
Summary (30 lines max) 

Kinases are among the most important drug targets and clinically significant kinase inhibitors have been 
developed for multiple diseases. A subset of kinases, the understudied dark kinases (DKs), have received little 
or no attention because foundational data on their biochemical and biological functions is not available. This 
proposal will collect such data by perturbing DKs genetically and with small molecules and then measuring the 
cellular consequences using multiplex proteomic, gene expression, metabolomic and imaging assays. A 
subset of DKs with potential links to human disease will be intensively studied as a means to qualify new 
therapeutic drug targets. Data collected in this project will be aggregated with existing information from 
previous NIH-funded large-scale structural and genomic projects to create a Dark Kinase Knowledgebase 
(DKK) that provides gene-by-gene and network-level information on the dark kinome and its interaction with 
other signal transduction and regulatory networks. Close coordination with the NIH LINCS project will ensure 
data interoperability and make efficient use of informatics tools. The DKK will be developed in collaboration 
with the IDG Knowledge Management Center (KMC), adhere to standards for Findable, Accessible, 
Interoperable and Reusable (FAIR) data, and be accessible to human users and machines (via an API). 
Commercially available DK reagents be validated and extended with new genetic and chemical tools provided 
to the Resource Dissemination Center (RDOC). The overall approach will be iterative, with simpler methods 
applied first (e.g. simple gene knockout) and more sophisticated methods subsequently (e.g. stable 
CRIPSRa/i) pursued by an interdisciplinary team of chemists, computational biologists, mass spectroscopists 
and pharmacologists working on five linked aims. Aim 1 will develop a computational algorithm for prioritizing 
DKs, develop and maintain the DKK, and perform network-level analysis on the kinome using supervised and 
unsupervised machine learning. Aim 2 will measure kinase abundance in normal and perturbed cells using 
parallel reaction monitoring with stable isotope dilution (PRM-SID) and RNASeq and data analyzed using 
network inference tools to provide insight into dark and light kinome in diverse cell types. Aim 3 will perturb 
DKs with genetic tools such as CRIPSR/Cas9-mediated gene knockout, CRIPSRa/i to induce more subtle-up 
and down regulation and inducible gene inaction. The impact on cell fate, morphology and signal transduction 
will then be determined using PRM-SID, phosphoproteomics, RNASeq, gene reporter assays, metabolomics 
profiling and highly multiplex single-cell imaging. Aim 4 will extend DK analysis to small molecule inhibitors by 
carefully profiling existing drugs against DKs and by designing and synthesizing new chemical ligands. Aim 5 
will involve collaboration with other investigators to assay the expression and function of DKs in primary human 
cells and tissues relevant to the NIH Precision Medicine Initiative. All aims will be pursued in parallel for a 
progressively expanding resource of data and tools for continued study of DKs. 

Health Relevance 

Advancing understanding of understudied kinases, a highly druggable class of proteins, will increase 
knowledge about signal transduction and control over cellular physiology and is likely to reveal a subset of 
proteins that should be advanced as targets for new therapeutic drugs.   
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SPECIFIC AIMS 
The overall goals of this proposal are to (i) construct and maintain a machine and human-intelligible Dark 
Kinase Knowledgebase (DKK) that aggregates available information on DKs with newly collected molecular 
and functional data on these proteins collected by our IDG Data and Resource Generation Center; the DKK will 
provide hitherto unavailable information on the biochemical and biological functions of DKs (and will be built in 
collaboration with the Knowledge Management Center) (ii) generate, validate, organize and distribute tools and 
reagents for study of DKs by others (in collaboration with the Resource Dissemination Center) (iii) use 
inference and machine learning tools to generate network-level models of crosstalk among well-studied and 
dark kinases and ascertain the functions of the dark kinome in regulating different aspects of cellular 
physiology (iv) identify and intensively studying the subset of DKs likely to play a causal role in the 
development of human disease; we hope to quality these DKs as targets for novel therapeutic drugs.  

Aim 1: Generation, systematization and dissemination of knowledge about dark kinases will aggregate 
and release all data on DKs to FAIR and emerging NIH LINCS and IDG metadata standards.  
Aim 1.1 Prioritizing and systematizing analysis of dark kinases will use an algorithm that weighs (i) evidence of 
biological function (ii) availability of reagents (iii) input from domain experts and scientific advisors. 
Aim 1.2 Creating a dark kinase knowledge base will aggregate and release new and available data on DKs.  
Aim 1.3 Network-level understanding of the dark kinome will be generated using diverse computational tools 
involving supervised and unsupervised machine learning, logic-based models and other methods.  
Aim 1.4 Identifying possible therapeutic targets will analyze public data on DKs and results from Aim 5. 
Aim 1.5 Reagent validation on hundreds of commercially available DK reagents will accelerate discovery. 

Aim 2. Quantitative analysis of DKs using Parallel Reaction Monitoring (PRM) and RNAseq will use 
precise and innovative methods to quantify kinase abundance. 
Aim 2.1 Development of a PRM-SID mass spec assay for the 134 dark kinases will provide a means to 
precisely measure the absolute abundance of DKs and their interactors. 
Aim 2.2 PRM-SID analysis of cell lines, primary cells, tumors and tissues will create a large-scale resource on 
the distributions of DKs across diverse biological settings. 
Aim 2.3 RNAseq will be performed in parallel and will complement PRM and other mass spec assays.  

Aim 3: Annotating the dark kinome for cellular phenotypes and functions in signal transduction will 
determine the consequences of DK perturbation for cellular physiology using profiling and focused assays.  
Aim 3.1: Development and testing CRISPR reagents for studying DKs will provide the tools to deplete and 
mutate kinases individually and in combination using conventional and evolved CRIPSR technologies.  
Aim 3.2 Phenotypic analysis of DK perturbation by imaging following genetic or small molecule perturbation will 
provide a means to ascertain cellular phenotypes at single-cell resolution using novel multiplex methods.  
Aim 3.3 Use of an engineered “reporter-world” assay for transcription factors downstream of diverse signal 
transduction pathways will quantify the functional impact of DK perturbation on cell signaling. 
Aim 3.4 Determining the effects of DK perturbation on kinome remodeling will study homeostasis and adaptive 
remodeling within the kinome by looking for instances of coordinated up and down-regulation of ~330 kinases 
following selective perturbation of a single kinase gene. 
Aim 3.5: Profiling proteomics and phosphoproteomics analysis will extend PRM-SID assays in Aim 2.2 to deep 
proteomic (~13,000 protein) and phosphoproteomic (~50,000 site) profiling of normal and perturbed cells.  
Aim 3.6 Protein-protein interaction studies by mass spectrometry will provide insight into physical interactions 
among DKs and other cell regulators before and after DK perturbation; these data and results from Aim 3.4 will 
provide information critical for the construction of new network-level models of the human kinome.  
Aim 3.7 Metabolic profiling of cells in which DK activity is perturbed will provide new insight into the role of DKs 
in regulating fundamental mechanisms of energy production and cellular biosynthesis.  

