation activity measured in presence of individual
generic positive control peptides. To further show that including a nultiplicity of peptide
sensors improves the performance of a kinase assay, we asked whether anv individual generic
positive control peptide could provide the specificity neaded io accurately identify individual
kinases.

{a) List of kinases whose activities are ‘expected’ to be measured with the positive control
peptides included in the HT-KAM assay. The 14 generic peptides included in the 228-peptide
library are commonly used as reporters of the phospho-catalytic activity of »63 individual
kinases and >27 kinase fanulies {e.g. ABL, AKT, ERK, HER, p38, SFK, TK, eic).

(b Comparison of kinases™ phosphoryiation activity patierns across positive control peptides
based on either what is anticipated from literature (fop panel), or experimentally measured
{bottom panel). In the top panel, the red-colored areas correspond to peptides expected to
report on the activity of the indicated kinases, whereas the blue areas are not advertised as
such. In the bottom panel, the bine-to-white-to-red heatmap corresponds to the experimental
profile of recombinant kinases™ activity levels measured in presence of these peptides. The
bottom panel 15 an excerpt from the complete 228-peptide phospho-catalytic activity
signature of kinases. In principle, the red areas from the top panel should match the ‘redder’
areas from the bottom panel, and, as critical, the blue areas from the top panel should maich
the ‘bluer” areas from the botiom panel.

{¢) Detailed comparison of kinases” activity level for each generic posifive control peptide.
The 14 individual graphs display the activity of ali 25 recombinant kinases for each of the 14
peptides. In each graph, the red bars indicate catalvtic activities expecied {o be the
highest/most positive. Conversely, black bars are not anticipated to display high activity or
any acivity.

(&) Concordance between expected and experimental activities. The % concordance was
evaluated based on whether experimental readouls belong or not to their expected activity
groups {vertically: per kinase; horizontallv: per peptide). The overall average concordance 15

~52%. Cross-reactivity between kinases/peptides observed in (b-d) indicates that it would not
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be possible 1o use any individual positive control peptide as a mean to specifically identify or
differentiate a particular kinase from other kinases.

(e} Comparison of individual peptides” AUC to evaluate how specific and sensitive each of
the 14 positive control peptides is to identify their respective kinases. AUCs were calculated
from repeated iteration of single peptide sampling for kinases tested >6 times {i.e. HCK,
SRC, ABLY, EGFR, AKTI, MAPKI/ERKZ, MAPK14/p38a). This analysis compared all
228-peptide phospho-catalytic profiles across all 25 recombinant kinases and all experimental
repeats (method described in Fig, 8). This method answers the question: “how good is an
individual peptide at predicting the identity of a kinase?”, and results can be interpreted as:
“the ligher a peptide’s AUC is for a particular kinase, the more this peptide {and this
particular level of phosphorylation for this peptide) is good at discriminating this kinase from
all other kinases™. The top section shows all calculated AUCs for all 14 positive control
peptides across all interrogated kinases {color-coded scale of AUCs shown on the right;
kinase name on top). A black side-bare next to AUC(s) designates positive control peptide(s)
expecied to report on the indicated kinase. To help compare the performance of individual
posttive control peptides” specificity and sensitivily, the bottom section displays the AUCs
for 14 mdividual biological peptides with the highest AUCs for each kinase.

Results show that most individual positive control peptides do not provide the highest
possible specificity and sensitivity for the kinases they are expected to report on.
Furthermore, most individual positive control peptides are outperformed by individual
biological peptides. These data provide new leads on how to improve single-peptide kinase
assays using {biclogical} peptides found with the HT-KAM strategy. More critical to the
concept underlying our study, these results underline why a multi-peptide approach is a
valuable alternative to single peptide-based activity measurements when mvestigators want to

specifically and differentially identify a given kinase from other kinases.

[0016] Fig. 10. Systematic identification of combinatorial peptide sets that best
differentiate between kinase families. We implemented compulational methods to define
which unique set of peptides most significantly distinguishes a kinase from all other kinases.
{a-e} Differential phospho-catalytic signatures of kinase families. The phospho-catalviic
activity heatmaps of ABL (a}, AKT (b}, HER (¢}, MAPK (&), SFK (&} are established from
the peptide subsets that best differentiate each kinase family from all other kinases. Peptide-
IDs are histed on the right side of each heatmap. A scale of catalytic intensity 1s shown

underneath (blue-to-white-to-red of mean-centered activities). The two color-coded columns
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on the left of each heatmap show the type/origin of peptides, and the mean difference in
activity: {1} peptide types or origin are shown in red shade (biological), vellow shade (generic
posttive control), grev {reference); (1) the mean difference m activity 18 shown on the left, as
an indicator of how significantly more (pink) or less {green) active a kinase family is in
presence of the listed peptide that was included in their differential signature.

{6617}  The first step of the computational method was to systematically compare each of
the 228-peptide activity signatures from all kinases belonging to a given family with > 6
experimental repeats (1.e. ABL, AKT, HER, MAPK, SFK), to the 228-peptide signatures of
all other kinases belonging to all other farmlies, and then select peptides associated with the
most differential activities based on whether any of the 228 peptide-associated activity values
passed or not a significance threshold of p<0.05 for both FDR-corrected t-test and Wilcoxon
rank sum test. This implies that: (i) the selecied, most differential peptides can be associated
with etther low, or hugh, or “average’ phospho-catalytic activities spectfic to a kinase family if
it significantly contrasts with activities observed across all other kinases (following this
principle, a peptide can be found as part of the differential signature of multiple kinase
famlies owing activity levels and significances that are specific to the differential signature
of its given kinase family versus all other kinases); (i1} the activities from the selected, most
significantly differential peptides specific to a kinase family follow a trend that may vary
from one individual kinase to another within that family (and between experimental read
outs), and some individual kinases may also cluster away {from the majority of other kinase
family members (which underlines the functional precision of the combinatorial
measurements provided by the HT-KAM assav toward the systematic identification of the
specific functional atiributes unique {0 a kinase family yet can distinguish sub-family

members).

[0018] The second step of this analysis, was to extract all phospho-activity values that
match the significantly differential peptides out of the 228-peptide-derived activity values for
each individual fammuly, and then apply unsupervised hierarchical clustering to group peptides
and kinases based oun their functional relationship {classification trees at the top and far left of

each heatmap).

[6619] Each panel {(a-e) also includes a graph on the top right that shows the Receiver
Operating Characteristic (ROC) curve and AUC value calculated for the specific subset of

maost differential peptides for each kinase family. The method used to assess the performance

of each peptide set {1 e iis sensitivity and specificity} was the same as the one used to predict

17



Wh

10

CA 03096871 2020-10-09

WO 2019/200245 PCT/US2019/027201

the performance of increasing numbers of random peptide sets desciibed in Fig. 8. We used
the 228-peptide / 25 kinases / 120 experiments dataset to build classifiers, and then predict

and compare performance using the exact differential peptide set associated with each kinase.

{6020}  As an example, panel (b) shows that a urique combination of 89 peptides out of 228
peptide sensors best differentiates AKT-family kinases from all other kinases/kinase families.
This 89-peptide subset includes both significantly high, low and mtermediate activity features
of AKT that uniguely differentiate AKT from all other tested kinases. This unique set of 89
peptides is capable of detecting/identifying AKT with a high degree of sensitivity and
specificity (i.e. AUC = 0,945}, AKT s differential signature includes every type of peptides,
whether biological, generic or reference, and whether phosphorvlated or not by AKT. We
complerented our analvses using Monte Carlo cross validation to further estimate how
accurately our predictive model performed, which confirmed the validity of the differential

peptide signature (data not shown}.

[6621] Results in (a-¢) show that differential peptide phosphorylation signatures can be
assigned to every kinase fanilies. This also demonstrates that using a multi-peptide activity-
screening assay such as the HT-KAM strategy can find specific combinations of peptides that
can serve as predictors of kinases” identity. As displaved in {a-e} and summarized in Fig. le,
these results also mdicate that the majority of peptides most capable of disceming kinases’

unique phospho-catalytic activities are biological peptides.

[6022] Fig. 11, Peptide sets that best differentiate individual kinases, We applied the
computational methods designed in Fig, 16 to identify the subsets of peptides that most
significantly distinguish an individual kinase from other kinases.

{a-e) Differential phospho-catalvtic signatures of kinases. Differential signatures and AUCs
were calculated for individual kinases with > 6 experimental repeats: ABL1 {a), AKT1 (b},
MAPKI/ERKI (¢}, MAPK 14/p38a {d), HCK {e). We also identified the differential activity
signatures of EGFR and SRC kinases, which respectively included 42 and 43 peptide features
associated with AUC s of 0.840 and 0.893, and that successfully passed the significance
threshold (p<0.05) for either FDR-comrected i-test or Wilcoxon rank sum test, but since they
did not concurrently pass both criteria, we decided not to include their profiles here.

{f) Bar plot summarizing the number and origin of peptides composing each kinase-specific
differential signature. Biological peptides constituie the majority of peptide sensors making

the differential catalytic signatures of individual kinases.
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[3623] Together, results from Figs, 8-11 and Fig. 1h-e show that using an array of peplides
to measure the activily of kinases is an effective approach to functionally distinguish and
wdentify different kinases. Such multi-peptide sensor-based kinase identification system is
superior to any single probe enzymatic assay, including assays relying on a generic positive
conirol peptide or any imdividual peptide in general. The level of differentiability, sensitivity
and specificity offered by our muti-peptide platform approach s such that all kinases/kinase
families can be predictably identified based on their activity signatures. Even though some of
the kinases we chose to examine can be considered as more difficuli to distinguish since they
are biologically closely related {e.g SFKs or ABL3s), our system was capable of identifying
and differentiating them (a functional distinction that no mdividual peptide was able to
predictably achieve}. As well, the signatures of kinases of more distant biclogical
functions/unrelated genetic families were more distinct from other kinases and systematically
distinguishable {e.g. MAPKs or HERs). In fact, our computational analvses and experiential
data demonstrate that if we were to test larger numbers of recombinant kinases belonging to
more distant kinase families, their activities would be more divergent from other kinases, and
thus easier to measure/identify. While these results imply that the HT-KAM strategy could be
used as a discovery tool to identify peptide sensors most uniquely differential and predictive
of the identity of a kinase/kinase faruly, these resulis also indicate that the biological
peptides of kinases are an already available subsets of specific/sensitive/differential sensors

that are well-suited to decipher between kinases and their respective levels of activity.

i0024] Fig, 12. Phospho-catalytic signatures of kinases established from their
respective biolegical peptides. The computational analyses developed in Figs, 18-11 and
Fig. fe show that biological pepiides contribute most to the differential peptide signatures of
kinases, 30 we asked whether kinases phosphorylate their respective biological peptide
sequences.

{a-g) Activity profiles of recombinant kinases measured in presence of their respective
biological peptides. Individual kinases are organized by kinase sub-families; AKTs (a),
MAPKs (b), SFKs (¢}, ABLs (d), HERs {e), and include JAKZ () and CSK (g). The origin of
peptides is indicated on the left of each panel. The phosphorylation activity per indicated
biological peptide is averaged from ‘n” independent experiments. Kinase activily is color-
coded blue-to-white-to~-red from low-to-medium-to-high activity (i.e. a white/dim color
indicates measurable enzymatic activity within the spectrum of low-to-high activity). For

each kinase heatmap, activities are organized by decreasing intensity from top/high to
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bottonv/low. The average catalytic activities obtained from three different peptide groups
{random, Y/S/T-free, reference) are shown for comparison at the bottom of each panel. The t-
test p-values comparing the activity profiles of each biological peptide to random or ¥V/8/T-

free or reference peptide groups across all experimental runs for a given kinase {indicated by

Wh

‘n’ at the top of each kinase-specific panel), are represented as a grey scale.

(k) Box plots of kinases’ activity measured i presence of either their biological peptide

subset, or 5-random, or 16-Y/S/T-free, or 63-reference peptides. Each box plot distribution of

data displays, minimum, first quartile, median, third quartile, and maximum. Each box piot
mcludes all experimental values across all repeats. Normalization and analyses of profiles

10 follow previously described steps. The number of biological peptides per kinase is indicated
undermneath each box plot in the top graph. The t-test p-values comparing the overall activity
profiles established from biological peptide versus either of the three other peptide groups
measured across all kinases, are indicated in brackets on the right side of the graphs
(respectively p<2E-100, p<2E-110, p<6E-121).

15 (i) Table of significance comparing kinases’ phosphorylation activity profile established from
thetr biological peptide subsets versus etther of the other “control” peptide groups (Le.
random, or Y/S/T-free, or reference).

Resulis in {a-i) show that biological peptide probes established from subsirate protein regions
of kinases were overall associated with measurably and sigmficantly higher levels of

20 phosphorylation activities than “control” peptides. More than 94% of all kinase activities

measured in presence of their biological peptides were greater than activities measured in

presence of the 5-random peptide set. Differences in kinase activity between biological and
reference peplide sets were lughly significant (p<7E-~11 for AKT1, AKT3, MAPKI/ERK2,

FYN A, HCK, LYN A, ABL1, and JAK2; p<4E-2 for AKT2, MAPK14/p38a, BLK, BRK,

LCK, LYN B, SRC, HER2, HER4). Individual kinase activity values derived from their

2
(i

individual biological peptides were significantly different from the reference peptide set

(27 2% with p<0.01 and 66.7% with p<0.05). Kinase activity levels were also significantly
higher when measured in presence of their ‘non-modified” biological peptides than with their
mutated or pre-phosphorylated counterparts included in the assay (see Fig. 13 for details).

30 Finally, phosphorylation activities measured with biological peptides of nearly identical
sequences were simsilar (e.g. MTOR T2446 and MTOR 82448, CDKNIA T145 and
CDKNIA 8146, RAFT Y340 and RAF1 Y341; JAKZ Y1007 and JAKZ Y1008; GSK3B 59
and GSK3A $21), which further demonstrates the repeatability of the kinase activity

measurements made with their biclogical pepiides.
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{(§) Unsupervised hierarchical clustering of kinases” functional signatures using only
biological peptides. The clustering of kinases (top) demonstrates that the 151 biological
peptides included in the assay are excellent functional discriminators of kKinases” catalytic
signatures. Kinases belonging to a same sub-family most closely resemble each other, while
most functionally distant kinases segregate away from each other.

Together, results in {a-j} demonstrate that biological peptides are effective combinatorial
sensors to functionally differentiate kinases from each other, and to measure the enzymatic
activity of their respective kinases. Kinases are significantly and spectfically more capable of
phosphorylating a vast majority of their predicted biclogical peptide targets than reference

peptide sets.

[6025] Fig. 13, Comparing the activity of kinases measured in presence of their
biclogical peptides versus modified peptide counterparts. To further assert the preference
of kinases 1o phosphorylate their biological peptide targets, we compared how significantly
different the levels of phosphorylation activity of kinases were when measured in presence of
thetr biological targets versus in presence of the mutated or pre-phosphorylated biological
peptide counterparis.

(a) Difference in the activity of kinases comparing pairs of non-modified versus modified
biological peptide sequences. In the waterfall plot, each teal bar shows the difference in
activity between a biological peptide and its murtated (Y / S/ T - G) counterpart. Each violet
bar shows the difference m activity between a biological peptide and its pre-phosphorylated
(Y /87T~ pY/pS /pT) counterpart. Each peptide pair subsirate’s origin and target site
along with s kinase is indicated underneath the graph. Results are derived from all
expertmental measures for all kinase. The significance of the difference in activity in
presence of two different peptides was assessed i patrwise comparisons between
experimental runs {grev scale of t-test values undemeath the graph).

{b-¢) Overall comparison of activity profiles of Tyrosine kinases or Serine/Threonine kinases
measured in presence of thetr predicted Y/5/T-containing biological peptides versus any
Y/S8/T-free biological or reference peptide. The phosphorviation activities of both Tvrosine
kinases and Serine/Threonine kinases are significantly higher in presence of their Y/5/T-

containing biological peptides than any Y/S/T-free biological or reference peptides.

[3026] Along with resulis in Fig. 12, data in {a~¢) indicaie that the variety of biclogical
peptides and control peptides mncluded in our assay provides a practical framework to

svstematically validate and compare activity profiles within individual assavs, or across
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technical repeats, or between different samples. These analyses show that kinases

significantly prefer to phosphorylate their “un-modified” biological peptide targets.

[0027] Fig. 14, Using HT-KAM as a ‘discovery platform’ to identify best targets of
kinases, finds that biclegical peptides are systematically included among the meost

significantly high activity profiles of kinases.

{a) Binary heatmap showing peptides associated with high (red} or low (blue) activity for
cach kinase. For this analysis, each kinase was tested independently of all others, and we used
two separate computational approaches to compare levels of ATP consumption per individual

peptide to the pool of 63-reference peptides.

[3628] In the first approach, the average 228-activity data poinds from all experimental
repeais was used in a Kalmagorov-Smumov (K8} test comparing each 165-non-reference
peptides (i.e. 151 biological peptides, and 14 positive control peptides) to the 63-reference
peptides (p values with or without BH correction controlling for false-discovery rate). In
parallel, the mean and standard deviation (8D} of the 63-reference peptides was computed to
then identify which peptides among the 165-non-reference peptides display activity signals

>2 fold SP from the mean (highest 2.5% of reference).

(66291 In the second approach, all experimental replicates (instead of averaging them as in
the first method) were used in either a linear additive model with BH corrected p-values from
each 165-non-reference peptide versus 63-reference peptide (BH.p 1lam<0.05 threshold), or an

ANOVY A model with BH corrected replicate error.

6030} The overlapping results of these two approaches and their statistical cut-offs
identify the most significantly and stringently selected high —and low— activities per peptide
per kinase. This hughly conservative method finds that 110 biological peptides act as best
probes/sensors of kinases™ mndividual phospho-catalyvtic activities. Binomial high/low activity
levels are represenied as a heatmap in this panel {(a; high in red, low in biue}, along with the
25-tested recombinant kinases organized by subfamaly {indicated at the top}, and the
wdentified 124 peptides organized based on unsupervised clustering {correlation tree on the

teft; peptides probe 1D's/onigin on the right).
{b) Analysis of activity profiles established in presence of inhibitors to validate resulis found
i panel {a). Here, the underlying postulate 1s that, when the activity of g kinase 1s measured

in presence of an inhubitor, any peptide associated with a sigmificant decrease in activity may
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be considered as a suitable probe to detect the activity of this kinase. Such data would also
retrospectively validale {or not} the previously identified peptides from the method in (a). In
the three graphs shown in (b), the model system uses ABLT or LYN A kinases, and serial

dilutions of imatinub or dasatinub.