Aim 4: Identifying and characterizing cell active chemical tools for dark kinases will create highly sought 
research tools for interrogating the biological functions of DKs and for initiating development of therapeutic 
drugs through careful profiling of existing compounds and synthesis of new molecules. 
Aim 4.1 NanoBRET assays for profiling kinase inhibitor activities will enable in-cell measurement of selectivity. 
Aim 4.2 Generation and characterization of new chemical tools will allow us to identify or synthesize ligands for 
up to 70 DKs during the six year IDG program. 
Aim 4.3 Screening existing kinase inhibitor collections in cells will allow us to search for hits with (i) high 
potency for a DK target (ii) selectivity relative to other kinases, all scored using nanoBRET assays. 
Aim 4.4 Screening PKIS libraries and synthesizing new compounds will extend Aim 4.3 to additional DKs. 

Aim 5: Collaborations to determine the expression and function of DKs in primary human cells and 
tissues relevant to COPD, cystic fibrosis, arthritis, ALS, diabetes etc. will provide key information for identifying 
DKs whose dysregulation is associated with human disease and that warrant study as therapeutic drug targets. 
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RESEARCH STRATEGY 
SIGNIFICANCE: The ~500 member human kinome is highly druggable using both competitive small molecule 
and allosteric inhibitors but the functions of about one-third of the proteins in this family are unknown. We will 
create and maintain a novel Dark Kinase Knowledgebase (DKK) covering these proteins, generate, organize 
and distribute reagents for studying dark kinases (DKs; Table 1), and identify the biological processes and 
networks in which DKs function. Study of DKs may also uncover therapeutic drug targets.  
Enhancing understanding of essential cellular processes. Preliminary data collected in our labs and 
available in databases (e.g. GEO) suggest that DKs are widely expressed and change in abundance, 
localization and phosphorylation status over the course of development, trans-differentiation and disease 
progression. It is therefore likely that DKs regulate aspects of cellular physiology of wide-spread interest. For 
example, six members of the human NimA related (NEK) kinases are currently dark, even though their 
orthologues play critical roles in cell cycle and cilia biology (5). As a class, the DYRK kinases are also 
understudied, even though select members are being pursued as targets for anti-cancer drugs (6). It is also 
possible that sets of interacting DKs (based on STRING data) regulate poorly understood aspects of cellular 
biology that warrant further investigation.   

Identifying new therapeutic targets for human disease. The bulk of the work in this proposal involves 
systematic DK characterization but the most significant outcome would be identification of one or more DKs 
with a role in human diseases. We find that some DKs are among the most heavily mutated kinases in The 
Cancer Genome Atlas (TCGA) For example, ADCK5, MAPK15, NRBP2 are frequently overexpressed in 
ovarian cancer whereas DGKH and NEK5 are frequently deleted in prostrate adenocarcinoma. PHKG2 is 
implicated in glycogen storage disease IXc. Given the current state of kinase inhibitor chemistry, it is likely that 
these DKs can be effectively drugged. The data needed to improve confidence in existing correlations between 
diseases and DKs will be addressed in this proposal, evaluated by crowd-sourcing and discussed on an 
ongoing basis with disease experts (Aim 5; see LOS). Our preliminary data also show that DKs are already 
targets for FDA approved poly-selective kinase inhibitors (Aim 4). The anti-cancer drugs sorafenib (Nexavar®) 
and sunitinib (Sutent®), for example, inhibit some DKs nearly as efficiently as they do their nominal targets. 
We will attempt to determine whether these drug activities are biologically significant. 
Leveraging little used data and resources. A number of reagents (knock-out cell lines, antibodies, 
expression vectors etc.) and biological data (crystal structures, protein-protein interactions etc,) on DKs are 
publically available. The current proposal will organize, validate, and redistribute this data and then fuse it with 
new IDG data so as to leverage investments that have already been made but yielded insufficient new biology.  

INNOVATION: An underlying hypothesis in this proposal is that studying the expression, modification status 
and localization of DKs in different cellular systems before and after perturbation (activation or inhibition by 
genetic means or with small molecules) will allow us to elucidate, at least partially, the biological functions of 
DKs and prioritize the most interesting for in-depth analysis (7). Open-ended functional discovery is not 
straightforward and we will therefore apply a multi-faceted approach involving several molecular profiling 
methods (omics), genetic and chemical perturbation and computational analysis. Timely data release will 
enable crowd-sourced data analysis, increase the likelihood that interesting phenotypes can be discovered and 
promote follow-on work by others (as envisioned in RFA-RM-16-026).  
Integrated multi-omic analysis to FAIR standards. The current proposal is innovative with respect to both 
computational and experimental approaches. We have consciously chosen scalable proteomic, transcript 

 

 Category Number Name 

1-98 ADCK2, ADCK4, ADCK5, ALPK2, ALPK3, BCKDK, CAMK1D, CAMK1G, CAMKK1, 
CDC42BPB, CDC42BPG, CDK10, CDK11B, CDK14, CDK15, CDK17, CDK18, 
CDKL1, CDKL2, CDKL3, CDKL4, CLK3, CLK4, CSNK1G1, CSNK1G2, CSNK1G3, 
CSNK2A2, DYRK1B, DYRK2, DYRK3, DYRK4, EEF2K, ERN2, FASTK, HIPK4, 
LMTK3, LRRK1, LTK, MAP3K10, MAP3K14, MAPK15, MAPK4, MARK4, MAST2, 
MAST3, MAST4, MKNK2, NEK10, NEK11, NEK4, NEK5, NEK6, NEK7, NIM1K, NRK, 
PAK3, PAK6, PAK7, PDIK1L, PHKG1, PHKG2, PKMYT1, PKN3, PNCK, PRKACB, 
PRKACG, PRKAG1, PRKCQ, PRPF4B, PXK, RIOK1, RIOK3, SBK2, SBK3, SGK494, 
SRPK3, STK17A, STK3, STK32A, STK32B, STK32C, STK33, STK36, STK38L, 
TESK1, TESK2, TLK1, TLK2, TP53RK, TSSK1B, TSSK3, TSSK4, TSSK6, TTBK1, 
TTBK2, VRK2, WEE2, WNK2 

99-116 CAMKV, NRBP2, PLK5, POMK, PRKY, PSKH1, PSKH2, RPS6KC1, RPS6KL1, 
SCYL1, SCYL2, SCYL3, SGK223, STK31, STK40, STKLD1, TBCK, ULK4 

117-131 DGKH, GK2, ITPK1, ITPKA, PANK3, PI4KA, PIK3C2B, PIK3C2G, PIP4K2C, PIP5K1A, 
PIP5K1B, TK2, TPK1, UCK1, UCK2 

132-134 PHKA1, PRKAB1, PRKRA 

 

Protein kinases: 

putative serine, 
threonine, and 
tyrosine kinases. 
Pseudokinases: 

same fold as the 
protein kinases, but 
lack one or more 
canonical catalytic site 
residues. Other 
kinases: includes 
inositol, glycerol, 
nucleotide, and 
thiamine kinases. 
Regulatory proteins: 
phosphotransferase 
activity not 
established; modulate 
other kinases  

Table 1: Classification of the 134 dark kinases by substrate. Listed alphabetically within each category  
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profiling, metabolomics and imaging methods that are implemented in our labs (per RFA) and innovation in the 
current proposal lies in their integration. To achieve this we have allocated resources for sustained and 
simultaneous progress in five critical computational areas: (i) pipelining data from instruments to permanent 
data storage without human intervention or data corruption (ii) automated quality control to ensure data 
precision and accuracy (iii) efficient machine-assisted metadata association and curation (iv) release of data 
that is Findable, Accessible, Interoperable and Reusable (the FAIR standard (7) (v) analysis of IDG data using 
network-aware inference and simulation methods to promote integrated understanding of the human kinome. 
Machine-assisted experimental design. Prioritization of DKs and experimental design will rely on an 
innovative computational algorithm that continuously collates and evaluates existing and newly acquired data 
on biological function, reagent availability and disease association. This will guide an iterative profiling 
approach in which the most feasible experiments are performed first and more sophisticated (and costly) 
studies reserved for higher-priority targets. We have already built a functioning version of this algorithm 
(https://github.com/sorgerlab/DarkKinome) that will accept input from the External Scientific Advisory Board 
and KMC, as envisioned in the RFA.  Our approach to prioritizing kinases can be extended to other target 
classes and represents a natural way to identify areas for intra-IDG collaboration, as envisioned by RFA-RM-
16-026 and allocated to the 10% budget set-aside. 

APPROACH 
Our approach to the dark kinome will start with simpler studies (e.g. CRISPR knockout or RNAi) followed 

by more complex approaches (e.g. CRISPRa/i or regulated protein degradation) on kinases with a higher 
priority score. For up to 70 kinases (by Yr 6), we will induce specific dose-dependent inhibition using chemical 
ligands (Aim 4). Analysis of perturbed cells will involve both systematic profiling in which all 134 proteins (and 
their interactors) are analyzed in parallel (e.g. by mass-spec Parallel Reaction Monitoring; PRM; Aim 2) as well 
as more focused kinase-by kinase, approaches. As described below, prioritization will be based on evidence of 
biological function as well as the availability of experimental tools; the algorithm used for prioritization will be 
exposed for community-based comment and modification. 

Preliminary analysis of DKs by our group reveals extensive information in on-line data repositories (e.g, 
PhosphoSitePlus, PDB, Bioplex, Hippie, HPRD, I2D, Reactome, The Cancer Genome Atlas-TCGA etc.). In 
addition, a remarkable number of reagents have been generated by commercial vendors, most of which are 
untested in publications (Aim 1.5 will validate these), Data include crystal structures for 35 kinases studied by 
the SGC, recombinant proteins or antibodies for 116 dark kinases and knockout HAP1 cell lines (8) for 101 
DKs (Fig. 1). We have merged this information with data from the pilot phase of IDG and the NIH LINCS 
project (http://lincs.hms.harvard.edu) in which Sorger leads a data generation center to create a preliminary 
information resource (https://github.com/sorgerlab/DarkKinome); reviewers will also find a bioRxiv.org 
manuscript on DKs at this location. Work on Aims 1.1 to 1.5 will be initiated immediately using this data and 
continue throughout the performance period as new data and algorithms become available. 
Expected Outcomes: We will establish and progressively improve a DKK in close collaboration with the IDG  
Knowledge Management Center (KMC; RFA-RM-16-024; see letter of support from the existing Center), most 
likely hosted on Pharos (https://pharos.nih.gov). In LINCS we have found that a sustained commitment to data 
curation and management is required at both data generation centers and the KMC. Primary data will be 
released through the DKK (and KMC) using established tools or emerging methods and standards being 
developed by IDG and LINCS. All software and algorithms will be available in the open source, facilitating 
involvement of the Cutting Edge Informatics Tools (CEITs) planned for the future of IDG; the DKK itself will 
meet standards for FAIR data (9). The DKK will be initialized with available information and improved 
progressively using existing and innovative new algorithms. Findings will be incorporated into protein-by-
protein datasheets (Aim1.2) as well as gene and protein networks and signatures of kinome perturbation 
(Aim1.3). Cell-based data will be linked to information on human disease to identify kinases that might warrant 
qualification as therapeutic targets (Aim1.4). The DKK will also provide a consolidated reference site for 
information on reagents and assays generated in the current program and for commercial reagents we validate 
(Aim 1.5). This information will be coordinated with the Resource Dissemination and Outreach Center (RDOC; 
RFA-RM-16-025).  At a minimum, information in the DKK will include items listed in the RFA:  

 A catalogue of all available reagents and publically available data. 
 A catalogue of cell and tissue-specific protein expression patterns.  
 Development and verification of multiplex assays for dark kinases using proteomics, RNA expression 

and multiplex microscopy in human tissues, hES and iPSC-derived cells, xenografts and single cells. 
 Generation and analysis of interactome data covering the dark kinome and its potential regulators or 

substrates in multiple cell types. 
 Rich biochemical and phenotypic data on DKs derived from genetic and small molecule perturbation 

studies followed by multiplex phenotypic and molecular analysis. 
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 In-depth analysis of those DKs potentially involved in human disease; this will include analysis of
animal models of disease where feasible.

Aim 1: Generation, systematization and dissemination of knowledge about dark kinases, biological 
networks in which they function and connections to cellular phenotypes and human disease.    

Goal: Four data analysis subaims will (i) create and maintain a DKK knowledgebase covering 134 
members of the dark kinome (ii) distill primary data into functional biochemical and biological information and 
promote further research using genetic and chemical tools, which we will also develop and make available (iii) 
place dark kinases within new and emerging network-level understanding of cell signaling and physiology (iv) 
identify those dark kinases whose mutation or mis-regulation is associated with human disease, making them 
possible therapeutic targets. A fifth sub-aim will focus on validation of a large set of existing reagents. 
Aim 1.1 Prioritizing and systematizing analysis of dark kinases. Research into DKs will be prioritized using 
an algorithm (Fig.1) that weighs (i) evidence of biological function (ii) availability of internal and external 
reagents (Aim 1.5) (iii) input from domain experts. The current algorithm considers 2 continuous variables, 
such as mutational frequency in the TCGA and 7 binary variables such as availability of antibodies (see 
github.com/sorgerlab/DarkKinome). Evidence of DK expression is particularly important: it is pointless to knock 
out or inactivate a kinase in a cell line in which it is not expressed. We have preliminary mass spectrometry 
data for ~90 DKs in breast cancer cell lines, transdifferentiated iPSC cardiomyocytes and neuronal cells. PRM 
profiling of additional primary and established lines (Aim 2) will improve and expand on this data. 