{6831} Forinstance, guadrant A shows a strong correlation between levels of inhibition
{captured by the Pearson correlation coefficient between imatinib concentralion and ATP
consumption for each peptide; v-axis), and the activity level per peptide in an unireated
context (x-axis} (R? (Fisher(inhibition). activity} = -0.48; p = 2.75e-14). Importantly, the
relationship between the activity levels of {all 228) peptides incubated with ABL1 in an
unireated setting and their level of inhibition under increasing concentrations of imatinib, also
showed that the peptides that report higher activity levels of ABL1 kinase (i.e. dots located
toward the right end of the x-axis; indicating highest ATP consumption}, exhibit greater
inhibition of that activity in presence of increasing concentrations of imatinib (i.e. dots
located toward the bottom end of the y-axis; mdicating strongest negative correlation and
thus strongest inhibition). These peptides (bottom right area) largely overlap with the
peptides found with the previous method in (&) (indicated as red dots in quadrant A). For
instance, biological peptides JUN Y170, CDKS Y15, WASL Y256, or BTK Y223 are at the
top of the list of peptides most significantly associated with high ABL1 activity, and they also
show strong mmhibition of activity in presence of imatinib (shown as red dots in (b)), which
confirms that they are ABL1 substrates targetable by anti-ABL1 therapeutic drug. So, these
data are a finding consistent with the imtial validation purpose of the analysis. Importantly,
this method also finds that the biological peptide targets of ABL1 are most systematically and
significantly assoctated with the measurable response of ABL1 to ABL1-mhibitors {(besides
the 4 peptides previously mentioned, this method alse finds JAKZ2 Y1007, MAP4KT Y232,
ABL1 Y226, TP73 Y99, COKNIB/R27 Y88, MDM2 Y394, RADST Y54 as good reporters

of ABL1 s activity: shown in main Fig. 1f).

(6632} Similar resulis were obtained for dasaiinib-treated ABL1 (quadrant B) and
dasatinib-treated LYN A {quadrant C) using the same experimnental validation approach and

statistical analvsis.

i6633]  (c-d) Comparison of the most repeatable peptide-derived activities of ABL1 {o the
spectrum of activities established from the differential signature of ABL1. Following the x-

axis of the graph shown in (¢), the 22 peptides that behave as the most internally robust

o]
Lod
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sensors of ABL1 activity are represented as 14 green squares + 8 black triangles (data derived
from the analysis used to generate panel (a)). Following the v~-axis of this graph, the 40
peptides that best differentiate ABL 1 activity signature from all other kinases’ signatures are
represented as 32 purple iozenges + 8 black triangles (data established mn Fig, 11a). The
dashed rectangles {i) and {i1) outhined in graph (¢} match the dashed areas {1} and {ii} in panel
(d), where peptides” [Ds/origins are listed. The red-filled or red-highlighted-margin squares
or lozenges or triangles or circles in {¢} correspond to biclogical peptide targets of ABL1 as
defined by PhosphoAtlas and included in the HT-KAM peptide library. Noticeably, ali
ABL1’s biological peptide targets are located on the top right comer of the graph (1.e.
reporting on high ABL1 activity). This analysis also finds that peptides associated with
significantly low/minimal ABL1 activity correspond to biological targets of Ser/Thr-Kinases
{dashed rectangle (11} in the lower left area in (¢} and listed in panel {d) as biclogical peptides
established from phospho-target sites: AKT1 T308, MAP2K1 T192, SOS81 §1193, BRCAL
S988, NFkB1 8907, SMAD2 T8, CREB1 $133, EGFR T678). These observations directly
support why combinations of ‘disparate” biological peptides are intrinsically good

discriminators and identifiers of different kinases.

[3034] (e-f) Venn diagrams intersecting results from analysis in {a} {i.e. robustness of
peptide-phosphorviation activities) and analysis in Fig. 11 (1.e. most differential peptide
activities). Results simular to ABL1 data {e} were found for other kinases, such as AKTI (),
or SFK’s, HER s, MAPK’s {data not shown}. In all cases, biological peptides act as robust

sensors of the differential and mdividual phospho-catalvtic activily signatures of kinases.

[6635] Based on the computational methods we developed and peptide library we designed
to showcase our system, we find that biological peptides are systematically associated with

most significantly and measurably hugh activity profiles of kinases.

[0036] ¥Fig. 15, Comparison of the specificity and sensitivity of kinases® signatures
established with their biological peptide subsets, or their generic positive control peptide
sets, or randeom peptide seguences.

{a-b) ROC curves and AUC profiles of kinase families and individual kinases. The ROC
curves and AUC values of each kinase measured with their specific subsets of etther all-
hiological (red). or all-positive {gold), or all-random {grev) peptides are shown as lines and
annotated within each graph. ROC curves and AUC values were established using the method

explained 1n Fig. 8.
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(¢} Comparison of AUCs measured across kinases and measured from all-biological (red) vs.
all-positive (gold} vs. all-random (grey) vs. differential {viclet) peptide sets. Averages,

standard deviations and p-val are calculated from AUC’s values shown in {a,b)} tor biological
{(red), positive {(gold} and random peptides (grey), and from AUC s values for the differential

peptide subsets {violet) that were analyzed in Figs, 16-11.

(6637} Results from these plots show that the combinations of biological peptides are very
good predictor of kinases” identity. Specifically, for kinase fanulies ABL, AKT, HER, and
MAPK, and for individual kinases AKTI, EGFR, MAPK1/ERK2, HCK, SR, the AUC
values obtained from their biological peptides are excellent {on average >(.94). It can be
noted that the somewhat lower AUC observed for SFK’s biological peptides (1.e. 0.859) was
attributable to peculiar activity differences from mdividual SRC fanuly members. Indeed, the
AUC derived from the predicied biological peptides of SFK’s was increased when the most
dissimilar members of the SFK family and their related peptides were “excluded” (AUC
augments from 0.859 to >0.92, while singling out FGR and FRX kinases along with SRMS
and BRK as majorly distinctive functional subclasses among SRC kinases, and in fact display
little overlap among subsets of biological peptide target pools, hence the differential effect on
specificily and sensttivity of SFK’s catalyfic signatures; analysis/daia not shown)}. Following
such principle, entire predictions on the functional distance between kinase enzymes (instead
of kinase genes) could be made, and could reshape kinase classifications. This concept also
relates to the good-yet-somewhat-lower AUC found for the MAPK famuily, since the two
recombinant MAPK s (ERK?2 vs. p38a) we studied are functionally/biclogically quite distant
from each other, and thus their enzymatic activities for their respective biological peptides are

fairly dissimiiar {which was already noticeable in earlier analyses/figures).

[3038] In addition, it can be noted {rom panel (¢} that the specificity/senstiivity {AUC s}
from biological peptide subsets performed alrost to the same degree as the differential
peptide sets computationally identified in Figs, 10-11 {e. g. ABL AUC(biological peptide set;
n=11} = 0.974 vs. ABL AUC(differential peptide set; n=34} = 0.911; AKT1 AUC(biological
peptide set; n=2() = 0,986 vs. AKT1 AUC{(differential peptide set; n=27) = 0.977, HER
AUC((biological peptide set; n=22) = 0.967 vs. HER AUC(dfferential peptide set; n=76) =
(0,948 AUC s from positive control peptide subsets performed systematically and

significantly less well.
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[3839] These results demonstrate that biological peptide subsets are well-suited predictive
sensors {o specifically, sensitively, and differentially detect their respective kinases. These
data underline the strict precision of the HT-K AM assay/data analvsis system we developed,
and its ability to accurately account for peculiar fimctional differences between kinases,

including between individual kinases otherwise considered as genetically related.

[0040] Fig. 16. Measuring the effects of kinase inhibifors using biological pepiides.
Measuring the effects of mhibitors on kinases” activity is a good way 1o evaluate the
performance of binlogical peptides as sensors of kinases. 5o, we tested whether biological
peptides of kinases reported on the inhibited activity of their kinases in presence of drugs at
multiple concentrations.

{a) Table of ICS0 concentrations of imatinih, dasatinib, and staurosporine for ABLI,
ABLITB!U LYN A and AKT1 kinases. IC50 values are indicative averages established from
ICS0 estimations measured in biochenmucal assays reported in the hiterature.

{b) Monitoring the effects of kinase inhibitors on the activity of ABLL, ABLITPLLYN A
and AKT1 kinases using their respective subsets of biological peptides as sensors of changes
in activity. Expertmental concentrations of imatinib and dasatinib correspond to 0.01x, Ix
and 100x IC30 concentrations specific to ABL1 (i.e. 0.002uM, 0.20M, 20uM, and 0.01nM,
InM, 100nM, respectively ). These concentrations are thus anticipated to affect the other
recombinant kinases tested here (ABL1 TP LYN A and AKT1) with less or little-to-no
effect on their levels of activity. This means that the relative differences wn reported 1C50
concentrations between ABLI and LYN A for imatinib (0.2 versus 100uM) and dasatinib (1
versus 9nM) can be used to compare the measurable differences in effecis of inhibitors. As
well, AKT1 can be used as a “negative control” for lack of response. Every experimental
phospho-signature was imitially measured across all-228 peptides, and either in presence or
absence of inhibitor (i.e. each sample profile was normalized against the mean activity level
measured across 228 peptides, and then averaged across all 3 independent replicates of each
of the 8 different conditions for all 4 kinases). Ounly activities measured in presence of the
predicted biological peptide targets of each kinase are shown (11 biological peptides for
ABLT; 8 for LYN A; 20 for AKT1). The effect of increasing concentrations of inhibitors can
be compared to control unireated (UNT ) activity profiles (compare far left column to the two
sets of three columns on the right}. The sensitivity of ABL1, ABLITY LYN A and AKTI
kinases to imatinib and dasatinib can be assessed from changes in activity measured from

their individual biological peptides. The averages of the kinase activity values measured
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across their biological peplides in each experimental condition are provided at the bottom-end
of the panel (blue-to-black-to-vellow scale of average ATP consumptions).

{(e~¢) Evaluation of the effects of inhibitors on kinase activity profiles using complementary
analvtical methods. In {¢), each 228-peptide-activity profile of each sample was first
normalized against the baseline activity level measwred from the 14 peptide-free well controls
imcluded 1n each experimental 384-well plate, and then each single peptide-derived activity
{evel measured in presence of inhibitor was compared to the activity level found in untreated
sample (i.e. all activities from all peptides in untreated sample become the baseline *¢”
value). Results of the average of the differential ATP consumption comparing inhibitor-
treated versus untreated for each biological peptide are shown as color-coded kinase activity
profiles in (¢} (These data were used to plot Fig. 1k.) High concentration (10ubd) of
staurosporine is inciuded as control of general shut down of kinases’ activity.

In (&), entire 228-peptide activity profiles of ABL17" comparing untreated versus irmatinib-
or dasatinib- freated samples were investigated for potential trends in inhibitory effects
following the principles and statistical methods used in Fig. 14b. These data validate the
overall lack of inhibition of ABL17% observed with imatinib using its biological peptides in
{b-¢). A general dampening effect of dasatinib on ABL 1T activity was observed (botiom
graph in (d); almost all 228 peptide probes display a negative R?), which may relate to lower
activity levels measured with some of the biological peptides shown in {¢).

In {e}, the analysis used ATP consumption levels measured in presence of peptides most
robustly associated with high activity of ABL1 (derived from the analysis described in Fig.
14a, and including biological peptides). Results directly validate the gradually inhibited

activity profiles found m panels (b-¢).

[3841] These data also enabled cross comparing the differential sensitivity of kinases (o
these different drugs. For instance, the mean correlation coefficient {meanR?) relating ATP
consumption and dasatinib concentration was -0.997 (SB=0.003), -0.766 (8D=0.21}, -0.33
{(8D=0.09) for ABL1, LYN A and ABL1 7% respectively (calculated using peptides
associated with kinases™ highest catalytic activity, including their biological peptides). So,
dasatinib had the strongest inhibitory effects on ABL1, followed by LYN A, and had some
fimited but measurable effect on ABLIT ! As an additional validation of these data, a
formal comparison of the t~test to the Fisher-transformed correlation coefficients established
from the levels of drug inhibition measured either with the high-activity peptide group, or

with the 63-reference peptide group (which is one of the principal peptide control groups
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used to analyze HT-KAM readouts), showed that dasatinib inhibited significantly more the
subsets of (biological} peptide targets of ABLT and LYN A than the reference set {respective
T-test (fisher): p=1.087e-07 and p=3.081e-06), but the effects of dasatinib did not differ
significantly between these peptide groups for ABL1T! (T-test (fisher) p=0.41; which is
explained by the general dampening of activity profiles in (d}}. Based on experimental
conditions tested here, data indicate that the FC30 concentration of dasatinib for ABL1 may
be relatively higher than the anticipated 1nM (but far lower than 100nM), while
IC50{dasatimb) for LYN A is between 1 and 100nM {(and probably close to the anticipatad
9nM). Using the same series of comparisons and peptide sets, the imatirub drug could be
identified as a strong inhibitor of ABL1 (mean{R*}=-0.847; SD{R*)=0.111), with no effect on
ABLIT B! (mean(R%=0.66; SD{R?*)=0.025; which is the basis of the failure of imatinib
therapy in leukemia), but with measurable, although limited, inhibitory effect on LYN A
{(mean(R7y=-0.462; SD(R?)=0.49}. T-test o the Fisher-transformed correlation coefficients
measuring levels of drug inhibition formally showed that imatinib inhibited signiticantly
more the subsets of (biological} peptide targets of ABLI and LYN A than the reference
peptide set (p=0.00252 and p=2.054¢-06, respectively). Conversely, the peptide sensor group
appeared to be more activated by imatinib for ABL1 PP (p=0.027)., which may relate to
some of the observed increased activities monitored with biological peptides in (¢). (Such
phenomenon was also observed for imatinib- and dasatinib-treated AKT1 (bottom heatmaps
in {b~¢}), while AKT-argeting drug MK2206 treatment effectively decreased AKTI activity
(data not shown) 10 control assays using the same analytical methods presented mn (b-e).)
Based on the st of drug concentrations used in this experiment, the IC50(matinib) for ABL1
may be higher than the anticipated 0.2uM (but far lower than 20uM), while ICSOGmatinb)
for LYN A may be lower than the anticipated 100uM (possibly close to 20uM).

6042} Such kind of analyses also allowed comparing the effects of different drugs on a
given kinase. In particular, these results showed that dasatinib 1s a more potent drug than
Imatinib for ABL1, and this is also true for LYN A or ABLIPY. For example, the biological
peptides of ABL1 revealed a stronger response to dasatinib than troatinib, which s
corroborated by statistical analvsis {dasatinib vs. imatinib: mean(R%)= -0.997 vs. -0.847; T-
lest {fisher) p = 1.087e-07 vs. 0.00252}). Moreover, represeniations in {b.¢,e) indicate that the
kinetics of response to drug treatment are not identical between different peptides, which
suggests that the avidity for, and the phosphorylation of, particular peptide sensors may be

differentially affected by an inhubitor.
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[3843] These results indicate that drug-responses established from arrays of peptide probes
provide the confidence and reliability that any single-peptide readout may not offer. These
data also demonstrate that the HT-KAM can be used as a functional screen {o assess the
differential response of different kinases to inhibitors, which further illustrates the
performance of the HT-KAM assay and its potential utility toward pharmacological screens.
All these results directly show that biological peptides are excellent sensors to measure the

activity of their cognate kinases,

6044 Fig, 17. Measuring the effects of SFK-inhibitors using SFK's biclogical peptides as
sensors of drug response.

{a) Activity of FYN A, HCK, LCK, and SRC kinases treated with PP2 (20nM) and SUG656
(250nM)} mhibitors. Literature reports indicate that IC30 concentrations of PP2 and SUGH356
are (5nM; 170nM: for FYN A; (50M; not available) for HCK, (4 o 30aM; >5uM} for LCK;
(35 to 100nM; 280nM) for SRC. Differences in drog sensttivity can be observed between
kinases. Data overall corroborate previously reported ranges of sensitivities for these drugs.
(b} Activity of HCK treated with serial dilutions of SU6656 (1nM 1o 100uM). Of note, the
sensitivity of HCK to SU6656 was more pronounced when measuring it with biological
peptides than when monitoring it using HCK s generic conirol positive peptides {(n=4; data
not shown). In (a-b), results were processed using the same analvsis described in Fig, 16¢.
Together, these results show that the biological peptides of SRC kinases are adequate sensors

1o monitor the effects of SRC kinase-inhibitors.

[6045] ¥Fig. 18, Muiti-peptide-based identification of kinases that mediate intrinsic
resistance to BRAFY*" .targeted therapy in colorectal cancer (CRC) cells.
{a) Schematic of the experimental procedure.

(b) Previously identified mechanisms involved in resisiance to BRAFVO9F

-targeted
therapy™!". The anticipated reduction in MEK 1/2 and ERK 1/2 protein phosphorylation {blue
shading), and increase in EGFR protein phosphorylation {red shading), served as validated
knowledge to assess whether the HT-KAM platform can effectively detect MEK / ERK /
EGFR kinases™ activity in biological samples after vemurafenib (VEM) treatment.

(¢) Baseline levels of protein and ATP concentrations comparing unireated (UNT) vs. VEM-
treated WiDr cell exiracts across all samples. VEM and UNT samples were comparable.

(&) Comparison of the activily levels of MAPKs, HERs, AKTs derived {rom kinases’
biological peptide subsets (x-axis), versus those derived from peptides associated with

kinases” most differential signature {(v-axis; peptide sets previously computationally
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identified in Figs, 10-11). The table on the right of the graph indicates the number of peptides
per kinase. In the graph, the x~ and v- axes represent a scale of the differential activity profile
between VEM and UNT samples across all experimental repeats (total of 12 UNT and 12
VEM HT-KAM runs). Data plotted on the x-axis display the average of the activity
differences across all experimental repeats and all biological peptides per kinase. Data plotied
on the y-axis use kinase activity levels calculated as the difference between (i) the mean
activity measured from the peptide subset that specifically differentiates the kinage in
question from all other kinases, and that 15 associated with greater phosphorviation by the
recombinani kinase in question, ‘mnus’ (1) the mean activity measured from the differential

peptide subset specifically associated with lower phosphorylation by this kinase.

[8046] For example, after VEM treatment, the “increase’ in activity of AKT1 kinase (red
mark) is +82 based on the 20 biological peptide targets of AKT1 (x-axus}, and +46 based on
the difference between the average activity measured from AKT1 s 21 most differentially
high-activity peptides “minus’ the average activity measured from AKT1 s 6 most

differentially low-activity peptides (y-axis).

{36471 The plot also incorporates activity profiles establishad from two different
normalization methods. One normalization uses the average value of ATP consumption
across 228 peptides + 14 peptide-free cell extracts {circles). The other normalization uses the
average across 16 Y/S/T-free peptides {squares}. Both normalizations lead to overall similar
outputs of VEM-UNT differential activity profiles. Correlation between peptide subsets and
for each normalization is mdicaled below the table, and the trend hine of the linear regression

between all data points 1s shown (overall correl. = 0.757),

6048 (e) Comparison between changes in phospho-protein levels measurad by westemn
blot {top section}, versus the changes in kinase activity measured with generic positive
control peptides (middle section), versus the changes in kinase activity measured with their
subsets of biological peptides (bottom section). Each blue-to-white-to-red color band
represents the average of the difference in phospho-activities per peptide between VEM and
UNT samples and across all experiments (i.e. UNT equals “¢7; not shown). A gray side bar is
drawn by the top-75% biological peptides that follow the main activily trend. Western blots

serve as validation of kinases activity profiles.