Evidence of biological function is critical to our prioritization scheme and available data provide indirect 
hints of activity. Several DKs are as heavily mutated in TCGA data as established oncogenes such as ATM. 
Other DKs are amplified: TLK2 in breast cancer and CDC42BPB in neuroendocrine prostate cancer (TCGA). 
Unpublished LINCS data show that DKs such as PRPF4B or NRBP2 change in phosphorylation status or 
abundance during the course of ReNcell Neural Progenitor differentiation (10). Multiple DKs exhibit cancer-
specific alternative splicing (75), including 37 DKs that are alternatively spliced only in a narrow range of 
cancer types. Changes in splicing are likely to alter the connectivity of signaling networks, with potential effects 
on phenotype. In other cases redundancy is likely: CDKL1-4 kinases are so homologous that a quadruple 
knockout would likely be required to probe function; this deprioritizes or complicates genetic approaches. 
Among reagents, the most valuable are selective small molecule inhibitors; we currently have ~40 such 
molecules that show varying degrees of selectively and Aim 4 will greatly extend this set. By Yr2 functional 
data linking DKs to phenotypes will become available based on work in Aims 2 and 3. 
Aim 1.2 Creating an information resource on dark kinases. By Yr1, in collaboration with the KMC, we will 
make the initial DKK available; sufficient useful data is already in hand. The per-kinase view will likely resemble 
a hybrid of Uniprot and Pharos (or ChEMBL) with links to primary evidence. The DKK will be available for 
human browsing and programmatic access via an API. Experimental data is useful on a large scale only if it is 
stored in a standardized manner and tagged with appropriate metadata (11). Curation is relatively 
straightforward in the case of gene expression data, thanks to years of effort, but data derived from multi-
dimensional microscopy or drug dose-response studies have few if any established data standards. The 
development of tools for pipelining, curating and releasing proteomic, gene expression, imaging and functional 

Fig. 1: Prioritizing 
dark kinases Data 

and resources from 
LINCS, IDG Phase I, 
literature mining and 
on-line databases 
consolidated in a 
preliminary 
knowledgebase and 
available at GitHub. 
This data feeds a 
prioritization algorithm 
to guide study of DKs 
in Aims 2-5. SmMolLig 
in this chart denotes 
off-target activities of 
known drugs; these 
will be greatly 
improved and 
extended in Aim 5. 
Expression data is by 
TMT mass spec.
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data is a major ongoing effort in LINCS that will be repurposed for IDG. We expect LINCS tools to be useful for 
all IDG projects not just DKs, and their re-use would bring significant benefits to the program in terms of cost 
and interoperability.  
Aim 1.3 Network-level understanding of the dark kinome. Protein-by protein data summaries (Aim1.2) are 
familiar and useful in many cases, but future progress requires more sophisticated approaches rooted in 
understanding cellular networks. We will therefore use inference, regression and other machine learning 
algorithms (both existing and newly developed) to create network-level representations of DKs and the cellular 
pathways in which they function. We will link the activities of these networks to biologically consequential 
cellular phenotypes. DKs will be perturbed in loss of function genetic studies (Aims 3.1 and 3.3) in conjunction 
with small molecule inhibitors (Aim 4) in diverse cell types. Data on the consequences of DK perturbation will 
be collected using proteomic, transcriptomic and high dimensional imaging methods (Aim 3) as well as cell 
growth and transcriptional reporter assays (Aim 3). Data on adaptive reprogramming of DKs (Aim 3.4), which 
arises from disruption of normal homeostatic mechanisms, and from protein-protein interaction studies (Aims 
3.6) will be particularly valuable for inference of network structure.  
 The Sorger and Gomez labs have published 
extensively on the use of partial least squares, multi-linear 
regression and other statistical and machine-learning 
methods to create and assemble network models from 
molecular and phenotypic data (12-15), probabilistic and 
multi-scale statistical mechanics (16-18) and protein structure 
(18, 19). We have also worked extensively on executable 
models using Boolean logic (20, 21) and ordinary differential 
equations (22-26). In addition, Major has developed improved 
methods for processing ‘omic data (e.g., CompPASS, SAINT, 
HGScore) that extract more accurate information from spectra 
(66). As demonstrated in a recent DREAM8 challenge, the 
most accurate network inference typically arises through 
integration of data-derived methods with a network-level prior 
(27). We will therefore evaluate all inferred linkages in the 
context of known interaction databases, such as 
PathwayCommons or KEGG (28). 
 IDG perturbation data will be combined with public 
information (e.g GEO, Peptide Atlas) to generate molecular 
signatures (Fig 2A, B) and “archetype maps” that place an 
individual DK in the broader context of protein-protein 
interaction and functional networks (e.g., coordinated 
behaviors in response to perturbation). Directed, undirected 
and signed relationships will be captured (depending on data 
type) and linked to phenotypic responses. These studies will 
yield information on DKs, DK cascades and networks of both 
DKs and characterized signaling molecules (Fig. 2C). 

When perturbed, the kinome exhibits extensive, time-
dependent remodeling that varies with the type of 
perturbation, the biological context and disease state. 
Remodeling is thought to arise from normal homeostatic 
mechanisms and studying provides data on these 
mechanisms as well as interactions among kinases (Aim 3.4). 
We will specifically look for cases in which perturbation of a 
DK results in remodeling of well-studied kinases, suggesting 
the existence of previously unknown interactions.   

New computational methods will be required for fusing 
imaging, genomic and proteomic data into better understanding of DK biology, thereby increasing innovation. 
We will explore probabilistic graphical models to infer linkages between dark kinase activities (as estimated via 
MIB/MS), interactions with downstream targets (from phosphoproteomics) and activation of transcription factor 
activity (Aim 3). When preliminary studies suggest that a kinase warrants further study, time series data will be 
collected and analyzed using executable models such as logical ODEs and Hidden Markov Models.  
Aim 1.4 Identifying possible therapeutic targets among dark kinases. Among the most significant 
outcomes of this research would be identifying one or more new therapeutic targets. There is indirect evidence 
in TCGA and the literature that this is not an unreasonable goal.  We will mine both general-purpose data sets 
such as GEO, the NHGRI-EBI GWAS Catalog and disease-specific resources such as the AMP-ADKnowledge 

 