160497  (f) Formal comparison between changes in phospho-protein levels by western blot

(x-axis}, and the differences in levels of phosphoryiation activity for individual kinases (v-
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axis} based on either their generic posiiive control peptides (triangles}, or biological peptide
subsets {circles), or differential peptide subsets (squares). The identity of kinases 13 color-
coded (markers’ legend are shown in between the graph and the table). We used Image J to
quantify intensities of bands identified by western blots. Phospho-protein amounts (x-axis)
are plotted against the mean difference in kinase activity (v-axis; VEM ‘minus’ UNT)
measured with ‘n” peptides belonging {0 each category {indicated i the table on the right}
across all experiments. In the case of GRK3B, we used the opposite value of the western blot
quantification since higher phosphorylation of GSK3B is associated with a decrease in iis

activity.

[3850] Results show that kinase aclivity values established from either biological or
differential peptide subsets correlate with protein levels: circles and squares are located either
in the top right quadrant (1.e. high phospho-protein amount is associated with high kinase
activity after VEM which includes: EGFR, AKT1, PDPKI1, SGK1, PRKCA, PKN1/2), orin
the bottom left quadrant (i.e. low phospho-protein amount is associated with low kinase
activity after VEM; which includes: MEK1, ERK?Z, p38a, GSK3B). Unlike kinase signatures
established from biological or differential peptide subsets, positive control peptides did not
correlate with kinases™ activily (see triangles in the top left quadrant and the bottom right
quadrant; e.g. positive control peptides did not identify ERK2 and EGFR kinase as
respectively less and more active after VEM treatment). This is also visible in panel (&)

{phosphorviation profiles of positive control peptides are shown below western blots).

[6651] Together, results in (&~} show that the HT-KAM system can identify and

differentiate individual kinases and kinase fanulies from each other in cell extracts, which
validates the utility of the HT-KAM platform. The different biological peptide subsets of
different kinases can effectively be used to measure the activity of their related kinases in

biological samples.

[6052] (g) Summary of the functional state of kinases found in WiDr BRAFYYF CRC cells
treated with VEM using HT-KAM. Arrow linkers represent the functional connectivity
between kinases, and colors imndicate activity {e.g. VEM induces higher AKT activity, which
leads to GSK3B phosphorvlation, which reduces GSK3B activity).

[0053]  Fig. 19, Levels of phosphorylation activity measured with peptides derived

from functionally related proteins or pathways. We provide examples of phospho-
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activities measured with individual biological peptides that we purposely selected and
organized by protein of onigin or by signaling pathway of interest.

{a) Peptide sensors related to EGFR-signaling (EGFR, PLCG1, GABI, CBL, GRB10).
{b) Peptide sensors related to TGFBR-signaling (SMAD?2 transcription factor).

Wh

{¢) Peptide sensors related to transcription factors/regutators {CREB’s, FOXO’s, ¢cFOS,
STAT s, 8P1, JUN’s, NFkB1, cMYC).

{d) Peptide sensors related to kinase proteins: MTOR, JAK s,

(e} Pepiide sensors related to phosphatase proteins: CDU25C, PTEN.,

{3654} In all panels, the levels of phosphorvlation activity measured with individual

10 peptide sensors correspond to the differences in activity measured between VEM-ireated and
UNT-control samples. Significance per peptide (or peptide group) comparing all
experimental read outs across samples and repeais is indicated {pairwise i-test p-val

comparing UNT vs. VEM profiles).

[6655] Based on these observations, il is tempting to link levels of phosphorylation

15 measured with biological peptides to the functional state of the signaling circuits these
peptides originate from, and how they relate to mechanisms of VEM-resistance {e.g. EGFR,
CDC25C°, TGFBRY, MTOR). Some of these biological peptides also happen to be those that
are ‘paradoxically’ more phosphorylated within the peptide~phospho-signatures of kinases
that otherwise exhibit low activity profiles after VEM treatment (e.g. ERKZ2’s biological

20 peptide subset inchudes peptides related to EGFR-reactivation circuit {GAB1 T476, GABI1
T312, GRBI0 8150 peptides) and TGFBR-pathway (SMAD2 8250 peptide); see Fig. 18¢
first panel on the lefl). It would be interesting to investigate whether such peptides are early
signs of re-activation of particular kinases (e.g. re-activation of MAPK signaling contributes

to insensitivity to RAF inhibition'” %),

25 [0056]  Inspection of the results for individual biological peptides demonstrate the
robustness of the phospho-catalytic profiles established from cell extracts: (1) sinmlar activity
tevels measured with biological peptides of similar sequences (e.g. peptides from MTOR, or
JAKT, or CBDKNNI1A, or CDC25C), (1) systematically higher activity levels measured with
biological peptides than with their mutated/pre-phosphorvlated counterparts {e.g. EGFR,

30 PLOGL, GABI, GRBIO, STATL, GRINZB, ABL1, MTOR: data not shown). The
phosphoryiation state of many biological peptides could also be corroborated by western

blots, for example for EGFR (Y1068) (see Fig, 18¢ third panel), MTOR (82448) (4), and
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others for which western blots are not shown (e.g. upregulation of phospho- EGFR (Y869},
PLCGT (Y1253), CBL (Y774), FOX (03 {5253), and downregulation of phospho- ¢MYC
(T58), JUN (Y 170), CDC25C (T48)).

[0057] Fig. 20. Response of BRAFYYE CRC cells to targeted therapy combinations.
To validate the kinase activity signatures of VEM-resistant Wil cells found by HT-KAM
screen, and as a mean to assess the role of these kinases (AKTI, PDPK1, PRKCA, SGK1) as
mediators of the response to VEM and their potential value as druggable vuluerabilities in our
model, we used 3-day ceil viability assays to monitor the response of cells to drug
combinations.

{a) Summnary graph of Wilir cell growth response to VEM at 2uM (=GIS0 concentration) or
0.25uM, and either used alone or in combination with other inhibitors. The bar graph is
derived from compleie cell growth response data curves {as shown in Fig. 2d or in the
VEMAHEVE graph shown underneath the main panel in (a)). All results were confirmed with
PLX4702, a compound related to VEM (data not shown). Results show that lower than
single-agent-(GI50-doses resulted in effective combinatorial cell growth mhibition. These data
validate that the significantly hyperactive kinases found by HT-KAM are biologically
meaningful targetable vulnerabilities.

{(b) Table summarizing the characteristics of WiDr cells’ response to drug combinations. The
significance of drug interaction {two-way ANOVA; p-val} and combination index (CI;
following the Loewe Additivity model®’; arbitrary threshold: synergy CI<0.6; additivity
0.6<CI<1.0; average for VEM=<2uM and 2nd drug=<IC50 concentrations) are listed.

() List of other drugs and additional BRAFY*%E ¢efl lines intrinsically resistant to VEM that

we tested to further validate kinase hits identified by HT-KAM profiling.

[3858] These results confirm that the kinases found by HT-KAM are involved in the
response and resistance to VEM in BRAFYSE CRC. Together with data in Figs. 18-19 and
Fig, 2a-b, these results show that a finite number of key functional dependencies can be
identified as additional mechanisms participating in therapeutic resistance, which offers a
selective choice of effective targels to explore. So, HT-KAM can be used as an
exploratory/discovery platform to survey kinases and their activity levels, which 1s especially
valuable inn the case of diseases that cannot be defined by a single driver mutation or
individual genetic dependencies such as BRAFY*E CRC. As such, the HT-KAM systern can

help select drug candidates that target orthogonal modes of resistance with high hikelihood of
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restoring therapeutic sensitivity, thus providing a rational approach to design combination

therapies.

[B0S9]  Fig. 21. Ranges and levels of peptide phosphorylation measured across 20
cancer cejl lines.

{a) Peptide phosphorylation activity signature of cancer cell lines. Protein exiracts were
generated for 20 cancer cell lines. Their phosphorylation activily was tested on the HT-KAM
platform. For each experiroental run, the average value of ATP consumption across the 228
peptides and 14 data-points from cell extract alone (i.e. established from 14 peptide-free
control wells per 384-well plate) was used for internal normalization, and then the activity
per-peptide was calculated as the difference in ATP consumption between individual peptide-
derived read outs and the internal mean. Next, phosphorylation activity values measured for
each peptide were averaged across experimental repeats for each cell ling. Finally, the
phospho-catalytic activity signatures measured across the 228-peptide sensors were subjected
to unsupervised hierarchical clustering. Phospho-catalytic activities are color-coded based on
the relative level of activity measured in presence of each peptide for each cell line, from blue
for low activity, to white for intermediate-or-mean activity, to red for high activity. This
analysis showed that each cancer cell displayed a unique phospho-catalytic fingerprint. On
the right side of the main heatmap, the peptide class is indicated as a red/gold/grev color
streak. At the bottom of the main heatmap, the phosphorviation activity profiles of cell
extracts without peptide (i.e. measured in the 14 peptide-free control wells) are shown.
{60601 (b-d) Exanuning the patterns of phosphorviation activity across cancer cells. The
phospho-catalytic activity profile of cancer cell lines was examined for three technical
variables: range of activity per peptide probe, level of phosphorylation intensity per peptide
probe, and peplide class. The underlying reason is that, for an assay {0 best distinguish the
phosphorviation activities of different sarnples, 1t would be most appropriate to rely on
phospho-sensing probes that capture the widest possible dynamic range of phosphorylation
activities between cells, and/or provide the overall lughest level of phosphoryvlation activity
across cells. While asking this question, we also considered the possibility that the results of
these two first variables may be different depending on the class of peptide used in the HT-
KAM assay, that is: biological peptides, or positive conirol peptide probes, or reference

peptides.

[8061] In (b), results are sorted by peptide class, and then by highest to lowest range of

phosphorviation activity per peptide.
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{3662} In {c), the table lists the values calculated from (b) to compare the three-peptide

classes.

[3863] In {d), results are sorted by highest (o lowest average phosphorylation activity per
peptide. Peptide classes are then grouped and counted in the lower graphs to provide a sense

of which peptide class reporis on the highest 1o lowest levels of phosphoryiation activity.

[6064] esults in {b-d) show that biological peptides provide the broadest ranges and
highest levels of measurable phosphorylation activities. Reference peptides provide the
lowest activity measurements overall, while still providing a broad range of phospho-
activities. Generic positive conirol peptides provide the lowest range of activities, and the
measured phospho-activity levels remain lower than the overall mean activity per cell line
across all cells. We conclude that, although virtually all peptides participate in defining the
unique peptide-phosphorylation activity signature of every cancer cell line, the set of
biological peptides are particularly well-suited catalytic activity sensors to measure and

differentiate the unique functional phospho-fingerprint of cancer cells,

[0065]  (e) ATP levels in peptide-free wells and protein concentrations per cell line. In the
graph on the left, each bar represents the average +/- st dev of ATP concentration of cell
extract alone measured across the 14 peptide-free control wells available for each
experimenial 384dwell/plate. All samples for each cell line were tested at least three times.
The range of ATP-standard across all HT-KAM assays 1s shown on the far night of the graph
{averages and standard deviations across all HT-KAM experiments are shown). These results
show that ATP profiles of all samples {it within the himits of the range of ATP standard. ATP
profiles were comparable between different cell lines or saraples or experimental repeats.
There 13 no evidence for any ATPase or phosphatase contamination. So, variations in
phospho-catalytic activity measured in presence of peptides were both peptide-dependent and
cell-specific (vesults shown across all figures). As such, phospho-catalvtic activity profiles

can be interpreted with confidence.

10066] Fig. 22, The kinase activity signature of cancer cells identifies druggable
valnerabilities,

{a) Kinase activity signature of cancer cell lings. The activity of kinases was calculated as the
average of the phosphorylation activities measured in presence of their respective subset of
hiological peptides. The kinase activity profile of each cell line was deconvoluted from the

corresponding peptide phosphorylation profile shown in Fig. 21a, and for individual kinases
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or kinase families with >3 biological peptides. Unsupervised hierarchical clustering was
applied across cells and kinases. Each cancer cell line displayed a distinguishable kinase
stgnature. Kinase activity 1s color-coded blue-to-black-to-vellow from low-to-medium-to-
high activity.

{b) Pearson-correlation heatmap highlighting the functional relationship between cancer celis
established from their kinase activily signature. Cells are arranged by tumor tissue of origin
(MEL: melanoma; CRC: colorectal cancer; BC: breast cancer; LC: lung cancer; PC: prostate
cancer}.

{e~d) Companing kinase activity and drug sensitivity of cancer cell lines. A good way to
evaluate the performance of HT-K AM-defined kinase signatures is to measure the effect of a
kinase inhibitor on cell growth and then correlate it to kinase activity level. This would assess
whether kinase signatures are predictive of drug sensiiivity and indicative of cell-specific
kinase dependencies. We tested the effects of 28 kinase-inhibiting drugs (hist in (¢)} 1n 3-day
dose-response cell viability assays using a core set of cell ines (A375, AUS565, H3122,
HCCT70, HCT116, HT29, MCF7, MBA231, MDA436, SK-C(-1, SkMel2, T47D, Wil
additional cell lines were tested on a case by case basis where 1t was deemed useful, such as
PCY to compare EGFR activity versus gefitinib sensitivity?”). We intentionally chose fo test
more than one inhibitor per kinase for some of the kinases in order to validate results (the 28
drugs inhibit 17 different kinases/kinase families; see table in (¢)). We also further
corroborated GI50 results from literature™ >, Kinase activity levels where extracted from
signatures available in (a). We then correlated cancer cells” GI50°s with their kinase activity
for each drug. Examples are shown in panel {d). The table in {(¢) provides all correlations.
The negative correlation between kinase activity and drug-GI50 across cells indicates that,
overall, cell lines were more susceptible to inhubitors for which they displaved higher kinase
activity. These results directly verify that profiles measurad by HT-KAM assays accurately
predict differences in kinase activity.

(&) Correlation between kinase activity and drug sensitivity. Results from both the analysis in
{e-d) and from Fig. 2g are included (total of 373 data points established from 37 mhibitors
that target 22 kinases). For each kinase/drug pair, we compared the differential kinase
activities and drug-GI50s across tesled cancer cell lines. These results show that the kinase
signature of cancer cells can reveal their actionable vulnerabilities, and thus their kinase

dependencies.
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(36677  Along with Figs. 18-21, this demonstrates that the peptide phosphorylation
signatures can be reasonably converted m kinase activity profiles with translational relevance.
The HT-KAM platform 1s a practical solution to find active, druggable kinases in cell culture

models.

(6668} (f-g) Conirols for the comparison of A375 vs. Wil celis. Protein concentration,
baseling ATP levels, and protein expression/phosphorviation levels are provided for

validation of Fig. 2g-h.

0069  Fig, 23. Melanoma specimmens.

{a) Table with details about treatments received by patients before and after the
biopsy/excised biospecimen that was used for histo-pathology/diagnostic and retrospectively
tested on the HT-KAM platform. Treatments (muphoran; dacarabazin; mterferon (IFN;
low/high dose); ipilimumab (anti-CTLA4); vemurafenib (BRAFYYF inhibitor); interleukin;
irradiation) are color-/letier-coded. Numbers of treatment cycles are specified. Tumor stage,
BRAF status, recurrence and survival are indicated. The flash-frozen tumor biospecimen of
patient #1 was a superficial spreading melanoma (SSM) excised from the trunk; patient #2:
SSM metastasis from the trunk; patient #3: subcutaneous metastasis from a recurrent
cutaneous tumor from the leg; patient #4: nodular melanoma metastasis from the leg; patient
#5: cutaneous metastasis from the cubital fossa; patient #6; cutaneous metastasis from the
neck; patient #7: inguinal lvmph node metastasis (axillary lymphadenectomy of positive
sentinel); patient #8: cutansous metastasis from a recurrent cutaneous tumor of the temporal
area, patient #9: cutaneous metastasis from a recurrent cutanecus tumor located on the back,
{(b) Baseline ATP levels measured across HT-KAM assays. and protein concentrations from

tissue extracts. Levels are comparable between tumors and experiments.

[3670] Fig. 24. Analysis of the phospho-catalvtic signatures of tumors.

(a) Peptide phosphoryvlation activity signature of melanoma specumens. Unsupervised
clustering of 36 activity profiles measured across 228 peptides is shown (9 patient tumor
tissues tested in 4 independent technical replicates).

{b-h) Principal component analysis (PCA). We investigated the potential association batween
“variables of interest” and principal components (PCs) that define individual phospho-
signatures (linear regression, overall fit of univariate model PC(1) for variable (§)). The table

in (b} provides a summary of the results visually represenied in graphs {¢-g).
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In {¢), results show that replicate runs from the same patient sample were significanily similar
{9 patienis are shown as 9 different colors, with 4 dots per patient for the 4 experimental
replicates), with an association between patient ID and PC1 of p=1 44E-06. In {(d), results
show that davs at which assavs were run were not associated with the primary PCs of
melanoma kinomes (3 different days of experimentation are shown as 3 different colors;
p>0.05). So, the results of the PCA from the two technical variables in (c-d} demonsirate the
excellent performance and high reproducibility of the HT-KAM system (i.e. experimental
procedure, instrumentation, data analysis).

In (&), results show that survival status () and recurrence status {g) were highly associated
with the PCs of the kinome signatures (respectively PCLp= 5. 14E-06 and PC2:p=0.028; and
PCl:p=231E-07}. So, the results of the PCA from the two chinical variables in (f-g) reveal
the strong predictive and prognostic value of the phospho-catalyiic signature of tumors.

In {g), results show that PCs of melanoma phospho-signatures do not associate with BRAF
mutational status. This demonstrates that, even if a BRAFYE mutation is a dominant
oncogenic driver, HT-KAM effectively discerns different types of BRAFYYE tumors
depending on other critical variables that the phospho-signatures of tumors reflect. HT-KAM
differentiates fatal BRAF Y .postive conditions (patients #4.5,8,9) from non-fatal
BRAFV®E.nostive conditions (patients #3,7). And similarly, HT-KAM distinguishes fatal
non-BRAFYOE conditions (patient #2) from non-fatal non-BRAFY*E conditions (patients
#1.6).

In (h), we overaid PC results from {e-g) and annotated patients groups for outcome and
therapeutic resistance. This shows that the PCs from VEM treated-but-resistant patients
{(#4,5,9) cluster together, indicaiing that tumor phospho-signatures reflect patients’
unresponsiveness to BRAF-targeied therapy. The strong association between BRAF-therapy
resistant lethal melanoma tumors and the PCs of their phospho-signatures fully validates the

results generated from the clustering analysis available in Fig. 3b.

[667%] The resulis of the PCA shown in (b-g) were established from phospho-signatures
normalized to the 228-peptides + 14 peptide-free readouts, and were closely recapitulated
when signatures were normalized using the 63-reference peptides, or the 14 peptide-free
tissue extract alone readouts, or 16-Y/S/T-free peptides, or when using raw ATP-
consumption data {data not shown). Collectively, this formal investigation of the PCs of
tumor phospho-signatures demonstrates the robustness of the HT-KAM system, and the

reliability of #is output to map the phospho-catalytic signatures of tumor tissues.
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[0072] Fig, 25, Identifying the predictive peptide signature of patients with poor
survival outcome, including BRAFY " .muiated patients resisiant to BRAF-therapy.
Since survival s a significant clinical vanable identified from patients’ phospho-signatures
{clustering analvysis in Fig. 3b, and PCA i Fig. 24), we asked whether we could find peptides
that would qualify as best predictors of patients” survival outcome. To do so, we applied two
methods.

{a-¢} Method #1. analysis of peptide phosphorylation signatures using dual significance
threshold selection. In {a), the waterfall plot shows the differential activity profile across ail
228-peptides comparing patients #1,3,6.7 (alive) versus patients #2.4.5,8.9 (dead).
Significance values (t-test and Wilcoxon rank sum test; FDR-adjusted or not) are provided
undermneath the graph. Peptide phosphorylation signatures were normalized to the 228-
peptides + 14 peptide-free readouts. In (b}, peptide phosphorylation activities were selected
when concurrently passing FDR-adjusted t-test p<0.05 and Wilcoxon rank sum test p<0.05.
This rigorous dual selection threshold identified 34 peptides as the most significantly
differentially phosphorylated peptides associated with poor survival. In (&), peptide
phosphorylation activities shown in (b) are detailed across all patient signatures. Two thirds
of the peptides are biological peptides (histed and color-coded on the right side of the
heatmap}. most of which are associated with higher phosphorylation activity in tumors from
patients with poor swrvival outcome. We further validated these data using alternative
normalization schemes (data not shown), and by applving this same computational analysis (o
identify peptides qualifving as best predictors of recurrence (identifving an overlapping set of
27 peptides: data not shown).

{d-e) Method #2: analysis of peptide phosphorylation signatures using top-25%-activity
threshold selection. The top 25% peptides displaving phospho-activities that were most
variable between all patients and all experimental repeats were selected. Panel (d} shows the
unsupervised hierarchical clustering of these 57 most differential signals (same normalization
as in a~¢}. In {e), the waterfall plot shows the differential activity per peptide across these 57
peptides and between patient groups (differential survival outcome as black bars; differential
recurrence outcome in violet; differential BRAF status in blue; data sorted by highest to

lowest differential activities comparing survival cutcome).

(38731 Results in (a~e} show that the most significant and consistently high signals
associated with fatal outcome were measured with biological peptides such as SMAD2 $465

and 5245 and 8250, KHDRBS1/SAMGS Y440 and Y435, MTOR T2446 and 852448,
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CDENTA/p21 T145 and §146, BRCA1 8988 and T509, ABL1 Y226 {corresponding to Y245
i another ABL1T 1soform), FCGR2B Y292, or CHEK 8230, Likewise, peptide sensors
associated with consistently low activity in fatal outcome were biological peptides NOTCH2
S2070, JUN Y170, TERT Y707, GAB1 Y627, and reference peptides from modified
biological peptides PA 128, PA 134, or PA 230. Interestingly, the phospho-signatures of
poor survival oulcome included peptide sensors related to kinases such as SFK’s, MTOR, or
TGFBR-signaling, some of which were found to confer acquired resistance to BRAF or MEK
inhibitors in cell culture models of melanoma®*~®. Phospho-catalytic activities measured with
peptides of related sequences behaved similarly and were useful internal controls validating
assay repeatability (e.g. MTOR T2446 and 82448; COKNIA T14S and 8146, CDKS Y13
and generic positive control PA 240 which is onginally derived from CBDK1 Y15 and is
mostly conserved between these two CDK's). So, the peptides included in the HT-KAM
platform are robust sensors that can be used to generaie clinically valuable signatures o

diagnose cancer specimens.

[0074] Fig, 26. Identifying the kinase signature of patient tumeors, Determining the
activity of kinases in tumors could reveal tractable candidates for therapeutic interventions.
So, we explored the potential clinical utitity of the kinase activity signatures of melanomas.
(a) Waterfall plot showing the differential activity of kinases between patient groups. For
each tumor, the activity of kinases with >4 biological peptides was calculated as the average
of the phosphorylation activities measured in presence of their respective biological pepide
subsets across all experimental repeats. Next, we calculated the mean activity per kinase for
each patient group, and then plotted the differential activity between groups of interests, i.e.
survival / black bars, recurrence / violet, BRAF status / blue. Significance was calculated
using all experimental repeats between patient groups (shown underneath the graph}.

(b) Dafferential kinase activity signature of tumors. Kinase activity profiles were mean-
centered per tumor tissue and then mean-centered across patient fumors. Semi-supervised
hierarchical clustering was applied across the 60 individual kinases or kinase families. As a
validation of the results i (a-b), the differential activities of some of the kinases we found in
patient tumors are corroborated by gene over-expression screen for RAF-inhibitor resistance
in melanoma cell lines 25 {e.g. upregulated kinase activity of PRKC(E}, RAF(1},
MAP3KS/COTL, PAK(1)).

(¢} Comparison of the activity of ABL1, AKT1, ERK2, HCK and p38a deconvoluted from

kinases” biological peptide subsets (x-axis), versus activity levels converted from kinases’
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differential peptide signature (v-axis; method explained in Figs. 11, 184). Results show good
concordance across kinases and tumor groups {e.g. the correlation between kinases” activity
related 1o survival {circles) was 0.847).

(&) Validation of differential kinase signatures using enrichment analysis. We applied an
enrichment analvsis (EASE — Fisher one-sided {est; p<0.03) to identify kinases whose
biological peptides were most represented among the 34 peptides most significantly
associated with survival outcome {identified in Fig. 25b-¢}. Resulis are shown in the table,
and formally identify AKT’s, PIM’s, and RPSOKE’s as most significantly related to the
melanoma survival outcome phospho-signatures,

{(e) Differential biological peptide-activity profiles coraparing different patient groups. We
chose to show AKT, PIM, RPSOKB, and GSK3B kinase families because analyses in {a-b.d)
showed their changes were most significant and most profound {increase or decrease).
Sigmificance per peplide across patienis groups {grey scale) are shown. The bottom graph
compares the kinase profiles of BRAFYF yymors from patients retrospectively known to
survive (#3,7) versus patients who died (#4,5,8.9; which includes all patienis who did not
respond to BRAF-therapy). This means that the intrinsic vulnerabilities of these tumors were
not inhibited, and that alternative treatment options would have been available at the time of

biopsy based on kinase signatures revealed by HT-KAM.

{6875} Together, these results demonstraie that differences in the activity of kinases can be
measured within a tumor biospecimen {i.e. for each patient), and between different tumnors
{1.e. across patients and their individual malignancies). As well, significant changes in levels
of kinase activity can be identified between different groups of patients (e g. survival
ouicome). So, the HT-KAM assay successfully maps the oncogenic kinase signatures of
tumor tissues, and reveals the significantly hyperactive kinases that are most predictive of
poor outcorne. Accordingly, HT-KAM identifies druggable kinase vuluerabilities most
tractable to treat patients with highest likelihood of recurrence and poorest survival outcome,
mcluding patients who are unresponsive to BRAF-therapy. Specifically, our results indicate
that AKTI1, PIM1 and RPS6KBI kinases are most conserved and overly active in poor

guicome melanoma.

[3676] Fig. 27. Amalysis of gene expression data as an indirect mean to correborate
phospho-catalytic signatures. Even though gene expression is a relatively distant factor
influencing the oncogenic activity of kinase enzymes and phospho-signaling circuits®, we

asked whether melanoma patients with poorer outcome available in the TCGA resource!*
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displaved changes in mRNA levels that match kinases we found by HT-KAM. We confirmed
that patients who express high levels of AKT1 or PIM1 displayved significantly worse overall
survival or disease-free survival, as shown in {a-b) and {c-¢). Kaplan-Meier curves and
logrank t-test p-values are provided m {(a,¢). Not shown here, we also found from the TCGA
data set: (i) co-occurrence of AKT1 and RPSGKB1 mRNA alteration in poor ontcome
melanoma (log odds ratio of +2.66; p<0.001); (i1) up-regulation of CDEKNTA mRNA
expression in worse progression-free survival which is interesting since CDKNI A-derived

peptide sensors are among top predictors of poor outcome (see Fig. 25¢).

[06077] Fig. 28. Response of BRAFY"E melanoma cell lines to drug combinations.

{a) Summnary of possible cell responses to the combination of two drugs. The heatmap on the
left represents the experimental effects of combining increasing concentrations of drug A+B
as changes in cancer cell growth. The middle graph is a conceptual representation of how
differences in effects of drugs alone or combined can be interpreted as either synergistic,
additive, or antagonistic {derived from ). The heatmap on the right represents the calculated
combination index from all experimental cell growth data points. We decided {o analyze
experimental profiles using the Bliss Independence model 1o calculate combination indices
{CY) and avoid inaccuracies from dose-effect curve estimations (CI = log2 (Eab/(Ea*Eb).
svoergy CI<0; additivity CI=0; antagonism CI>0) 10-12.

{b) Maps of cell growth responses (lefi) and combination indices {right). We tested the
dependency of BRAFY*F melanoma cell lines for kinases found as differentially active by
HT-KAM in patient tumors (Fig. 26a,b). We included everolimus or trametinub {(botiom two
rows} as experimental ‘positive’ controls and for side-by-side comparison of the effects of
other kinase-targeting drugs we tested. Arrows located above and on the left of each cell
growth heatmaps serve as indicators of GISO concentrations for each drug alone. The GI50s
of A375 mantained in 5% or 0.25% FBS media for drug alone were: VEM (0.150M;
0.02uM); MK2206 {10uM; 2 5ubMy; AZD1208 (12.5uM; 12.5u0M); LY 2584702 {50uM;
>200uM); PF-4708671 (32uM; 16uM); 1-Azakenpaullone (20uM; 2.5aM); BE-D1870
(12.5uM; >50uM); everolimus (5uM,; 10uM); frametinib (3nM; 2. 5nM). The GIS0s of Sk-
Mei-28 maintained in 5% or 0.25% FBS media for drug alone were: VEM (0.63uM;

(. 31uM};, MK2206 (2.50M; 5uM); AZD1208 (25uM; 25uM);, LY2584702 (100uM; 100uM);
PF-4708671 (32uM; 16oM); 1-Azakenpaulione (20uM; 10uM); BE-D1870 (25uM; 12.5uM);
everolimous (10uM; 10uM); trametitub (1 0nM; 10nM).
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[3678] Results of growth responses (left) and combination indices {right} show that strong
growth inhibilory effects were found when combining VEM with inhibitors of RPS6KB
(LY2584702 or PF-4708671) or PIM kinases {AZD1208). Overall, synergistic effects of
these drugs were superior {0, or at least as good as, those of drugs targeting MTOR
{everolimus} or MEK (frametinib) that are currently used in the clinic, but whose effects in

patients remain variable and often transient.

[6679]  Our results also show that other kinases whose catalyvtic activities were originally
identitied by HT-KAM as less highly or less significantly upregulated than RPS6KRB, PIM or
AKT kinases in BRAFY*E melanoma tumors were indeed less effective therapeutic targets.
This is exemplified by RPSGKA mhibition (additive effects only of the BI-D1870 drug; see
heatmaps), or PKC inhibition (hhmited additivity effects of Go6983 or Sotrastaurin; data not

shown).

{6880} Furthermore, we found that inhibiting the GSK3B kinase, which is a tumor
suppressor kinase we identified as systematically less catalytically active in melanoma
tumors of poor outcome patients, resulted in antagonizing the effects of VEM treatment,
which means that melanoma cells became more resistant to BRAF Yt qarpeting drug when
it was combined with the GSK3B mhubitor 1-Azakenpaulione, as visually noticeable from the
patterns of cell growth and CI in heatmaps. This also strongly suggesis that some of the
‘good” effects of VEM rely in part on “proper” kinase activity of the GSK3B tumor

SUppressor.

[6681] {c-e) Evaluating the effects of drug combinations on melanoma cell death. We used
Fhuorescence-Activated Cell Sorting (FACS) and measured cell death in melanoma cells
treated at GISO concentration of drug alone in 5% and 0.25% FBS culture conditions. Panel
(¢) shows examples of flow cytometry profiles obtained for Sk-Mel-28. Graphs in (d-¢) show
percentages of apoptosis for Sk-Mel-28 and A375 are graphically {averages of cell death
measured in 5% or 0.25% FBS conditions). Numbers above grev bars in (d-¢) indicate gam

or loss in apoptosis when combining VEM with a 2nd kinase-targeting drug.

{6682} Increase in apoptosis was systematically found when combining VEM with
inhibitors of RPS6KB or PIM, and these effects were overall more potent than when
combined with MTOR or MEK targeting drugs. Decrease in apoptosis was found when
combining VEM with GSK3B inhibitor (i.e. GSK3B inhibition rescues BRAFVOE melanoma

cells from cell death upon VEM treatment). Highest level of apoptotic celi death was induced
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by RPSOK B-targeting combined with VEM in Sk-Mel-28, thus achteving a critical endpoint

in the perspective of eradicating tumor cells.

[3083] Altogether, these results demonstirate that the {op kinase hits identified in patient
tumors as predictive of their therapeutic fatlure (see Fig. 3c-¢ and Fig, 26) correspond 1o
ceniral kinase dependencies in BRAFVYF melanoma cells. We conclude that inhibitors of
RPS6KE, PIM or AKT are strong therapeutic candidates 1o restore therapeutic sensifivity.
The HT-KAM platform successfully wdentifies new exploitable vulnerabilities of melanoma

tumors based on the kinome profiling of patient tumor tissues.

{3684 Fig. 29 A375 expressing a constitutively active AKT1 encogenic kinase remain
sensitive to RPSOKB- or PIM-targeting. We exogenously expressed myrAKT (e a
constitutively active oncogenic AKT1) in A375 cells. We then tested the sensitivity of A375
myrAKT1 cells to drug combinations.

{a) Control for myrAKT] expression. myrAKT1-expressing A373 cells were significantly
less sensitive to VEM than their conirol counterpart (p=2.77E-06; 65% increase in GI50).
{(b-¢) Cell response of A375 myrAKT] cells to drug treatments (sare experimental settings
and analvsis as in Fig. 28). Cell growth is shown in (b), celi death is shown in {¢}.

(d) Ranking treatment effects by comparing CI values between melanoma cell lines. Data

from both Figs. 28-29 are included.

[0085] Results indicated that BRAFYE melanoma cells that acquired the expression of
the AKT oncogene remained sensitive to combinations of VEM with inhibitors of RPS6KE
or PIM kinases. As well, mimicking the loss of tumor suppressive activity by mhibiting
GSK3B in myrAKT L-expressing cells to recapitulate the coordinated inactivation of GSK3B
kinase and hyper-activation of AKT1 found in tissues from BRAFV*®E melanoma patients
with poorest outcome, led to strong resistance to VEM treatment. The growth response of
myrAKT1-expressing A375 cells treated with combinations of VEM + MTOR or MEK
targeting drugs was comparable fo wild type A373 cells. These results support the notion that
these multiple oncogenic phospho-signaling hubs can function independently of each other’s.

These kinases are suitable alternative targets to restore response in melanoma cells.

[6086] ¥Fig. 30. Restoring therapeutic sensitivity by targeting the RPS6KEB kinase in

melanema tumor cells from patients that acquired resistance to BRAFY** .therapy.
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{a~b) Phospho-RPS6KB profiles of two patient-derived xenografis (PDXs) tumor tissues (a}
and related cell lines (b). PDXs were previously*® established from patients refractory to
BRAFYEtherapy. A limited number of primary cell lines were derived from these PDX s,
{¢) Sensitivity of primary melanoma cell lines to RPSOKB-inhibitor PF-4708671 in 3-week

colony formation assays.

60871 The PDX turmor MO32R6. X1 displaved high levels of RPS6KBI in tumor tissue,
and the PDX-~dernved cell ine MO32R6. X1.CL maintained high levels of RPS6KBI, and the
cell fine MO32R6.X1.CL was sensitive to RPS6KB1 targeting. This corresponds to data

shown in Fig. 3i.

[0088] Conversely, the PDX turmor MOGIR X1 did not display high levels of RPS6KBI in
tumor tissue, and the PDX-derived cell line MOGIR X 1.CL also did not display high levels of
RPS6KE1, and the cell line MOG61R X1 .CL was not sensitive to RPS6KB] targeting. This can

be considered as a control for results in Fig, 31

[668%] The results indicate that targeting RPS6KB can be a successful therapeutic
intervention in BRAFY*F melanoma tumors/tumor cells where RPS6KB1 is elevated. Such
vulnerability mav be valuable to restore therapeutic sensitivity in patients who do not respond

to, or relapse from, current therapies.

DETAILED DESCRIPTION OF THE INVENTION
[30%0] The disclosure is based, in part, on the discovery of an effective, sensitive assay for
determining a phospho-kinase activity profile of cells, e 2., tumor cells, or other biclogical
samples in which it is desirable to evaluate kinase activity. The method comprises using a
panel of sensor peptides that comprise biologiocal substrate regions for different kinases.
Evaluation of all of the mernbers of the panel provide an indication of the kinase pathways
that are active in the sample. In one embodiment, provided herein 15 a 228-peptide panel
developled to detect the activity of over 60 kinases/kinase families, including ABL, AKT,
CDE, EGFR, GSK3B, MAPK, or SRC. Such a panel provides a method of defining new
mechanisms of resistance to targeted therapy. e g, BRAFY"Caargeted therapy in colorectal
cancer, can identify new druggable targets, ¢ g, RES6KB1 and PIM1 as new druggable
vualnerabilities predictive of poor outcome in BRAFV®E melanomas patient; and otherwise
provides for comprehensive evaluation of kinase activity in cancer and i other complex or

previcushy uncharacterized samples of interest to identify kinase type.
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{3691} Accordingly, provided herein are panels of sensor peptides that can be used in
combination to assay for the activities of multiple kinases at the same time {0 identify the
kinase activity and/or deternmne the kinase signature of a biological sample of interest, e.g., a
cancer sample obtained from a patient. The invention further comprises methods of assigning
a kinase activity tdentified in a biological sample, e.g., a cancer sample, to a kinase family
and/or of identifying the kinase activily as belonging to a particular kinase. Such information
can be used, for example, to further characterize the kinases/kinase activities from biological
samples of interest. In some embodiments, e.g., evaluation of kinase activity i cancer or
other disease states, analysis of a combinatorial peptide panel in accordance with the
mvention can be used to develop therapeutic strategies or for further development of drug

candidates.