Figure 2. A) Baseline MIB binding signature of the 

50 most subtype-predictive kinases across breast 

cancer cell lines. A “*” denotes understudied 

kinases. B) Kinase signature of top 50 kinases 
distinguishing TNBC from HER2/luminal subtypes. 
C) Kinome subnetwork showing both well-studied 
(grey) and understudied kinases (green), with node 
size proportional to degree of on/off-target inhibition 
by LINCS inhibitors. D) 38 dark kinases showing 
largely cancer-specific alternative splicing patterns 
across breast (BRCA), liver hepatocellular 
carcinoma (LIHC) and lung squamous cell 
carcinoma (LUSC) within TCGA data.  
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Portal (which contains data for multiple NIA-supported programs on Alzheimer’s Disease (29); see LOS) for 
data indicative of DK dysregulation.  We will also use our collaborative research groups (see LOS) as a source 
of domain-specific expertise, leading to in-depth, disease-focused analysis of high priority DKs. Those with the 
potential to be therapeutic targets will be further prioritized for development of chemical tools and for 
specialized biological analysis (Aims 3-4). In support of these goals, we will perturb DKs in cells and tissues 
relevant to diseases such as cancer, COPD, cystic fibrosis, arthritis, ALS, diabetes and dementia 
(Alzheimer’s), all of which are relevant to the Precision Medicine Initiative (Aim 5). 
Aim 1.5 Reagent validation. Many commercial 
reagents are available for DKs, but few have been 
validated in peer-review papers. We will undertake 
validation studies in conjunction with the proteomic and 
functional perturbation experiments in Aims 2-5. 
Currently, 101 knockout-cell lines for DKs are available 
in the pseudo-haploid human leukemia cell line, KBM-
7, also known as HAP1 cells (8). We will test these 
lines by PCR and PRM mass spec to confirm loss of 
gene and protein expression. Antibodies are available 
for 116 dark kinases and we have partnered with 
ThermoFisher to validate these reagents and make 
new ones (ThermoFisher LOS). Antibodies will be 
tested for their ability to recognize a band of the right 
molecular weight in a Western blot of a cell line 
confirmed by PRM to express the kinase and 
rechecked in a HAP1 knockout. A similar strategy will 
be used to test antibodies for use in 
immunofluorescence. All data will be made available 
on the DKK and provided to reagent vendors. 
Potential pitfalls and alternative approaches. An 
initial prioritization algorithm (Aim1.1) is already 
available; the primary risk in this subaim is that the 
algorithm will not prove more useful than human 
intuition. DKK development (1.2) will be demanding 
and time-consuming, but is relatively low risk 
particularly when pursued in collaboration with the 
KMC. Network inference (Aim1.3) will involve a range 
of methods, reducing risk, but will nonetheless require 
some from methodological innovation. The prospects 
of success in associating a DK with a human disease 
(1.4) are simply unknown.   
 
Aim 2. Quantitative analysis of DKs using Parallel 
Reaction Monitoring (PRM) and RNAseq 
Goal: The goal is to measure the absolute abundance 
of DKs relative to better studied kinases before and 
after perturbation by genetic and chemical means. Parallel RNAseq will provide complementary data. 
Approach: Kinome-wide quantification of kinase expression has previously been performed by mass 
spectrometry without (30) or with chemical (1) or metabolic (31) labeling. In conjunction with Multiplexed 
Inhibitor Bead) (MIB) enrichment (1) enables profiling of several hundred kinases in the presence and absence 
of drugs. However, such approaches yield fold-change data rather than absolute protein quantity. Absolute 
levels are substantially more valuable for cross-tissue comparison and data fusion and can be correlated more 
reliably with quantitative gene expression data (e.g. RNAseq fkpm units). A high-precision surrogate for protein 
quantity is available in highly-multiplexed, absolute protein quantification using mass spectrometry of specific 
peptides (32, 33). The method is based on multiple reaction monitoring with stable isotope dilution (MRM-SID) 
in which a standard curve is generated using different amounts of synthetic peptides having natural isotopic 
abundances (L, light) and a constant amount of stable isotope-labeled peptide (H, heavy). This yields the 
relationship between peak area ratios (PAR’s) from LC-MS measurements (L/H) and the quantity of the 
unlabeled peptide. The same amount of heavy peptide is then spiked into experimental samples, analyzed by 
LC-MS. Co-eluting internal standard heavy peptides also serves to minimize spectral match false positives. 
Recent improvements in MRM-SID have increased throughput (cycle time of ~ 3h), degree of multiplexing 
(~500 H/L pairs), sensitivity (sub-fmolar) and precision (CV < 20%). The use of PRM-MS (34) circumvents 

 
 
Fig. 3: Configuring a high multiplex PRM assay for 
kinases targeted drugs and inhibitors.  Four breast cancer 

PDX’s were selected that represent the major subtypes of 
breast cancer (basal, PDX-2; luminal, PDX-20; Her-2+, PDX-
8 and claudin low, PDX-12) (77). Tumor lysates were 
prepared in non-denaturing buffer (1) from sonicated, 
cryopulverized tissue (60).  Multiple lysates (n=3) were 
prepared from each subtype and passed individually over the 
multi-inhibitor bead column (Step 1). The bound kinases 
were eluted and peptides prepared for LC-MS (Step 2). The 
MS/MS spectra from 24 LC-MS analysis in DDA mode were 
searched against a RefSeq database (2) Step 3).  The 
spectral library was built in SKYLINE and peptides were 
selected according to CPTAC criteria and retention time to 
minimize elution time concurrency (Step 4). The red, grey, 
and yellow balls represent kinases inhibited by approved 
drugs in the KIN-200 assay panel. DKs are shown in purple. 
We will develop a single panel PRM assay for DKs as 
described in (4).   
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tedious selection of “best” transitions, significantly reducing development time for a multiplex assay. Townsend 
has already developed a PRM panel for 212 (well-studied) kinases (35) (Fig. 3). This KIN-200 assay was 
configured with 440 H/L synthetic, high purity peptide pairs selected according to Clinical Proteomics Tumor 
Analysis Consortium (CPTAC) guidelines (36) for uniqueness in a human background proteome; the panel will 
now be extended to include the 
DKs (Aim 2.1).  

In a PRM-SID assay (Fig. 
4) kinases affinity enriched from
patient-derived xenografts 
(PDXs) using multi-inhibitor 
beads (MIBs)  (1) were subjected 
to LC-MS in data-dependent 
acquisition (DDA) mode on a Q-
Exactive mass spectrometer 
(both Townsend and Johnson 
have a Q-E MS) Proteotypic 
peptides (5317) from 336 kinases 
including 44 DKs were identified. 
Peptides in the KIN-200 assay 
are found under “Authentication 
of Key Reagents” and SOPs are 
available in the Washington 
University folder at 
(https://assays.cancer.gov/. KIN-
200 profiling of tumor lysates 
enables quantification of kinase 
abundance between ~10 and 
10,000 fmol/mg of protein (Fig 4) 
with data for the CDC42BPB DK 
shown in Panels A-C. Boxes denote 11 DKs: PRKACB, STK3, PHKG2, CDK15, CDK14, CDK18, CDK10, 
PHKG1, PRKCQ, STK33, DYRK1B. In these studies the absolute level of CDC42BPB was found to be ~ 5- 10-
fold greater in the Her2AMP positive PDX than the other breast cancer PDXs (Panel C). Fig. 4, Panel D shows 
that the DK CDK18 was only detected in this Her2 positive PDX (LOD for this DK = ~ 150 attomole/mg tissue 
protein). 
Aim 2.1 Development of a PRM-SID assay for the 134 dark kinases. We will develop a PRM panel for as 
many of the 134 DKs as technically possible (Table 1). Using MIB enrichment of endogenous kinases in cell 
lines and PDXs, we currently detect expression of ~90 DKs. Improving on this poses a chicken and egg 
problem: to develop a PRM assay we need to detect suitable peptides in the mass spec by shotgun methods. 
For kinases we cannot currently detect, we will express DKs using pooled lentiviruses (~30 per pool) in 
HEK293 cells (or other cell types if necessary), perform LC/MS and select peptides. Our lentiviral library 
currently contains genes for 59 DKs and will be expanded to the full set of 134 In Yr1. Kinases will be enriched 
using MIBs or Flag-tags (present in the lentivirus vector) followed by tryptic digestion and LC-MS analysis in 
DDA mode. The highest intensity proteotypic peptides with physical and chemical characteristics already 
established for KIN-200 will be used to build a high-sensitivity, multiplex PRM assay. 
Aim 2.2 PRM-SID assay of cell lines, primary cells, tumors and tissues. With completion of the DK PRM 
Assay we will screen 36-48 human cell lines representing different tissues of origin as well as selected tissues 
available by autopsy. We will assay primary human lung alveolar epithelium, liver, fibroblast, hES cells, hES 
cells as well as iPS cell-derived neurons and cardiomyocytes, all of which are currently grown in our labs or 
those of our collaborators (see LOS) (37, 38). These data will provide absolute quantitation of DK levels and, in 
addition to addressing a requirement of the RFA, they are a necessary prelude to CRISPR/Cas9 and 
pharmacologic perturbation.   
Aim 2.3 RNASeq to determine patterns of DK gene expression. RNASeq will be performed in parallel with 
PRM and other mass spec assays to establish patterns of DK expression in normally growing and perturbed 
cell lines. Extensive evidence confirms that protein and RNA data are highly complementary. Conventional 
deep RNASeq is similar in economics and a counterpart to deep proteomics (Aim 3.5). As a lower cost, high-
throughput counterpart to PRM-SID we will used DGE-UMI RNASeq profiling.  In 3’ Digital Gene Expression 
(3’-DGE), cDNA is generated by oligo dT priming, unique molecular identifiers (UMIs) are incorporated and 
strand-specificity is preserved. With the help of the Broad Institute that developed the method, the Sorger lab 
has implemented this technique on his robots at a reagent cost of ~$5 per sample. Extensive analysis has 
demonstrated that DGE-UMI preserves a large fraction of the information content of deep sequencing. When 