[68%2] A “sensor” peptide in the context of this invention refers to any peptide that is
contaned in a kinase peptide activity panel as described herein which is used to assess kinase
activity. These include biological sensor peptides and sensor peptides that have mutations
relative to the naturally occurring sequences that influence kinase activity. As used herein,
the terms “kinase activity” and “phosphorylation activity” are used interchangeably to refer to

the ability of a phosphokinase to phosphorylate a sensor peptide.

[60893] The term “peptide” is used herein to refer to a polvmer of anuno acid residues. The
term appies to aming acid polymers in which one or more amino acid residue is an artificial
chemical mimetic of a corresponding naturally occurring amino acid, as well as to naturally
occurring amino acid polymers and non-naturally occurring aming acid polymers. Thus, a
peptide for used in a panel of peptides 1o assess kinase activity as described herein can
comprise naturally occurring and/or synthetic amino acids, including analogs and amino acid
mimetics that funclion 1n a manner similar {0 the naturally occurring amino acids. “Naturally
occurring” amino acids are those encoded by the genetic code, as well as those amino acids

133

that are later modified, e. g, hydroxyproline, y-carboxyglutamate, and O-phosphoserine.
Synthetic amino acids™ or “amino acid analogs™ refers {0 compounds that have the same basic
chemucal structure as a naturally ocourring amino acid, fe., an o carbon that is bound to a
hydrogen, a carboxyl group, an amino group, and an R group, e.g.. homoserine, notrleucine,
methionine sulfoxide, methionine methvl sulfonium. Such analogs have modified R groups
(e.g., norleucine) or modified polypeptide backbones, but retain the same basic chemical
structure as a naturally occurring amuno acid. Amino acid mimetics refers to chemical

compounds that have a structure that is different from the general chemical structure of an
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amino acid, but that functions i a manner stmilar to a naturally occurring amino acid.
Amino acid is also meant 1o include -amino acids having L or I configuration at the o~

carbon.

[36%94] Anuno acids may be referred to herein by either their commonly known three letter
svimbols or by the one-letier symbols recommended by the JUPAC-TUB Biochemical

Nomenclature Commission.
Bislogical Sensor Peptides

[6095] In the context of this disclosure, a “biological sensor peptide” refers 1o a peptide
that comprises a substrate region that is derived from a naturally occurring substrate region.
Thus, a brological sensor peptide as used herein refers to a peptide a known substrate region
phosphoryiated by a kinase belongng to a kinase family. Such substrate regions can be
identified, e.g.. from the PhosphoAtlas or PhosphoSitePlus databases (see, e.g., Olow ef al.,
“An Atlas of the Human Kinome Reveals the Mutational Landscape Underlving
Dvsregulated Phosphorviation Cascade i Cancer” Cancer Res. T6(7):1733-45, April 1, 2016;
Epub 2016 Feb 26; and Hornbeck ef /., “PhosphositePLus, 2014: Mutations, PTMs and
recalibrations. Nuc/. Acids Res. 43:D512-D520, 2015).

[6096] Biological sensor peptide can vary in length, e.g., from 7 to 25 amino acids in
fength, or from 910 21 anino acids in length. In some embodiments, a peptide may be up 1o
50 amino acids in length, or even up to 100 amino acids in length and at least 6 anuno acids
in fength. In some embodiments, a biological peptide 1s 9, 10, 11, or 12 amino acids in
length. In some embodiments, a biological sensor peptide 1s 11 amino acids in length. In
some embodiments, biological peptides can comprise additional anuno acids at the C-
terminal and/or N-terminal ends of the peptide. For example, an 11-mer may comprise 9
amino acids from the naturally occurring subsirale region sequence and 2 amino aicds, e.g.,
GC at the C~termanus or CG at the N-terminus. In other embodiments, the biological peptide

does not contain a GC or CG tag at the end terminus.

160971 Although the sequence of a biological sensor peptide is typically identical to the
corresponding region of the native substrate phosphorylation site, in some embodiments, the
biclogical sensor peptide may contain one or more amino acid residues at the end of the
peptide, relative {0 the native sequence, that does not influence kinase activity, as explained
in the preceding paragraph. In further embodiments, a biological sensor peptide may contain

an amino acid change relative to the sequence of a naturally occurring substrate region that
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does not influence activity of the kinase that phosphorylate that region. In soms
embodiments, a biclogical peptide may have a conservative substitution that does not
nfluence kinase activity. In some embodiments, a biological sensor peptide may imclude
modified amino acids. For example, modifving a peptide 1o have a pre-phosphorviated
peptide on one Y residue may make it easier for a kinase to phosphorylate a 'free’ Y nearby
within that peptide sequence. This is also applicable to other posi-translational modifications
that may be biologically relevant and thus, a peptide that mimics such a state may inwove the

sensitivity/specificity/differentiability of detection for one or more kinases.

{3698} The number of biclogical sensor peptides employed in the panel per kinase is
variable, but the panel comprises a pluartlity of biclogical sensor peptides for the majority of
the kinases to he represented n the panel. For example, in some embodiments, a panel of
comprises, 8, 9, 10, 11, 12, 13, 14, or 15 biological sensor peptide per kinase, but may range
from 3 10 50 biological sensor peptides per kinase. In some embodiments, a panel of kinases
may employ at least 4 biological sensor peptides per kinase. In some ernbodiments, the
number of biological sensor peptides per kinase that is included n a panel is 5, 6, 7, 8. 9, 10,
11,12, 13, 14, 16, 16, 17, 1€, 19, or 20. In some embodiments, the number of biological

sensor peptides per family ranges from 4 1o 20 or more,

[0099]  In some embodiments, a panel of sensor peptide comprises at least 135 biological
sensor peptides per the majority of kinase familigs to be represented in the pangl. In some
embodiments, af least 10 biological sensor peptide, or at least 15 biological sensor peptides
are mcluded per kinase family represented in the panel. In some embodiments, nor more than

50 peptides is included per kinase family.
Control sensor peplides

[3100] Various conirol sensor peptides are included 1n a peptide panel of the present
mvention for experimental controls and statistical analysis, as detailed in the Examples
section and accompanying figures and figure descriptions. The controls, also referred to
heremn as reference peptides, include generic positive controls, and mutated peptides, in
which a naturally occurring substrate region is mutated such that a known kinase that
phosphoryiates the subsirate in nature is exhibits modified activity towards the mutant
peptide, e.g., 1s inactive against the mutated peptide. Mutated control sensor peptides provide
increased confidence in the assay and improves analysis/interpretation and visualization of

data from the screening assay. For example, a mutated reference peptide may contain an
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amino acid substitution at a phosphorviatable tyrosine, serine, or threonine, e.g., a tyrosine,
serine, or threonine, may be substituied with a glycine or othe residue that is not longer able
to be phosphorvlated. In sore embodiments, a control peptide may have a phosphorvlatable
site that is pre-phosphorylated to render it insensitive to kinases that may be presentin a
given sample. Conirol peptides may also inciude peptides that have random peptide
sequences. Finally, know generic peptides that can serve as postlive controls are available,
including commercially avatlable. Such peptides may also be included in the panel as further

controls.
Sensor peptide panels

[3181] A ‘sensor peplide panel” or “kinase activity panel” as used herein refers to an
assemblage of peptides that collectively provides phosphorviation activity data (for a sample
of interest being evaluated to characterize the kinases in the sample) for multiple kinases at
the same time and thus 13 sufficient o assign kinase activy in the sample to a kinase family,
or one or more spectfic kinases; or can be used to characterize kinases in a biological sample
of interest. In a kinase activity assay panel of the present invention, it 1s the combination of
different kinase-specific sets of peptides that provides the read out of activity for multiple

kinases gt once.

(3162} Further, even though many kinases may have few identified larget sites or even
substrate protein targets, a kinase activity panel assessment as described herein can be used to
identify peptides that best match a kinase and thus provide greater insight into the kinase

function.

[6103] In some embodimenis, a kinase activity panel of the present invention comprises a
multiplicity of sensor peptides to determine kinase activity for at least two. at least three, at
{east four, or at least five, or more kinases families. In some embodiments, a kinase activity
panel of the present invention comprises a multiplicity of sensor peptides to determine kinase
activity for at least ten, at least fitteen, at least twentv, at least twenty five, or more kinase
families. In some embodiments, a kinase activity panel of the present invention comprises a
mutliplicity of sensor peptides to determine kinase activity for at least two, at least three, at
least four, or at least five, or more specific kinases. In some embodiments, a kinase activity
panel of the present invention comprises a multiplicity of sensor peptides to determine kinase
activity for at least ten, at least fifteen, at least twenty, at least twenty five. or more specific

kinases. Accordingly, a panel may comprise any number of peptides. Indeed, a panel and
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assay of the present invention is modular by design in that users can adapt panels and assay
conditions to their needs. Indeed, in some embodiments, a set of peptide sensors may be
emploved to study particular kinases under specific condtions, e.g., pH, ion, etc.; however,

the panel still employs multiple peptides to capture kinase activity for multiple kinases.

[6164] In some embodiments, a kinase activity panel of the present invention can comprise
a mutttiplicity of sensor peptides to determine kinase activity for multiple kinases, e.g, at least
five, at least ten, at least fifteen, at least twenty, at least thitty, at least forty, at least fifty, or
more, kinases selected from the group consisting of ABLT, ABLI(H396P), ABLI((3252H),
ABLU{T3151), BCR-ABL (fusion gene, Philadelphia transiocation}, ABLZ, BLK, BRK
(PTK6), FGR, FRK, FYN, HCK, LCK, LYNA, LYNB, SRC, SRMS, YES1, C3K, BTK,
BTK(E41K), FER (TYK3), FES, ITK, LTK (TYK1), SYK, TEC, TEK (TIE2), TXK,
TYRO3, ZAP70, JAKL, JAK2, JAK3, TYK?2, PTK2 (FAK, FAK1). PTK2B (FAK2, PYK2),
ALK, AXL, AXL{R499C), CSFIR, DDR1 (NTRK4, RTK6, PTK3), DDR2 (NTRKR3,
TYRO1O), EGFR, ERBB2, ERBB3 (in 15 dimeric state with another HER fam. member},
ERBB4, FGFR1, FGFR2, FGFRZ(IN549H), FGFR3, FGFR4, FLT1 (VEGFR1), FLT3,
FLT3(D835Y), FLT4 (VEGFR3), KDR (VEGFR2), IGFIR INSRR (IRR}, INSR, ROSE,
KIT (SCFR), MET, PDGFRA, PDGFREB, RET, ROR1 (RORI (NTRKR1}, ROR2
(NTRKE2)), RORZ (NTRKR2), EPHAIL, EPHAZ, EPHA3, EPHA4, EPHAS, EPHAR,
EPHBI1, EPHB2, EPHRB3, EPHB4, RON (MSTIR), NTRK1 (TRKA) NTRKZ (TRKB),
NTRK3 (TRK(C), MERTK (MER), WEED (WEE1A), WEE2 (WEE1IB), MUSK, ACVRI
(ACVRIA, ALK2), ACVRIB (ALK4), TGFBR1 (ALKS), TGFBR2, BMPR B (ALK6),
AKT1, AKTI{E17K), AKT2, AKT2E17K). AKT3, AKTHE17K), AKT3HGITIR), ARAF,
BRAF RAF1 (¢RAF), ATM, ATR, AURKA, AURKRE, AURKC, CHEK1, CHEKZ PRKDC
(DNA-PKes, DNAPK), PLK1, PLK3, BRSKY, BRSK2, BUBT, Cllorf7, CAMKI,

C AMK 1beta, CAMK idelta, CAMK I gamma, CAMK2, CAMK2A, CAMK2B, CAMKZD,
CAMIK2G, CAMK4, CAMKK, CDC42BPA (MRCK alpha), CDC42BPB (MRCK beta),
CDK 1 (CDC2), CDK2, CDK3, CDE4, CDKS, CDK6, CDK7. CDKS, CDK9, CDK 11,
CHUK (IKK alpha), IKBKB (IKK beta), IKBKE (IKK-E), CLK1, CLK2, CSNK1A!
(CK1A), CSNK1D (CK1D), CSNK2A1 (CK2ZA1D), CSNKZAZ (CK2A2), CSNK2B (CK2B),
DAPK3 (ZIPK), DMPK (DM1), DYRK1A, DYRKZ, IRAK], IRAK4, EIF2AK], EIF2AK2,
EIF2AK3 (PEK), EIF2AK4, GRK3 (ADRBK2), GRES, GSK3A, GSK3B, HIPKZ, ILK
{p39mtegrin-linked kinase RAF-like kinase), STK3 (MST2, KRS1), STK4 (MST1, KRS2),
STK10 (LOK), STK11 (LKB), MTOR (FRAP1), KSR1, KSR1(A635F), KSRI1(L639F),
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K8R2, KSR2(R6765), MAPKI (ERK2), MAPK3 (ERK 1), MAPK7 (ERKS5/6), MAPKS
{(JNK1), MAPKY (JNK2), MAPKI10 (JNK3), MAPKIT {(p38b), MAPKI2 (p38g}, MAPKI13
{p38d), MAPK 14 (p38a), MAP2KT (MEKI, MKK1, MAPKK 1), MAP2K2 (MEK2, MKK2,
MAPKKZ), MAP2K4 (MEK4, MKK4, MAPKK4, JNKK1), MAPZKT (MEK7, MKKT7,
MAPKK7, INKK2), MAP3K1 (MEKK 1, MAPKKKI). MAP3K7 (MEKK7, TAK1),
MAP3KR (COT), MAP3K 14 (NIK), MAP3K17 (TAOKZ, PSK1), MAP4K2, MAP4K4
(MEKKK4), MAP4KS, MAP4KS6 (MINK), MAPKAPK2 (MK2). MAPKAPK3 (MK3),
MAPKAPKS (MKS), MARK 1, MARK?2 (EMK 1), MARK3 (CTAK 1), PKMYT1 (MYT1),
NDRI (STK38), NDR2 (§TK38L), NEK 1, NEK2, NEK6, NEK7, NLK, NMET (NM23,
NDPK-A), NME2 (NM23B, NDPK-B), NMET-NME2, NUAKT, PAKIT, PAK2 (p21 (RACH
activated kinase 2), PAK3, PAK4, PAKT7, PDKI {pyruvate dehydrogenase kinase 1, Genell):
5163), PDPK1 (3-phosphoinositide dependent protein kinase 1, GenelD: 5170), PHK G,
PIM1, PIM2Z, PIM3, PKN1 {(PRK1), PKNZ2 (PRKZ}, PRKAAL {AMPKal), PRKAA2
(AMPKa2), PRKACA (PKA C-alpha, PKACA = protein kinase cAMP-activated (PK A}
catalviic subunit alpha}, PRKACB (PKA C-beta, PKACB = protein kinase cAMP-activated
(PKA) catalvtic subunit beta), PRKACG (PKA C-gamma, PKACG = protein kinase cAMP-
activated (PK.A) catalviic subunit gamma), PRKCA (PKC alpha, PKCA), PRKCB (PKC
beta, PKCB), PRKCD (PKC delta, PKCD), PRKCE (PKC epsilon, PKCE), PRKCG (PKC
gamma, PRCG), PRKCH (PKC eta, PKCL), PRKCI (PKC iota, PKCH), PRKCM {(PKC mu,
PKCM}, PRKCN (PKC nuj, PRKCQ (PKC theta), PRKCZ (PKC zeta), PREKDI (PKDI1,
PKD), PRKD?2 (PKD2), PRKD3 (PKD3), PRKG! (PKG 1, subunits I-alpha & 1-beta,
PRKGRI, PRKGI = protein kinase, cGMP-dependent (PKG), type ), PRKG2 (PKG 2,
PREKGR2, PRKGZ = protein kinase, ¢cGMP-~dependent (PKG), type 1), PRKRIR (THAPIZ,
DAP4, P520PK), ROCKY, ROCK2, RPS6KAT (RSKL, pPORSK), RPS6K A2 (RSK3,
pYORSK2, S6K-alpha-2), RPS6KA3Z (RSK2, pOORSK?2, S6K-alpha-3), RPSEK AL (MSK2,
S6K-alpha-4), RPS6KAS (MSK1), RPS6K A6 (RSK4, poORSKS, S6K-alpha-6), RPS6KBI
(S6K 1, p7086K. S6K-beta-1), RPSGKB2 (S6K2, p70S6Kb, S6K-beta-2), SGK.1 (SGK),
SGK2Z, SGK3 (SGKL), SMGI, TAFL, TBK1 (NAK, T2ZK), TPS3RK (PRPK), TSSKI,
TESKZ, TSSK4, VRKL, ABL fam. (=ABL1, ABL1{H396P), ABLI{(3252H), ABLI(T315]),
BCR-ABL, ABL2), SRC fam. (BRK (PTK6), FGR, FRK, FYN, HCK. LCK, LYNA, LYNB,
SRC, SRMS, YEST), JAK fam. (JAK1, JAKZ, JAK3, TYK2), PTK2/FAK fam.
(PTK2/FAK], PTKZB/FAKZ), EGFR fam. (EGFR, ERBBZ, ERBB3, ERBB4), FGFR fam.
(FGFR1, FGFRZ, FGFRZ(NS549H), FGFR3, FGFR4), FLT/VEGFR fam. (FLT1 (VEGFR1},
FLT3, FLT3(D835Y), FLT4 (VEGFR3), KDR (VEGFR2)), IGFR/INSR fam. (IGFIR,
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INSRR (IRR), INSR), PDGFR fam. (PDGFRA, PDGFRB), ROR fam. (PDGFRA,
PDGFRB), EPHA/B fam. (EPHAL, EPHAZ, EPHAS, EPHA4, EPHAS, EPHAR, EPHBI,
EPHB2, EPHB3, EPHB4), ALK fam. (ACVRI, ACVRIB, TGFBRI, TGFBRZ, BMPRIB),
AKT fam. (AKT1, AKTI(E17K), AKT2, AKT2(E17K). AKT3, AKT3(E17K),
AKT3{G171R}}, RAF fam. (ARAF, BRAF, RAF1 (¢RAF)), AURK fam. (AURKA,
AURKSB, AURKC), CHEK fam. (CHEK 1, CHEK2), PLK fam. (PLK1, PLK3), BRSK fam
(BRSK1. BRSK2), CAMK fam. (CAMKI, CAMKIbeta, CAMK ldelta, CAMK1gamma,
CAMKZ, CAMKZA, CAMK2ZB, CAME2D, CAMK2G, CAMK4), CDK fam. (CDK1
(CDC2), CDR2, CDK3, CDK4, CBKS, CDKo, CDK7, CDKSE, CDES, CDK11), IKK fam.
(CHUK (JKK alpha), IKBKB (KK beta), IKBKE (IKK-E)), CLK fam (CLK 1. CLK2), CK
fam. (CSNKI1AT1 (CK1A), CSNKID (CKID), CSNK2AT (CK2A1), CSNK2AZ (CK2A2),
CSNKZB (CK2B}), IRAK fam. (IRAKI, IRAK4), EIF2AK fam. (EIF2AK1, EIF2AK2,
EIFZAK3 (PEK), EIF2AK4), GRK fam. (GRK3 (ADRBKZ), GRKS), GSK3 fam (GSK3A,
GSK3B), ERK fam (MAPK1 (FRK2), MAPK3 (ERK 1)), JNK fam. (MAPKEZ (JNK1),
MAPKS (JNK2), MAPK 10 (JNK3)), p38 fam. (MAPKI11 (p38b}. MAPKI2 (p38g).
MAPKI3 (p38d), MAPK 14 (p38a)), MEK fam. (MAP2K1 (MEKI, MKKI1, MAPKKI1),
MAPZK2 (MEKZ, MKK2, MAPKK2)). MAP3K fam. (MAP3KI1 (MEKKI, MAPKKK1),
MAP3K7 (MEKK7, TAK1), MAP3KR (COT), MAP3K 14 (NIK}). MAP3K17 (TAOKZ,
PSK1}1 MAPKAPK fam. (MAPKAPK2 (MK2), MAPKAPK3 (MK3), MAPKAPKS
(MK35)), MARK fam. (MARK1, MARK2 (EMKI1}, MARK3 (CTAK 1)), NEK {am. (NEKI,
NEKZ, NEK6, NEK7), NME fam. (NMET (NM23, NDPK-A), NME2 (NM23B, NDPK-B),
WNMEIT-NMEZ), PAK fam. (PAK1, PAK2 (p21 (RACT) activated kinase 2), PAK3, PAKY,
PAKT), PIM fam. (PIM1, PIMZ, PIM3), PKN {am. (PKNI (PRKI), PKN2 (PRK2)}), AMPKa
fam. (PRKAAT (AMPKal), PRKAAZ (AMPKaZ)), PKA fam (PRKACA (PKA C-alpha),
PRIKACE (PKA C-beta), PRKACG (PKA C-gamima)), PKC fam (PRKCA (PKC alpha,
PKCA), PRKCB (PKC beta, PKCB), PRKCD (PKC delta, PKCD), PRKCE (PKC epsilon,
PKCE), PRKCG (PKC gamma, PKCG)Y, PRKCH (PKC eta, PKCL), PRECT (PKC i0ta,
PKCHE, PREKCM (PKC mu, PKCM), PRIKCN (PKC nu), PRKCQ (PKC theta), PRKCZ (PKC
zeta)y, PKD fam. (PRKD (PKDI1, PKD), PRKD2 (PKD2), PRKD3 {(PKD3}3, PKG fam.
{(PREGI (PKG 1, subuniis T-alpha & I-beta, PREKGR]1, PRKGI = protemn kinase, cGMP-
dependent (PKG), type 1), PRKGZ (PKG 2, PRKGRZ, PRKG2 = protein kinase, ¢cGMP-
dependent (PK(3), tvpe 11}, ROCK fam (ROCK 1 ROCK2), RPS6KA fam {(RPS6KAT
{(R5K1, p90RSK), RPS6KAZ (RSK3, p9ORSK2, SoK-alpha-2), RPS6K A3 (RSK2,
pOORSK2, S6K-alpha-3), RPS6K A4 (MSK2, S6K-alpha-4), RPSGKAS (MSK 1), RPSGKAS
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(RSK4, p9ORSKE, S6K-alpha-6)), RPSGKB fam. (RPSGKB1 (S6K 1, p70S6K, S6K-beta-1),
RPSGKB2 (S6K2, p70S6Kb, S6K-beta-2)), SGK fam. (SGK 1 (SGK), SGK2. SGK3
(SGKL)Y), and TSSK fam. (TSSK1, TSSK2, TSSK4).