Figure 4:   Fig 3: Absolute quantification of kinases from breast cancer PDX’s 
using PRM-SID. Panel A, Ion chromatograms for endogenous and synthetic heavy 
proteotypic peptide of CDC42BPB. Panel B, Response curve for peptide, 
AILTAAIVDADR. Panel C, Absolute levels of dark kinase DCD42BPB in breast cancer 
PDX’s. Panel D, Absolute quantity of dark kinase CDK’s. 
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there evidence of bifurcation in cell state or fate, single-cell RNA sequencing will be used. Sorger has applied 
this method previously (76) and it is available on a fee-for-service basis from a HMS core. 
Potential pitfalls and alternative approaches. We do not anticipate major challenges in developing PRM 
assays for DKs since we have extensive experience with the method and suitable peptides for 44 DKs have 
already been developed. Should we nonetheless encounter difficulties, we will use the recently described 
TOMAHAQ TMT method (39) developed in the Gygi lab and recently implemented in the Sorger group.  
 
Aim 3: Annotating the dark kinome for cellular phenotypes and functions in signal transduction.  
Goal: The goal of sub aims 3.1 to 3.6 is to determine the consequences of DK perturbation for cellular 
physiology using profiling and focused assays. Initial studies will be performed on a panel of six immortalized 
cell lines we know can be transfected or infected efficiently and reliably grown in culture. When chemical tools 
are available (Aim 4) we will perform assays on a wider range of cell types. As necessary, selected DKs will be 
studied in lines in which they appear to have a biological function (e.g ADCK5 in ovarian cancer cells). These 
data will be analyzed using many of the same tools as PRM studies in Aim 2. Kinome reprogramming (Aim 3.4) 
and PPI studies (Aim 3.6) are expected to be particularly valuable for network inference. 
Aim 3.1: Development and testing CRISPR reagents for studying DKs. To study the biological functions of 
DKs we will deplete and mutate kinases individually and in some cases in combination using a range of 
CRIPSR technologies. The complex physiology of kinases (and the language in RFA-RM-16-026) suggests 
that fairly subtle modulation of kinase activity is required. Nonetheless, it makes sense to proceed from simple 
to complex approaches, making maximal use of available reagents. As shown in the flow chart (Fig 5) we will 
first study validated (Aim 1.5) HAP1 knockout cells, 101 of which are potentially available; for other kinases we 
will use Dharmacon synthetic guide RNAs (four per target gene) to generate knockouts (40, 41). If we see a 
phenotype (see below) we will then proceed to less dramatic up and down-regulation using CRISPRi/a (42). 
Selective activation or inactivation will be achieved using doxycycline-induced Cas9 expression (43). In the 
case of DKs with particularly interesting functions, we will introduce site-specific mutations in kinase and other 
domains and express the modified DKs in cells in which the endogenous gene is knocked out. We expect to 
use lentivirus vectors for these experiments. We note that CRISPR technology is developing extremely rapidly 
and that it is likely that the precise approach we use will vary over the course of the grant; fortunately both 
HMS and UNC have active and expert core facilities and Johnson, Sorger and Major actively use CRIPSR to 
study kinase biology. Nonetheless, it is likely to remain true that regulated and selective modulation of specific 
kinases will remain relatively time-consuming and very difficult for at least some genes (for largely unknown 
reasons). Thus, we will reserve the creation of stable lines involving subtle up and down regulation, and gene 
mutation, for those DKs that appear to have interesting cellular or disease phenotypes.  

As an alternative approach, we will use 
classical RNAi techniques for transient and stable 
gene depletion (with all of the attendant caveats). 
Small molecules will also be used to induce expression 
or degradation of DKs, for example, by fusing the DK 
to a mutant form of DHFR that requires trimethoprim 
for stability (44). Inducible gene deletion is possible 
using hydroxytamoxifen and a CRISPR-Cas9 fusion to 
the estrogen receptor (ERT2) (45) and using light (46). 
DKs can also be fused to a degron using CRIPSR /Cas 
and then degraded in a controlled manner (47). 

Since the IDG RFA envisions high-throughput 
protein analysis it might seem reasonable to choose one method and then implement it en masse. This 
appears to work for simple deletion but it is our overwhelming experience that the utility of more nuanced 
approaches varies with the protein under study. We therefore believe that it will be necessary to use a gene 
modulation tool kit. We expect to have simple deletions for all DKs by Yr2 and to subject ~10-20 DKs to more 
nuanced and intensive genetic analysis each year thereafter. In parallel, we can also look for synthetic lethal 
phenotypes by performing CRIPSR-based screening experiments using libraries and cell lines in which one or 
more DKs has been previously knocked out.   
Aim 3.2 Phenotypic analysis of DK perturbation by imaging. Following genetic or small molecule 
perturbation, cells will be subjected to rapid, and inexpensive analysis using high content imaging using the 
“Cell Painting” method (48). This involves staining cells with multiple dyes to score shape and morphology in 
multiple channels (degree of spreading, vesicle content, nuclear morphology shape of the cytoskeleton, etc.) 
Automated image analysis routines developed at UNC and HMS will be used to detect differences in cell state 
over time and, in the case of small molecules, across a dose range. Cells will be plated on solid substrates 
varying in composition and stiffness to elicit different phenotypes. Live-cell assays using white-light cameras or 

  
Fig. 5. A partial flow chart for genetic perturbation of DKs 

involving the use of selectively more powerful CRISPR 
methods for gene inactivation and modulation (see text) 
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dye-labelled cells and fluorescence (depending on cell type) will be used to score motility and adhesion. Cell 
viability assays will also be performed in the presence and absence of drugs to look for kinase interaction (49).  