[B185]  In some embodiments, a kinase activity panel to identify a kinase signature that
represents a kinase family or a specific kinase comprises biological sensor peptides that
correspond to phosphorylated substrate regions from naturally occurming peptides that are
phosphoryiated by members of various kinase fanulies, e.g. ABL, AKT, ERK, HER, p38,
SFK, and TK kinase families. A kinase activity panel can, however, include a plurality of

sensor peptides for any kinase of interest, including pseudo kinases and orphan kinases.

[3106] In some embodiments, a kinase activily panel in accordance with the invention
comprises biological peptides that are phosphorviated by kinases enzymes that can include
kinases evaluated in cancer cells and tumor cells, or other disease conditions, including BLEK,
BRK (PTK6), FGR, FRK, FYN, HCK, LCK, LYN, S8RC, SRMS, YES1, ABL1, ABL2,
EGFR, ExbB2, ErbB4, JAK2, CSK, AKT1, AKT2, AKT3, MAPKI (ERK2), and/or
MAPK14 (p38a) kinases. In some embodiments, a panel may comprises hiological peptides
that are phosphorylated by kinases found in cancer and tumor cells and may include
biological sensor peptide fro one or more of PIMs, RPS6KBs, PAKs, PDPKI, GSK3B,
PKCs, PKIys, PK As and the like. In some embodiments, the panel comprises at least 3, or at
least 4, biological peptides for each kinase; or at least 4 peptides for each of the kinase
families. In some embodiments, the panel comprises 5, 6,7, 8,9, 10, 11, or 12 peptides for
each kinase family represented in the panel. In some embodiments, the panel comprises S, 6,

7. 8,9, 10, 11, or 12 peptides for each kinase represented in the panel.

[3107] In some embodiments, a kinase panel in accordance with the invention comprises at
least 75, at least 80, at least 90, at least 100, at least, 110 at least 120, at least 125, at least
130, at least, or at least 140, or at least 150, or 151 of the biclogical peptides comprise a
sequence as shown in Table | of a peptide having a peptide ID as shown 1 Fig. 4. In some
embodiments, the kinase activity panel further comprises at least 10, at least 15, at least 20, at
least 25, or 27 muiated peptides having a mutation in the substirate region as shown in Fig. 4.
In some ernbodiments, the mutated peptides have the sequence as shown in Table | for the
peptide ID shown in Fig. 4. In some embodiments, the panel further comprises pre-

phosphoryiated reference peptides as mutated peptides.
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(3168} In some embodiments, a kinase activily panel in accordance with the invention
comprises 228 peptides as described in Fig. 4. The sequences of the peptides are provided in
Table 1 for each peptide under the peptide probe 1D number shown in Fig. 4. The panel
comprises 151 biological peptides, 14 generic positive control peptides and 63 reference
peptides, i.e., mutaied peptides. The 14 generic positive control peptides are communly uses
as industry standards. The 63 reference peptides include 27 mutated peptide sequences, 31
pre-phosphoryvlated peptides and 5 peptides having random sequences. The phosphoresidue
target 1s shown in Fig. 4, as is the origin of the peptide probe (i.¢., the name of the biological
substrate protein). The kinase enzyme associated with the biological peptides are also

provided.
Activity

[6109] IKinase achivity can be evaluated using any number of assays. including, e.g.,
measuring ATP consumption; measuring consumption of any factor related to catalytic
activity of an enzyme {e.g. GTP for GTPases instead of ATP for ATP-dependent kinases),
measuring post-translational modification of any substrate molecule (e.g. the physical
detection of the catalytic addition of a phosphorylation group onto a peptide; and the like}) In
some embodiments, ATP consumption is conveniently measured using an ATP consumption
assay. Anillustrative assav is detailed in the Examples under the Kinase activity assay

section.

[6110] Activity pattern against various peptides in an assay panel can be assessed to
determine kinase signature patterns as described herein. Activity can thus be used {0 assign
the kinase activity of a sample undergoing evaluation to one or more kinase fanmilies. In
some embodiments, kinase activity is assigned to one or more members of a kinase family.
Assigning the activity of the kinase can be performed by comparing the activity to control
patterns of activity of known kinases. The range of kinases activity of the test sample can

vary from a high level of activity to little activity compared to the various control kinases.

[6111] Insome embodiments, activity is evaluated as follows. Although this tilustration of
activity assessment uses ATP consumption to define activity, one of skill understands that
similar analyses can be performed using endpoints other than ATP consumption o assess
Activity. In an illustrative assay, ATP consumption i1s measured across a matrix comprising
the kinase sensor peptides, ¢.g., the matrix may be wells or other containers that will hold the

kinase assay contents. Again, although this 1s illustrated using a “well™ as a container, other
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container may be used. Each well contains reagents/buffers, including the sensor peptide,
ATP, and sample. In some embodiments, a kinase inhibitor may be included as a reagent
component. A subset of control wells are also emploved in which no peptide s present to
assess basedline ATP consumption in the sample. ATP consumption measured across all
experimental wells provides an activity signature of a sample. A first activity analysis is
performed to determine ATP consumption per peptide. This provides an 'agnostic’ view of
the results. All ATP consumptions for a sample represent a 'fingerprint’. These fingerprints
can be compared between samples {o determine how different samples are. One example is
o use such fingerprints to compare cancer cell ines or tumor tissues {or even recombinant

kinases). The results can then be interpreted fo assess ATP consumption per Kinase.

[3112] Inthe kinase activity screening panel, as explained above, some of the peptides are
typically biological sensor peptides, t.e., they have naturally occurring amino acid sequences
that are phosphorylated by a kinase enzyme. In some embodiments, a varant of such a
peptide may be emploved where the peptide may a munor change e.g.. a conservative
substitution, that does not influence kinase activity. Kinase activity obtained using the
biological sensor peptides can then be used to deconvolute the agnostic peptide

phosphorylation signatures to measure the activity of their respective kinases.

[3113] Insome embodiments, some kinases may have only one biological sensor peptide
associated with them in the assay. Some kinases may have two, some three, etc. More
peptides per kinase typically provide for higher sensitivity, specificity and differentiability to
identify kinases and their activity levels (1.e. ATP consumption measured and averaged
across peptides that are biologically related to each kinase). In typical embodiments, a
threshold of at least four biological peptides per kinase is employed to measure the activity of
a given kinase, although alternative values, such as three biological peptides per kinase, may

also be used.

[3114] Foragiven kinase, all ATP consumption per bioclogical peptide of this kinase 15
mcluded to measure the average ATP consumption (i.e. activity} for this kinase, Thus, all
activities (ATP consumptions} per peptide can be usefud to measure a kinase activity.
Activity levels between knases within a sample can then be compared, as can activity levels
between samples. Normalization is performed by creating a scale and using a threshold
value. This is illustrated in the descriptions of Figs. | and 2. Determination of sighature

patterns and use of a panel {o characterizes a kinase in a sample to be evaluated can be
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determined as described in the Figures; and in the descripton of Figures, e.g., Figs. 5,7, 9, 12,
16, 18, 21, 24, and 26. For example, a sample obtained from a melanoma patient may be
evaluated for phosphorviation signatures using a 228-petide phosphorviation panel as

described herein, see, e.g.. 4a and Table 1. Phosphorviation activity can be analyzed using

Wh

unsupervised heriarchical clustering, principal component analysis, and dual significance
threshold selections. Such an analysis can identify not only phosphosignatures that are
indicative or particular kinases, or kinases fanulies, but hyperactivity can be identified; and

such associates can be associated with outcome.

[3115] In some embodiments, identification of overly active AKT1, PIM1, and RPS6Kb1
10 kinases as overly active in a melanoma sample 15 indicative of a poor prognosis (see, e.g.,

Fig 23). In some embodiments, targeting RPS6KB or PIM1 in a patient having a BRAFVYSUE

melanoma in which RPS6KBlor PIM1 is elevated can provde an improved outcome

compared to therapies that rarget other kinases.
samples

15 [0116] A "sample” as used heremn comprises cells ot 1s derived from cells, e g, comprises
cellular extracts, to be evaluated that can be obtained from any biological source, such as
tissues, extracts, or cell cultwres, including celis {e.g. tumor cells), cell lines, cell tvsates. The
sample can be obtained from animals, preferably mammals, most preferably humans.
Samples can be from a single individual or in some embodiments, can be pooled prior to

20 analysis. Samples may from any source may be evaluate dusing a panel of sensor peptides
that provide the ability to simultaneous evaluated activities of different activities. Thus, a
sample can be obtained from any prokarvote or eukarvote, mncluding plants, veast, bactena,

cyanobacteria, or any other biological sour ce of interest.

i6117] Samples for analvsis employing sensor peptides in accordance with the disclosure
25 can be from any source for which it is desired to determine a kinase aclivity profile. In some

embodiments, the sample 1s a mammalian sample, e.g., from primates {such as humans and

non-human primates, e.g., apes, monkeys}) or from other mammals, e 2., a bovine, ovine,

porcine, equine, canine, feline, caprine, a murine, or other mammal.

[6118] In some embodiments, the sample is obtained from a patient that has a disease for
30 which it is interest to assess kinase actvitiy, where the sample comprises cells from a tissue
that is affected by the disease. A “disease” refers to any disorder, disease, condition,

svndrome or combination of mamifestations or symptoms recognized or diagnosed as a
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disorder that may be correlated by a kinase activity profile. THustrative disease include, but
are not hmited to, cancer, cardiovascular diseases including heart faiture, hypertension and
atherosclerosis, respiratory diseases, renal diseases, gastrointestinal diseases including

mflammatory bowel diseases such as Crohn's disease and ulcerative colitis, hepatic,

Wh

gallbladder and bile duct diseases, including hepatitis and cirrhosis, hematologic diseases,
metabolic diseases, endocrine and reproductive diseases, including diabeles, bone and bone
minaral metabolism diseases, immume system diseases including awtoimmune diseases such
as rheumatoid arthritis, lupus erythematosus, and other autoimmune diseases,
musculoskeletal and connective tissue diseases, including including arthnitis, achondroplasia
10 infectious diseases and neurological diseases such as Alzheirer's disease, Huntington's

disease and Parkinson's disease.
Cancer

(6119} In some embodiments, a sample evaluated in accordance with the disclosure is a
cancer. Cancer for which kinase activity profiles can be obtained include breast cancer,
15 melanoma, colorectal cancer, lung cancer, ovarian cancer, utering cancer, cervical cancer,
prostate cancer, pancreatic cancer, bladder cancer, head and nack cancers, liver cancer,
kidney cancer, brain cancer, including glioma and astrocytomas, thyroid cancer, laryngead
cancer, nasopharyngeal cancer, and oropharyogeal cancer; stomach cancer, and testicular

cancer.

0 [0128] Insome embodiments, the cancer is a hematological cancer, such as a lymphoma or
leukemia, or nuidtiple myeloma. Examples of leukemias include acute lvmphoblastic
leukemia, acute myeloid leukeria, chronic raveloid leukenua, hairy cell leukenua, acute
nonlymphoevtic leukenna, chronic lvmphocytic leukemia, acute granulocytic leukemia,
chronic granulocytic leukemia, and acute promyelocytic leukemia, among others. Examples

25 oflvmphomas inchide cutaneous T-cell lymphoma, Hodgkin's lymphoma, an non-Hodgkin's

lynphoma.

[6121] Insome embodiments, a sample comprising cancer cells is obtained from a patient
who has been treaied with a therapeutic agent, such as a chemotherapeutic ageni, e.g., a

protein kinase inhibifor.

30 j0122)  In some embodiments, the analysis of kinase activity in cancer cells can be used to

select a therapeutic agent that targets a kinase identified as being overactive in cancer cells.
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[#123] The foliowing examples are intended to illustrate, but not limit, the claimed
mvention. Thus, a panel of the invention may comprise a multiphicity of sensor peptides {o
detect activity for any kinases of interest and the reaction conditions and reagents for
assessing activity can be modified as appropriate for evaluation of the kinase activity of

interest.
EXAMPLES

Example 1. Peptide multiplex platform as a robust sensor of kinases™ activity

{01241 Directly measuring the activity of kinases 1s the most proximal assessment of their
functional status. This example describes the development of a high throughput kinase
activity-mapping (HT-KAM) assav, whereby a compendium of biclogical peptide targets of

kinase enzymes serves as combinatorial sensors of phospho-catalyvtic activity.

Bescription of experimental results

Peptide sensing platform to monitor phospho-signatures

[6125] 'We sought to develop a high-throughput kinase activity-mapping (HT-KAM) assay,
whereby a compendium of peptides serves as combinatorial sensors of the phospho-catalvtic
activity of kinase enzymes. To demonstrate our strategy, we synthesized a 228-peptide library
(Fig. 4) that includes 151 biological 11-mer peptides corresponding to substrate protein
regions variously phosphorylated by kinases involved in oncogenic processes®. The library
also includes 14 generic “posttive control” peptides commonly used as mdustry standards, and
63 reference peptides coruprising 27 mutated, 31 pre-phosphorylated, and 5 random peptide
sequences. A liquid dispensing instrument was programmed to aliquot peptide, sample, ATP,
and buffer solutions in 384-well plates (Fig. 1a; Additional Methods section). Fach well
contains one peptide, and each plate simultaneously assesses the phospho-signature of one

sample.

[3126] The descniption section below concentrates on the biological relevance and
technical advance offered by our sirategy. Analyses demonstrating repeatability, specificity
and validation for recombinant kinases (Fig. 1; Figs., 5-17), cell extracts (Fig. 2; Figs. 18-21)
and tissue extracts (Fig. 3; Figs. 23-26) are briefly explained in this section, and more fully

described in the Additional Methods section.

Multi-peptide-derived phospho-catalviic signatures distinguish individual kinases and their

enzyvmatic subfamilies
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{3127} The phospho-catalyiic activity profile of 25 recombinani kinases was measured in
presence of all 228-peptides (Fig, 1h; Figs. 5-7). Inspection of kinases’ activity across all
peptides revealed that each kinase displayed a unique phosphoryiation fingerprint (Fig. 1b).
Particular family members were functionally distinguishable from genetically related kinases
{e.g. BRK or SRMS vs. other SFK’s; MAPK 14 vs. MAPK1), and the activities of kinase
isoforms or oncogenic variant were discernable (LYN A vs. LYN B, ABL1 vs. ABL1TV),
Nevertheless, the principal factor clustering kinases was their fanuly of origin (Fig. b,

horizontal clustering; Fig. fe, Pearson correlation grid).

[3128] We then examined how including a multiplicity of peptide sensors impacted the
sensttivity and specificity of the assay for predicting the identity of an individual kinase. We
computed Area Under the Curve (AUC) from repeated iteration of random peptide sampling.
Sensitivity and specificity systematically improved when including an increasing number of
peptides, while any single peptide performed poorly overall (example in Fig. 1d; Figs. 8-9).
For any given number of peptides, specific subsets performed significantly better than others.
For instance, for HCK, the AUC derived from the specific combination of its & biological

peptide {argets was higher than most other 8-peptide combinations (Fig. 1d).

[3129] WNWext, we asked whether our system could {ind peptide sets that best differentiate a
kinase from others. We compared all phospho-catalytic profiles of kinases using a dual
significance threshold {p<0.05 for FDR-corrected t-test and Wilcoxon rank suim test). This
revealed that a unique differential phospho-signature could be systematically assigned to
every kinase (Fig. Te; Figs. 16-11). Optimal signatures included every type of peptide
(biological, generic, reference) associated with both significantly high and significantly low
phosphoryiation activities. 8o, using a large spectrum of phospho-catalytic activity sensors is

a highly sensitive reporting system to differentially identify a specific kinase/kinase family.

Biological pentides are effective combinatorial activity sensors of their kinase enzymes

[3130] We then asked whether kinases preferentially phosphorylated their respective
bislogical peptides. We found that kinases were significantly more capable of
phosphorviating the great majority of their biological peptide targets than control pools of 63-
reference, or S-random, or 16-Y/S/T-free peptides {example of AKTI, MAPK1, JAK2 in Fig.
1f; box plots in Fig, 1g; complete dataset in Figs. 12-13). Unsupervised clustering of kinases’
activity using only biological peptides showed that biological peptides distinguished

individual kinases, yet grouped them by functional relationships and kinase families (Fig.
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1h). Biological peptides contribuied most to kinases™ differential phospho-signature {Fig,
Tk Figs, 10-11) and highest measurable activity (Fig. 14). Computational analysis revealed
that the phospho-catalvtic signatures of kinases derived from their biological peptides
outperformed generic peptides and provided excellent specificity and sensitivity {average

AUC>0.9; Fig. 1d,i; Figis).

2

[6131] To further evaluate the performance of biological peptides as sensors of kinases, we
measured the effect of kinase inhuibitors. The activity profiles of ABL1, ABLIPPL LYN A
and AKT1 treated with dasatinib, imatinib and staurosporing showed that biological peptides
effectively revealed the distinct drug-sensitivities of kinases {Fig. 1j-k; Figs. 14b, 16).
Statistical analyses determined that biological peplide sets systematically and significantly
correlated with kinases™ activity inhibition (Figs. 14b, 16). Simmlar results were found when
measuring the effects of SFK-inhibitor PP2 and SUGG56 on FYN A, HCK, LCK and SRC
(Fig. 17). Altogether, these results show that the identity and activity of kinases can be

measured using their respective biological peptides.

Identifvinge drugeable kinases that mediate intrinsic resistance to BRAF Y2  tarveted therapy

{3132} Providing a functional assay that identifies hyperactive, druggable kinases in cell
culture models would be valuable to investigators. In the case of BRAFVY®E CRC, finding
targeted therapies has been a biomedical challenge. RNA-mterference screens performed in
Wildr BRAFVO'E CRC cells originally found that parallel feedback activation of EGFR
caused intrinsic resistance to vemurafenib (VEM)*, but the limited response of patients
treated with BRAF+EGFR combination therapy?®” underlines how crosstalk between signaling
pathways often confounds genetic screen—drug response relationships. We applied our assay

to explore whether other kinases drive such unresponsiveness to BRAF-therapy.

[3133] We used WiDr cells as a model system. WiDr treated with VEM displayed reduced
MEK! and ERKZ2 kinase activity, and increased EGFR activity (Fig. 2a; Fig. 18). This
matched the reduction in phospho-MEK1/2 and ERK1/2 proteins, and increase in phospho-~
EGFR, which confirmed that the HT-K AM assay could functionally replicate what is
anticipated from literature. We then concentrated on finding novel targets. Examination of
kinase signatures revealed that AKTI was overly active, while s downstrear tumor
suppressor kinase GSK3B was mactivated (Fig. 2b, left). Furthermore, the activity of PDPKI
and its downstream effector kinases SGK1, PRKCA, PKNg were increased (Fig. Zb, right}.

These changes in kinase activity were significant (Fig. 2b; Figs. 18-19) and confirmed by
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immuno-detection {Fig. 2¢). Such specific changes are cancer-promoling processes
implicated in cell cyvele, survival and metabolism, which suggests that drug resistance can be
functionally defined by our assay as the coordinated re-programing of multiple signaling

pathways.

[6134] To assess the role of these kinases as mediators of resistance to VEM, we testad the
response of Wilkr o drug combinations in cell survival assays. Besides AKTI, strong
VOUE. targeting was paired with inhibitors for PDPK 1 and

PRKCA (Fig. 2d). Results were confirmed using other BRAFY*F CRC celi lines and

svnergy was observed when BRAF

inhibitors (Fig. 28). This demonstrates that our strategy can Serve as a discovery piatform fo
predict differences in kinase activity and provide a rational design for new combination

therapies.

The phospho-catalviic signatures of cancer cells reveal their specific kinase dependencies

[6135] Next, we asked whether our approach could be used to survey the activity of kinases
across different cancer cell lines. Fig. Ze~f and Figs. 21-22a,b show that cancer cell lines
could be systematically distinguished based on either their 228-peptide phosphorviation
profiles, or their kinase activity signatures. We then evaluated whether the differential kinase
activities of different cells could foretell their drug sensitivity (Fig. 22¢-e), and specifically
asked whether HT-KAM could identify kinases that functionally distinguish BRAFVO®F CRC
from BRAFVOR MEL cells (Wibr vs. A375: Fig. 2g-h). Graphs in Fig. 2g compare kinase
activity {(y-axis) to GI50 concentration for individual drugs (x-axis}. Data for the 10 kinases
and 14 inhibitors we tested, are compiled in Fig. 2k Results showed that the higher the
activity of a kinase, the more a cell line was susceptible to respond to a matchung drug. For
instance, CDKs and MEKs were significantly more catalytically active in A375 than in
Wil and A375 cells responded to much lower concentrations of the related drugs dinaciclib
and trametinib than WiDr did. So, BRAFYPYE ¢ells of different tumor origins inherently
relied on distinet kinase dependencies that were predictive of their drug sensitivities.
Altogether, results in Fig, 28-h and Fig. 22 indicate that our platform provides a pragmatic

solution to find active, druggable kinases in cell colture models.

Manping the shospho-catalviic signatures of natients’ melanomas

{01361 Identifying which kinases are overly active in patients” tumors would be of high
clinical value. Malignant melanoma is a disease ultimately refractory to most current forms of

therapy, including BRAF/MEK/ERK inhibitors used to treat metastatic BRAFVSF tumors™®-
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1 We thus evaluated the potential utility of our assay to map the phospho-catalytic

signatures of patients” melanomas.

(3137} Nine surgically excised, fresh-frozen tumors from melanoma patients (Fig. 3a; Fig,
23) were tested in four independent HT-K AM technical replicates. The 228-peptide
phosphorviation signatures were analvzed using unsupervised hierarchical clustening (Fig,
3b), principal component analysis (Fig. 24), and dual significance threshold selection (Fig.
25). We tound that the phospho-fingerprints of tumors were highly robust signatures that
strongly associated with outcome {Fig. 3b, black squares: Figs, 24, 25). The group of
signatures that retrospectively predicted poor outcome included BRAFYOYE tumors that did

not respond to VEM treatment (Fig, 3b, red squares; Figs, 24, 28b-¢).

[G138] Next, we asked whether peptide phosphorylation profiles could reveal the
hyperactive kinases of poor outcome tumors. Fig. 3¢ and Fig. 26a-¢ show that kinase activity
signatures established from biological peptides and compared across tumors, were associated
with outcome. Enrichment analvsis using the most significantly and differentially
phosphoryiated biological peptides in poor cuicome patients, determined that PIM, RPS6KB
and AKT kinases were most active (Fig. 3d; Figs. 26d-e, 27), and highest in VEM-resistant
melanomas (Fig. 3¢, arrows; Fig. 3¢). GSK3B was significantly downregulated in these
tumors {(Fig. 3c.e). These hyvperactive kinases suggest new vulnerabilities that may be

exploitable in the clinic.

Translating kinase hits into new therapeutic opportunities for BRAFV600E melanoma

{freatment

[613%9] Based on these patient tumor kinase activity profiles, we assessed the growth
response of A375 and Sk-Mel-28 cells to kinase~targeting drug combinations, Fig, 3f-h and
Fig. 28 show that inhibitors of PIM, RPS6KR or AKT significantly potentiated the anti-
cancer effects of BRAF nhibition, and ouiperformed MTOR- or MEK-inhibitors whose
effects in patients are vanable and transient. Cells exogenously expressing constitutively
active AKT1 remained sensitive to RPS6KB- or PIM-targeting (Fig. 29), suggesting that
these signaling hubs can fimction independently and represent suitable altemative targets to
alleviate therapeutic resistance. GSK3B inlubition antagonized VEM eftects, thus mimicking
a loss of tumor suppressive function by prormoting resistance to BRAF-therapy. These results

support obhservations we made in patient tumors (Fig. 3¢-e}. where unresponsiveness to

-
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BRAFYE therapy was accompanied with the coordinated inactivation of GSK3B and

activation of PIM, RPS6KB and AKT kinases.

[3140] Fmally, we used tumor cells isolated from a patient-derived xenograft (PDX)
established from a BRAFYYF melanoma patient refractory to VEM 42, and that roaintained
high levels of phospho-RPS6KBI (Fig. 3i; Fig. 38). Colony formation showed these tumor
cells were particularly sensitive to RPSGKE inhibition (Fig. 3i}. So, the activation of
RPS6KB is a confirmed vulnerability that can be targeted to restore therapeutic sensifivity in

BRAF therapy-resistant melanomas.

Discussion of experimental results described above

[3141] A key to successful therapy is the identification of critical aberrant signaling
networks whose inhibition would result m systern failure of diseased cells. This example
demonstrates the use of an innovative proteomic approach to identify specific kinase
vulnerabilities that lie within the proto-oncogenic phospho-circuits of cancer cells and tumor

nseues,

[6142] We developed a system that relies on collections of peptides to directly monitor the
phospho-catalytic signatures of biological saraples. Our strategy provides access to a vast,
uwitapped resource of meaningful measurements, whether readowts are interpreted irrespective
of which enzyvmes phosphorylate which probes, or analyzed to convert global phospho-

signatures into functional profiles of kinase activities.

[3143] In-depth computational analyses and systematic drug targeting of kinases
established the advantages of our system to gain biological insights into phospho-signaling
circuits. The combination of single phospho-activities measured across peptide sensors
collectively distinguished the activity of different kinases within or between samples of
simple or complex composition (purified kinases, cells, tissues). Particular subsets of peptides
—gspecially kinases” biological targets— provided superior sensitivity, specificity and
discermbility over any single probe-dernived measurement. The identity and activity of
kinases across a broad range of kinase fanmilies could be simultanecusly assessed from their

subset of hiological peptides in various cancer cells and tumor tissues,

[G144] Based on our analyses, the differential spectrum of low-to-high phospho-catalytic
activities measured across peptides predicts that expanding the peptide library beyond the

current 228 peptides will enable mapping many more Kinases with even finer accuracy. Tt will

o
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also be possible to build ‘fit-for-purpose kits” relying on narrow sets of best-predictor
peptides custormized to monitor the activity of particular kinases for research or diagnostic
purposes. The HT-KAM strategy is a versatile platform adaptable to users’ needs {(e.g.
interchangeable peptide library, or assay conditions), and practical to both laboratory research

and clinical settings.

[6145] Mechanisms of drug resistance are the cornerstone of therapeutic faillure. We
established that peptide phospho-signatures of cancer cells could be deconvoluted to identify
hyperactive, druggable kinases. We showed that the mtrinsic and adaptive kinase
dependencies of different BRAF Y cancers were distinctive and predictive of their drug-
sensttivity 1o single or combinatorial targeted therapies. The newly revealed kinase
vulnerabilities of VEM-resistance in BRAFYSYE CRC cells included signaling pathways
orchestrated by PDPK1, PRKCA, SGK1 and GSK3B. In melanoma, PIM1I and RPS6KBI
were identified as new druggable vulnerabilities predictive of poor outcome in BRAF Y600F
patients. Some of these susceptibilities are new therapeutic alternatives that could be tested in
the clini¢. Since kinase circuits are likely cell/patient specific, 1t will be important to profile

the kinome signatures of individual patients” tumors o personalize medical {reatiments.

[3146] Our approach effectively identiflied kinase targets beyond those previously found by
svothetic lethality genetic dropout screens in same model systems. While shRNA approaches
focus more on individual genetic dependencies, our assay allows capturing the functional
fingerprint of kinases in their native state, without requiring exogenous interventions that
may alter the dynamics of signaling circuits. Furthermore, large scale gene expression or
mutation analyses would not identify the kinase targets we found because no evident genetic
alteration are reported for these genes in cell lines or patient tumors (e.g. RPSOKB1 or PIM1
in MEL; PRKCA or PDPKI in CROY®425 . Ag well, the results of considerable genomic
study efforts suggest that, for many cancers including CRC, therapeutic resistance is hikely
not driven by individual genetic dependencies or caused by some donunant driver nwutations.
Therefore, functional proteomic platforms designed to detect the activity of kinases —and
eventually the functionality of the whole kinome- such as HT-KAM, are needed to start
elaborating higher-order functional maps of signaling networks that can directly pinpoint

actionable vulnerabilities of tumors.

{31477 How to choose and pair himitless combinations of drags is a pressing nead for

pharmaceutical industries and physicians who grapple with treatment resistance in patients**
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¥ Our platform provides a new rational design to help prioritize drug combinations and
maximize likelthood of success. Furthermore, the phospho-peptide signatures uncovered in
our study represent a new parameter that has the potential to be configured mito diagnostic
tests. For instance, BRAFVOE melanoma patients who retrospectively displaved phospho-
signatures indicative of aggressive disease, may have benefited from targeting BRAF +

RPS6KBI or PIMI, instead of standard therapies on which patients almost inevitably relapse.

[0148] The fact that our assay identifies multiple kinases as a cause of drug-resistance
defies the usual scenario of trying to map a highly specific feedback loop that ends up
describing a ‘unique’ pathway that mediates “all” of the observed resistance. Insiead, our
results argue that resistance can result from a combination of pathways that are upregulated,
working in concert, and interdependent on each other, such that it requires their coordinated
signaling activities to drive the resistance. As such, a finite number of key cooperative
dependencies can be identified, thus offering a highly selective choice of relevant targets (o
explore. Such herd-like mode of resistance can only be discovered by the kind of mass-scale

functional proteomic approach we developed.

[3149] The combinatorial peptide sensing system described herein is thus a new, effective
way to capture the functionality of kinases in cells and tissues. This modular strategy
addresses a central issue in the bio-medical field, and could play an integral role in improving
research productivity and guiding therapeutic decisions. Mapping the phospho-catalytic
signatures of diseases innovates the molecular exploration of signaling networks, and

supports the discovery of new actionable dependencies for precision medicine,
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Additional Methods—Resulis are summarized in the Desriptions of the Figures

[615¢] Kinase activity assay. The phospho-catalytic signature of samples was established
from simultaneously occurring ATP-consumption tests measured in presence of peptides that
are experimentally isolated from each other 1n multi-well plates. Assays were run 1in 384
well-plates (solid white flat bottom plates; Coming, cat.# 3570), where each experimental
well contained one kind of peptide. The final 8 vl reaction mixtures per well contained the
followimg final concentrations of reagents: (1) kinase assay bufter (KaB1x prepared daily and
diluted in ddH20 from a 10x stock solution of 25mM Tris-HC (pH7.5), 10mM MgCls,

0. 1mM Na3vO4, SmM B-glvcerophosphate, 2mM dithiothreitol (DTT); or purchased from
Cell Signaling cat# 9802}, (i1} 250 nM ATP (prepared trom a 10mM stock solution of
adenosine-5 -triphosphate in ddH20, and diluted daily with KaBlx; Cell Signaling cat #
98043, (111) 200 ug/ml 1 1-mer peptide (tyophilized stocks originally prepared as Img/mbL
KaB1x, 5% DMSO), and (iv) samples typicallv made of either Sng/ul. recombinant kinase
enzyvme protein or 10 ug/mL protein extract from cell or tissue lysates {see below for

profocol) that were kept on ice and diluted in KaB1x <30mn before experimental testing.
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Controls with no-ATP, or no-peptide, or no-sample as well as ATP standards, were nun side-

by~side within each 384-well plate.

(3151} High-throughput iqud dispensing of all reagents was achieved using the Biomek®
FX Laboratory Automation Workstation from Beckman Coulter (hosted by the Center for
Advanced Technologies, UTSF), and was programmed to specifically address the dispensing
reguirements of the assay (liming, sequence, tip-touch locationheight/depth, etc). Accurate
dispensing was thoroughly and regularly validated. All reagents were kept on ice and plates
on cold blocks (VWR/BioCision; COOLRACK XT PCRY6 cat # 89239-49%; COOLSINK
XT 96F cat # 89239-504) until enzymatic reactions were started. For all intermediary steps
over the course of the assav (i.e. buffer and sample preparation, dispensing, elc), we used
micro~-centrifuge tubes (Costar; cat # 3621) and clear 96-well PCR-plates (VWR; cat.#

83007-374).

[6182] Once the dispensing of reaction mixtures was completed, 384-well reaction plates
were typically incubated for 30min at 30degC. Afier enzymatic reactions were completed, the
final detection step used Kinase-Glo revealing reagent (Promega; cat.# V3772; dispensed
using Biomek automated workstation), which stops the activity of kinase enzymes and
produces a luminescent signal directly correlated with the amount of remaining ATP in
samples over a broad range of ATP concentrations (repeatability and accuracy of the ATP-
dependent luminescence assay measurements were tested and validated over 5 logs of ATP
concentration; R>>0.99). Luminescence data are inversely correlated with the amount of
kinase activity. Luminescence was measured using the Synergy 2 Multi-Mode Microplaie
Reader from BioTek, and occasionally the Molecular Devices Analyst AD Microplate Reader

from McKinley Scientific.