To enable deep phenotyping at a single cell level we will perform cyclic immunofluorescence (CycIF) in 
which iterative four to six-color imaging creates 20-30 channel, high-resolution images of cells grown in 96 and 
384 well plates (50). To date, nearly 200 antibodies have been validated for proteins involved in the cell cycle, 
cytoskeleton, receptor-mediated signal transduction, transcription factors etc. including those in the MEK-ERK, 

PI3K-AKT, WNT, NFB, JAK/STAT, TGFβ and other pathways (http://lincs.hms.harvard.edu/db/ 
antibodies/?page=1)(Fig. 6). CycIF will be powerful tool for DK analysis because it represents a means to look 
broadly for single cell phenotypes in a wide range of cell types and conditions at low cost. Patterns of 
fluctuation and co-variation among proteins at a single-cell level represent a powerful means for constructing 
protein-interaction maps. CycIF experiments will be integrated and guided by our results from genetic, protein 
(PRM), other assays. CRISPRi/a experiments will make extensive use of imaging. Data dissemination will be 
made possible by tools the Sorger lab is currently developing (in collaboration with the BD2K consortium) to 
manage and analyze large sets of image data on the Cloud (currently Amazon EC2). 
Aim 3.3 Use of an engineered “reporter-world” assay to monitor signal transduction. These studies will 
use engineered reporters for specific signal transduction pathways to quantify the functional impact of DK 
perturbation on signal transduction. The assays will involve engineered lentiviral transcriptional reporters 
(Table 2) each containing 12 concatemerized binding sites for pathway-specific transcription factors upstream 
 of a ‘swappable’ reporter module (Fig. 7A). The reporters are introduced into target cells via lentivirus and if 
needed, stable lines selected by puromycin resistance (Fig. 7A) (51-53). In a recent proof-of-principle siRNA 
screen of 3,700 disease-associated genes (including 306 kinases) in HEK293T cells harboring the NRF2 
reporter (Fig. 7B) numerous hits were uncovered and validated in follow-up siRNAs and gain-of-function 
studies. For example, the DPP3 protein was shown to bind KEAP1 to sterically displace NRF2 from KEAP1, 

thus activating NRF2 signaling (54). Several kinases were identified and validated, including SLK, MAPK11 
and the stress activated protein kinase MAPK12, all of which repress NRF2 signaling. The method can also 
detect other forms of perturbation. For example, over-expression studies using the same reporters identified 14 

 
Fig.6:A. Highly multiplexed (20-30 channel) imaging of cells before and after small molecule or genetic perturbation using the 

method of cyclic immunofluorescence developed in the Sorger Lab (https://youtu.be/H6tMEsdwt1Y). In this example, MCF10A 
cells were fixed and subjected to four-cycle CycIF using fluorophore-conjugated antibodies p-RbS807/S811 (cycle 1), p21 and PCNA 
(cycle 2), EGFR and b-tubulin (cycle 3) and Ki-67 and p-S6S235/6 (cycle 4). B. Morphometric analysis of CycIF-generated images 

of single cells. Three rounds of CycIF staining were were binarized and passed through different filters (sharpen, skeletonized and 
maximum, and so on) for extracting texture features (length, branches, enrichment and clusters). CycIF, combined with algorithms 
developed for flow cytometry and CyTOF, can exploit natural cell-to-cell fluctuations in protein levels and activities to uncover 
aspects of drug and ligand response that are obscured by population average measurement. ~200 antibodies have been 
validated for CyCIF of cell cycle regulators, signal transduction kineses etc. (3). 0.1038/ 

 

 

 

a

Table 2: Engineered reporters of signal transduction pathway activity  
1Pathway Reporter Name 12X DNA sequence Agonist 2Cell Line Fold  Target genes 
Wnt/-catenin pBAR AGATCAAAGG Wnt A375, HEK293T ~800 AXIN2, LGR5, SP5 