{3153} Peptide sensors. 11-mer amino acid sequences were made-to-order and mass
svuthesized by GenScript at >95% purity. The 228-peptide library mcluded 151 biological
peptides, 14 generic positive control peptides, and 63 reference peptides that include 27
mutated (Tyrosine (Y} / Serine (8)/ Threonine (T} - Glycine (G)) and 31 pre-
phosphorviated (Y /S /T = pY / pS/ pT) peptides, and 5 random peptide sequences (Fig. 4
provides peptide sequence details and connectivity between peptides and kinases). Biological
peptides correspond to phosphorylatable anmino acid regions of substrate protein identified
from literature and curated in resources such as PhosphoAtias! (Fig. 4¢-d) or

PhosphoSitePlus”. Bach generic positive control peptide corresponds to a kinase activity
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reporting probe commonly used in single-peptide assays, as available/advertised from
literature. Some of the generie positive control peptides were purchased from SignalChem

(e.g. Ablude, cat.# A02-58; Poly (4:1 Glu, Tvr) peptide, cat# P61-58),

[3154] Recombinant kinases. The following purified, recormnbinant kinase enzymes were
purchased from SignalChem: ABL1/c-ABL (cat.# A03-18H), ABL1TY! (cat # A03-12DG),
ABLZ/ARG (cat.# A04-11H), AKT1/PKB/RAC {cat.# A16-10G), AKT2 (cat# A17-100),
AKT3 (cat# A18-10G). BLK (cat # B02-10G), BRK/PTKSG (cat.# P94-10G), CSK {cat# C63-
10G), EGFR/HERI (cai#f E10-11G), ErbB2Z/HERZ/NEU (cat# E27-11G), ErbB4/HER4 (cat #
E29-11G), ERK2/MAPK 1/pd2 (cat.# M28-10G), FGR (cat.# F10-10G), FRK (cat.# F14-
11G), FY N soforms A (cat # F15-100), FYN 1soform C (nactive; cat. # F15-14G-20), HCK
{cat# HO2-11G), JAKZ (cat# JO2-11H), LUK (cat.# LO3-10G), LYN isoform A (cat.# L13-
18G), LYN isoform B (cat.# L13-10G), p38a/MAPK 14 (cat.# M39-10BG), SRC/c-SRC
{cat# S19-18G), SRM/SRMS {cat.# S20-11G), YES/YEST {cat.# YO1-10G). The same

concentration of every kinase was used in all experiroents (Fig, 1, Figs. 5-17).

[01585] Kinase inhibitors. The following 46 mhibitors were used in biochemical assays or
cell culture. Inhibitors purchased from Selieck Chenucals arer AT13148 (cat.# §7563),
AZD1208 (cat.# 87104}, AZDT762 (cat# S15332), BAY-61-3606 (cat.# $7006), BI-D1870
{cat.# S2843), bosutinib / SKI-606 (cat.# 8§1014), CI-1040/ PD184352 (cat # S1020), CHIR-
99021 (cat # 51263}, dasatimb (cat.# S1021), dinaciclib / SCH-727965 {cat. # S2768),
everolimus / RADOO1 (cat.# §1120), fedratinib / SAR302503 {cat.# 82736}, gefitinib / Z2D-
1839 {cat.# 81025}, Go6983 (cat.# 82911}, GSK2334470 (cat.# STOBT), HEY (cat. 4 S1582),
imatinib {cat.# 8$1026), IPA-3 (cat.# §7093), INK Inhibitor VII {cat.# $4901), LFM-A13
(cat.# 87734), LY2584702 (cat # S7704), MK2206 (cat.# S1078), nilotinib / AMN-107 (cat.#
S1033), NPK76-11-72-1 (cat.# 8), OSU-03012 {cat.# 51106}, pelitinib / EKB-369 {cal.#
S1392), PLX-4720 (cat.# S1152), PF-4708671 {cat.# S2163), ponatinib / AP24534 {cat.#
$1490), RO-3306 {cat # 87747), ruxolitinib / INCB018424 (cat.# S1378), saracatinib /
AZDO530 {cat.# §1006}, selumetintb / AZD6244 {cat.# 51008}, sotrastaurin {cat.# 82791},
TAK-TES {cat.# 82928), trametinab / GSK 1120212 (cat. # S2673), vermurafenib / PLX4032
(cat.# S1267), VX-702 (cat.# S6003), 1-Azakenpaulione (cat# S7193). Inhubitors obtained
from other companies are AS601245 (Cayman; cat.# 17542}, brvostatin 1 {Sigma-Aldrich;
cat.# B7431}, PP2 (Invitrogen; cat.# PHZ1223), PP3 (Tocris; cat.# 2794), SL 01611 (Tocrs;
cat.# 2250), staurosporine {Sigma-Aldnich; cat.# 84400), SUGG56 (EMD-CalBiochem; cat#

572635). Conditions of use are mdicated in the text.
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[3156] Cell culture. The 23 cancer cell lines used in this study were purchased from
ATCC or provided by the laboratories of Drs. R Bernards, S. Ortiz-Urda, M. Bissell, or F.
McCornuck (colorectal: WiDr, HT29, SK-CO-1, HCT-116, RKO-1; melanoma; A375, Sk-
Mel-28, Mel888, MMA485, Sk-Mel-2; lung: H1755, H3122, PCY; breast: AUS65, HCC70,
MCEF7, MDA-MB-231, MDA-MB-436, T47D, HMT-3522 S1, HMT-3522 T4, prostate; PC3;
thyroid: 8505C). Cells were cultured following ATCC s instructions or as previously
described *. Information regarding primary melanoma cell lines derived from therapy-

resistant BRAFY*%.melanoma patient-derived xenografts (PDXs) are previously described

43

[3187] To assess the growth/survival response of cell lines to single or combinatorial drug
treatments in Figs. 2-3 and Figs. 20, 22, 28, 29, we used CellTiter-Glo cell viability assay
{Promega; cai# (37571). Cell culture and fominescence readouts were performed in 96- and
384-well plates after 3-day treatments. Drug treatment conditions are described 1n the text.
The effects of drug combinations on cell growth were assessed by calculating drug
interaction (B.1; two-way ANOV A using Prism or Sigma Plot software) and combination
index (C.1.; following either the Loewe Additivity ®? or Bliss Independence models 1%1%).
IC50 and GISO correspond fo the concentration of a given drog that causes 50% mhibition of
kinase activity (JC50) or cell growth (GIS0). We systematically tested the effects of drugs in
both regular and low serum culiure conditions (i.e. 3% and 0.25% FBS media). To quantitate
cell death in Fig, 3 and Figs, 28-29, FACS analysis of nuclear degradation was performed as
previously described . Colony formation assay in Fig. 3 and Fig. 30 were performed as

previously described °.

[3158] o test the responses of WiDr cells treated with VEM 1in Fig. 2 and Figs. 18-20,
cells were plated in medium containing 10% FBS 24h prior to being washed with serum-free
medium, and cultured for 24h in medium containing 0.1% serum °. After low serum
mcubation, cells were treated with drugs for 30min and stimulated by 10% FBS. Afier 8h,
85% confluent cells were washed in PBS, then lvzed, and supernatanis stored at -80degC. In
cases where expenments happened at the Netherlands Cancer Institule, samples were shipped
on dry-ice to the University of Califorma at San Francisco.

[3159] Preparing protein lysates from cell lines for kinase assay. To measure the phospho-

catalviic activity of cancer cell lines (Fig. 2 and Figs. 18, 19, 21, 22}, cultured cells were lyzed

for Sroin in ice~cold cell lvsis buffer. Freshly prepared lysis butfer (ImL per 5.1076 cells)
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contained non-denaturing Cell Lysis Buffer Ix (diluted in ddH20 from 10x stock of 20mM
Tris-HCH {pH7. 53, 150mM NaCl, TmM NaZEDTA, 1lmM EGTA, 19 Triton, 2.5mM sodium
pyrophosphate, 1M b-glvcerophosphate, laM Na3V 04, Tug/mL leupeptin; or purchased
from Cell Signaling, cat.# 9803), complemented with Ix Halt Protease & Phosphatase
{ThermoScientific cat# 1861281, which contains inhibitors of Ser/Thr-phosphatases and Tyr-
phosphatases). Scraped off lvsates were then spun down at 14,000rpm for 15min, and
supernatants stored at -80deg{. Protein and ATP concentrations were quantified. Since every
HT-KAM assay plate includes 14 wells with sample alone {i.e. without peptide; see (Fig. 41},
ntemal controls for ATP levels were systematically available for all assays/samples (see

Figs. 18, 21, 22).

[3160] Immuno-detection and antibodies, Cell lysates were resolved by SDS gel
electrophoresis {gels from BioRad), followed by immuno-blotting as previously described 7
and following manufacturer’s instructions. The following primary antibodies and phospho-
antibodies were used. Antibodies to detect ATK1/2/3 (cat.# 4691), AKT1/2 pS473 (cat#
4060), AKT1/2 pT308 (cat # 2965}, EGFR (cat.# 4267 and 3771), EGFR pY 1068 {cat # 3777
and 2234), ERK1/2 (i.e. MAPKI/ERKZ2/p44 and MAPKSI/ERK1/p42; cat# 4695}, ERK1/2
pT202/Y204 {cat.# 4370), GSK3B (cat# 9315), GSK3B pS9 (cat.# 9323), MAPK14/p38a
{cat# 8690), MAPK 14/p38a pT180/pY 182 (cat.# 9213), MEK1/2 (i.e. MAP2K 1 and
MAP2ZK?2; cat.# 4694), MEK1/2 pS217/221 (cat.# 9121), MTOR (cat.# 2972). MTOR
pS2448 (cat.# 2971), PIM1 (cat.# 3247}, PDPK1/PDK1 {cat # 3062), PRPK1/PDKI pS241
(cat.# 3438), PKNI/PRK1 pT774 and PEKN2/PRK2 pTR16 {cat# 2611), PRKCA/PKCa (cat#
2056), PRKCA/PKCa pT514 (cat.# 9379), RPSOKAT/pOORSKI {cat # 8408),
RPSGKAT/pSORSKI pT353 (cat.# 8753), RPSOKB1/p7056K 1 (cat.# 2708), RPS6KB1
pT389 {cat.# 9234), RPSGKB1/HT086K 1 pT421/p5424 (cat.# 9204}, SGK1 (cat # 3272},
SGK1 pS78 (cat.# 5599), were trom Cell Signaling. Antibodies 1o detect ERK1 {C-16),
ERK2Z {C-14}, ERK1/2 pT202/pY 204 (E-4), HSP90 (cat.# s¢-7947) were from Santalruz. A
mixture of ERK 1 and ERK2 antibodies was used for detection of total ERK *. Dilutions

followed manufacturers’ mnstructions.

[0161] Tumor specimens from melanoma patients, Clinical details regarding patients are
available in Fig. 23a. Patient samples were collected at The Rudolfstiftung Hospital, Vienna
Austria, and the University of California San Francisco, California USA, under the IRB# 13-
204-VE and 12-09483, respectively. Tumor tissue not needed for diagnostic purposes were

collected intraoperatively, macroscopically dissected and flash frozen. A small piece of tinmor

73



[

10

20

2
(i

CA 03096871 2020-10-09

WO 2019/200245 PCT/US2019/027201

tissue was O.C.T.-embedded, sectioned, H&E stained and analyzed to ensure >80% tumor

cell content in tumor tissue samples.

3162} Preparing protein lysates from tumor tissues for kinase assay. Flash frozen
melanoma tissue specimens were pulverized using BioSpec 595012MS. Protein extracts from
powdered samples were prepared following the lysis protocol used for cultured cells, ie.
lvzed for Snun in ice~cold non-denaturing CLBIx diluted in ddHZO from 10x stock of 20mM
Tris-HCIE {pH7.5}, 150mM Nall, ITmM NaZEDTA 1mM EGTA, 1% Triton, 2.5mM sodium
pyvrophosphate, 1M b-glveerophosphate, IroM Na3V 04, Tug/mL leupeptin, complemented
with Ix Halt Protease & Phosphatase (containing Ser/Thr- and Tyr- phosphatases mhibitors),
then spun down at 14,000rpm for 15mun, and supernatants collected. All samples were stored
at -80degC. Internal conirols for ATP levels in peptide-free wells were systematically
measured (see Fig. 23b). The total amount of tumor tissue sample necessary {o profile the
activity of kinases across 384well/plates, ranged from 20ug to 30ug (which is less than the

typical 100ug collected per core biopsy).

[3163] TCGA data analysis. mRNA data from melanoma specimens available from the
TCGA resource ' were analyzed to identify samples with altered gene expression in
comparison to reference samples using a z-score cut oft of +/-2. The z-score 13 defined as
{expression in turnor sample - mean expression in reference sample) / {standard deviation of
expression in reference sample), where the reference population is either all tumors that are
diploid for the gene in question, or, when available, normal adjacent tissue. Other statistical

analysis details are described in Fig. 27.

i3164] Analysis of phosphoryiation activity profiles. The computational methods,
technical notes, and statistical tools developed to analvze the peptide phosphorylation activity
profiles and kinase activity signatures are explained in the main text and supplemental

nformation.
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I. A method of determining the phosphorylation activity profile of a
sample comprising one or more kinases, the method comprising:

incubating the sample with a panel of sensor peptides comprising a diversity
of biclogical sensor peptides, wherein each biological sensor peptide comprises a substrate
region phosphorylated by a kinase, and the diversity of biological sensor peptides comprises
biological sensor peptides for different kinases; and further, wherein members of the panel of
peptides are distributed into separate reaction mixtures to assess phosphorylation activity,
such that each reaction mixture represents one biological sensor peptide; and

measuring phosphoryiation activity for each peptide in the separate reaction

mixtures, thereby deterrining the phosphorylation activity profile of the sample.

2. The method of claim 1, further comprising a plurality of mutated

control sensor peptides.

3. The method of claim 1 or 2, wherein the step of measuring

phosphorylation activity comprises detecting ATP consumption.

4. The method of claim 1, 2, or 3, further comprising normalizing the
phosphorylation activity measured in each reaction mixture and assigning the activity to a

subfamily or to a kinase based on the pattern of phosporylation activity.

s The method of any one of claims 1 to 4, wherein the panel comprises
biological sensor peptides for kinases that are members of at least two different kinase

subfanuliss.

6. The method of any one of claims 1 to 4, wherein the panel of sensor
peptides comprises biological sensor peptides for kinases that are members of the ABL,

AKT, HER, MAPK and SFK kinase subfamulies.

7. The method of claim 6, wherein the panel of sensor peptides comprise
biological sensor peptides for kinases that are members of the ABL1, AKT1, EGFR,
MAPKI/ERK2, MAPK14/p38a, HCK, and SRC subfamilies,

8. The method of claim 6, wherein the panel of sensor peptides

comprises biological sensor peptides for BLK, BRK, FGR, FRK, HCK, LCK, LYN A,

97
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SRMS, YES1, ABL1T3151, EGFR, JAK2, CSK, AKT1, AKT2, AKT3, MAPK1/ERK2, and
MAPK14/p38a kinases.

9. The method of any one of claims 1 o 8, wherein the panel comprises

at least three biological sensor peptides for each kinase.

10. The method of claim 9, wherein the panel comprises 4, 5, 6,7, 8,9, or

10 biological sensor peptides for each kinase.

11, The method of any one of claims 1 to 10, wherein the individual sensor

peptides are 910 21 amino acids in length.

12. The method of claim 11, wheretn the individual sensor peptides are

from 910 15 anuno acids in length.

13, The method of claim 12, wherein the individual sensor peptides are 11

amino acids in length.

14, The method of any one of claims 1 to 13, wherein the panel comprises
at feast 10, at least 20, at least 30, at least 40, at least 30, at least 60, at least 70, at least 80, or
at least 90 biological sensor peptides having a sequence as shown in Table 1 for the peptide

1d of a hiological sensor peptide shown in Fig. 4.

15.  The method of claim 14, wherein the panel comprises at least 100
sensor peptides, or at least 110, at least 120, at least 130, at least 140, or 151 bislogical sensor
peptides having a sequence as shown in Table 1 for the peptide id of a biological sensor

peptide shown in Fig. 4.

16. The method of claim 15, wherein the panel comprises at leaset 10, at
least 20, at least 30, at least 40, at least 50, at least 60, or 63 reference peptides as identified

n Fig. 4.

17 The method of claim 15, wherein the panel comprises the 228 peptides

as identified i Fig. 4.

18, The method of any one of claims 1 to 17, wherein the sarople

comprises cancer cells.
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19. The method of claim 18, whereain the cancer cells are from a solid
fumor.
20. The meathod of ¢laim 19, wherein the solid tumor is a breast tumor, a

colorectal tirmor, a melanoma, or a hung tumor.

21 The method of claim 19 or 20, wherein the sample comprises

metastatic cancer cells.

22. The method of claim 18, wherein the cancer cells are from a

hematological cancer.

23, The method of any one of claims 18 to 22, wherein the cancer cells are

from a patient that has been treated with a cancer therapeutic agent.

24, The method of claim 23, wherein the therapeutic agent is a kinase

nhibitor.

25, The method of any one of claims 18 to 22, wherein the cancer cells are

from a patient that has not been treated with a cancer therapeutic agent.

26. A panel comprising a plurality of biological sensor peptides to evaluate

phosphorviation activity of two or more different kinases.

27 The panel of claim 26, further comprising a plurality of control

nniated sensor peptidas.

28, The panel of claim 26 or 27, wherein the panel comprises 4, 5, 6,7, 8,

9, or 10 biological sensor peptide for each kinase.

29. The panel of anv one of claims to 26 to 28, wherein the individual

sensor peptides are 9 to 21 amino acids n length,

30. A panel of biological sensor peplides to evaluate phosphorviation
activitv, wherein the panel comprises at least four biological sensor peptides for each of

kinase families ABL, AKT, HER, MAPK and SFK.

o5
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31 The panel of claim 30, wherein the panel of sensor peptides comprises
at least four biological sensor peptides for each of kinase subfamilies ABL1, AKTI1, EGFR,

MAPKI/ERKZ, MAPK 14/p38a, HCK, and SRC.

32, The panel of claim 30, wherein the panel of sensor peptides comprises
at least three biological sensor peptides for each kinase BLK, BRK, FGR, FREK, HCK, LCK,
LYN A, SRMS, YEST, ABL1T3151, EGFR, JAK2, CSK, AKT1, AKT2, AKT3,
MAPKI/ERK?2, and MAPK14/p38a.

33. The panel of claim 32, wherein the panel comprises 4, 5, 6,7, 8, 9, or

10 biological sensor peptide for each kinase.

34. The panel of anv one of claims 30 to 33, wherein the mdividual sensor

peptides are 9 to 21 amuino acids in length.

35 The panel of claim 34, wherein the individual sensor peptides are from

910 1S amino acids in length

36, The panel of claim 35, wherein the individual sensor peptides are 11

amino acids in length,

37 The panel of any oune of claims 30 to 36, wherein the panel comprises
at feast 10, at least 20, at least 30, at least 40, at least 50, at least 60, at least 70, at least 80, or
at least 90 biological sensor peptides having a sequence as shown in Table 1 for the peplide

id of a biclogical sensor peptide shown in Fig. 4.

38.  The panel of claim 37, wherein the panel comprises at least 100 sensor
peptides, or at least 110, at least 120, at least 130, at least 140, or 1571 biclogical sensor
peptides having a sequence as shown in Table 1 for the peptide id of a biological sensor

peptide shown in Fig. 4.

39 The panel of claim 38, wherein the panel comprises at least 10, at least
20, at least 30, at least 40, at least 50, at least 60, or 63 reference peptides as identified in Fig.

4.

40. The panel of claim 38, wherein the panel comprises the 228 peptides

shown in Fig. 4.
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