Retinoic Acid pRARE GGTTCACCGAAAGTTCA Retinoic Acid DLD1, SW480 ~700 HOXA1, CDX1 

Keap1/Nrf2 pARE TCACAGTGACTCAGCA Oxidative stress KBM7, H2228 ~11 HMOX1, NQO1 

TGF pSBE AGCCAGACA TGF HaCaT, MCF10A ~80 PAI1, GADD45 

Notch pCSL CGTGGGAA NICD transfection HEK293T ~30 HES1, HEY2 

TNF/various pNFB GGGAATTTCC TNF A375, HEK293T ~300 IB, PTGS2,  
1 Not shown: STAT reporter, AP1 reporter, serum response factor (ELK1/SRF). 
2These cell lines harbor intact signaling pathway and robust response following pathway agonist.   
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kinases whose expression impacted NRF2-dependent transcription in HEK293T cells (Fig.7C). A screen of the 
PKIS chemical library (Aim 4) revealed 5 compounds that inhibited and 9 that potentiated NRF2 transcriptional 
activity >2-fold. These approaches will be applied directly to analysis of DKs using reagents generated in Aim 
3.1 (CRISPR) and Aim 4 (small molecule inhibitors).  
Aim 3.4 Determining the effects of DK perturbation on 
kinome remodeling. These studies will use the DK and KIN-
200 PRM-SID assays to measure the effects of perturbing well 
studied and dark kinases on the kinome as a whole (~330 
kinases). The logic behind this approach is that the kinome is 
highly inter-connected, so even a project focused on DKs will 
benefit greatly from parallel measurements of as many kinases 
as possible. In addition, the kinome exhibits a high level of 
adaptive reprogramming in which inhibition of one kinase results 
in network rewiring and upregulation of other kinases, a 
phenomenon that has been most extensively studied in the case 
of  resistance to targeted anti-cancer drugs (55, 56). Adaptive 
kinome reprogramming (already studied by Johnson and Sorger) 
is thought to reflect the disruption of feedback and feedforward 
regulatory loops that normally maintain cellular homeostasis. Its 
analysis in cancer has led to substantial advances in our 
understanding of immediate-early signal transduction and 
cellular homeostasis (1,57,58). The DK and KIN-200 PRM 
assays provide an unparalleled opportunity to measure 
reprogramming over time in multiple cell types. We will perturb 
well-studied kinases, particularly those that are clinically 
important, and measure cross-talk between the dark and light 
kinomes. We will also perturb DKs using genetic and small 
molecule reagents (Aims 2 and 4) and then study the impact on 
all kinases.  Depending on reagent availability and suitability for 
CRISPR-based gene modification, such studies will be 
conducted in breast, lung, melanoma and ovarian cell lines (59). 
Because reprogramming is a dynamic process, data will be 
collected over time (typically 6-72 hr) exploiting the high through-
put of PRM methods. Data will be analyzed using inference 
algorithms as described in Aim 1.3 
Aim 3.5: Profiling proteomics and phosphoproteomics 
analysis. These studies extend the PRM assays in Aim 2,2 by 
performing deep proteomics (~10-13,000 proteins per sample) and phosphoproteomic (~50,000 sites) on the 
most informative subset of DKs using a validated metal ion affinity enrichment protocol in combination with off-
line fractionation and ten-channel isobaric peptide labeling (TMT-10) (59, 60) that increases LC-MS throughput 
3-fold.  In addition to the gains in throughput, combining the nine samples and the comparator reference pool 
(prepared from digests of all relevant cell lines) yields highly reliable relative fold-change data for the entire 
proteome. In addition, higher throughput survey phosphoproteomics (~10,000 phosphosites) will be performed 
in a 96 well format (61). Survey phosphoproteomics will be used to study dose-time relationships and to 
optimize conditions for more costly and time-consuming deep proteomics. In cases in which activation loop 
phosphopeptides can be detected, synthetic phosphopeptides will be prepared, stable isotope dilution 
response curves generated and phosphosite occupancy determined using PRM methods, as recently 
demonstrated using MRM-MS (62, 63). This allows us to infer kinase activity directly. For example, in the MIB 
experiment on four breast cancer PDX models (Fig. 3), allowed us to monitor activation loop phosphorylation 
on several DKs: CDK10-T196; DYRK1B-Y273; and PRKACB-T196/T198. As an alternative method, CST 
PTMScan motif-specific antiphosphopeptide antibodies will be used for enrichment of active kinases followed 
by phospho-PRM. Differences detected following perturbation of DKs will be integrated in network-level models 
as described in Aim 1.  
Aim 3.6 Protein-protein interaction studies by mass spectrometry. Dynamic regulation of protein-protein 
interactions (PPI) governs the phenotypic response to extracellular information. Similarly, genomic alterations 
reorganize PPI networks to promote disease phenotypes. To identify and quantify protein connectivity (and 
post-translational modifications), we will employ immunoprecipitation (IP/MS) and biotin-ligase proximity 
labeling (BioID/MS). IP/MS and BioID are highly complementary. IP/MS captures relatively stable PPIs and 
produces datasets that are easily scored for true and false-positive discoveries. The method, it is susceptible to 
post-lysis artifacts and does not capture weak or transient PPIs. In contrast, BioID/MS leverages the 

Fig. 7: Functional genomic screens of NRF2-

dependent transcription as an example of reporter 
world assay. A. Novel NRF2- dependent 
transcriptional reporter. B HEK293T cells carrying 

the NRF2 reporter were transfected with siRNAs 
in 384 plates 72 hours before lysis and 
quantification. Three non-overlapping siRNAs 
were pooled at 20 nM. Data were normalized to 
CMV-driven Renilla luciferase. Error bars 
represent SD across biological triplicate 
experiments. C. Volcano plot representation of an 

over-expression screen of 384 kinases in 
HEK293T cells carrying the NRF2 reporter. P-
values calculated from five biological repeats. 
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promiscuous BirA* ligase to biotinylate lysine residues within proximal proteins in live cells, improving detection 
of low affinity and transient interactions. The Major lab has significant expertise in IP/MS and growing 
experience with BioID/MS (54, 64-66). To physically position the dark kinases within the global protein 
interactome, we will integrate PPI data from the literature with experimentally-derived interaction maps 
obtained using both IP/MS and BioID.  

This will be accomplished by using a BirA*-FLAG-phage lentiviral clone library to create at least two 
independent stable cell lines for each DK. Cell line identity will be bait-specific, based on the following 
considerations: 1) endogenous expression of the kinase (PRM assay/RNAseq), 2) varied tissue origin, 3) ease 
of culture, and 4) functional response to perturbation of the kinase by CRISPR/Cas9 KO and/or small molecule 
perturbation (Aims 3.1 to 3.5) . FLAG-based IP/MS and BioID/MS will be performed in parallel in biological 
duplicate. Tryptic peptides will be multiplexed using tandem mass tags (TMTs) to allow relative quantitation 
while minimizing instrument time on the Thermo Fusion Lumos mass spec in the Major lab. Raw MS data and 
resulting protein co-complex probabilistic scoring will be processed through our informatics pipeline and results 
integrated with data from the BioPlex project as well as other PPI studies (Aim 1).   
Aim 3.7 Mass spectrometry-based metabolite profiling of DK perturbed cells is motived by data showing 
that therapeutic kinase inhibitors cause  dramatic changes in cellular metabolism. Sophisticated metabolic 
profiling (e.g. with labels) is beyond the scope of this study but we will perform basic profiling for DKs, 
prioritized by our deep proteomics/phospho-proteomics data (Aim 3.5), using LC-MS/MS assays at our core 
facilities (http://www.bidmcmassspec.org (78) This will provide data on 200-300 identified polar and non-polar 
analytes that will be mapped to standard genome-wide metabolic models (79). Additional analysis will be 
performed in collaboration with our disease experts (see LOS).  
Potential pitfalls and alternative approaches. This Aim involves a sufficient number of alternative 
approaches that technical difficulties with one method or DK will not hold up progress on others. The process 
of determining a function for a little studied protein is nonetheless fraught with uncertainties. For some kinases 
we may not be able to detect a phenotype in a convenient cell line using even the most sensitive assays. This 
will argue for testing other cell types, but even that may be insufficient. Navigating the cost-benefit analysis of 
pursuing a single kinase in greater depth, or moving onto another kinases is the primary function of the 
algorithm described in Aim1.1  

Aim 4: Identifying and characterizing cell 
active chemical tools for dark kinases. Small 
molecule inhibitors are among the most valuable 
and highly sought research tools for interrogating 
the biological function of novel proteins and for 
initiating development of therapeutic drugs.  
Chemical tools allow temporal and dose-
dependent inhibition of kinase activity in cells 
without long-term changes to the genome and 
associated compensatory mechanisms. Small 
molecules are active in a wide range of cells, 
including primary cells and tissues in which 
genetic tools can be hard to deliver. Importantly, 
use of chemical tools generates a view of kinase 
biology that is complementary to the result of 
genetic manipulation of cells (67). We will 
develop cellular assays for all expressed DKs 
and identify potent, selective cell-active inhibitors 
(chemical tools) for a set of prioritized DKs 
based in part from work in Aims 1-3, the 
literature and collaboration with the KMC. Our 
approach capitalizes on the recent development 
of nanoBRET assays to profile kinase inhibitors 
in living cells (see LOS from Promega), and the 
medicinal chemistry expertise of the kinase 
inhibitor team led by Tim Willson as part of the 
Structural Genomics Consortium (SGC). DKs 
prioritized by RFA-RM-16-026 can be grouped 
into four categories based on predicted 
substrates; three proteins are non-catalytic 

Fig. 8: NanoBRET assay for measurement of kinase inhibitor 
activity in cells. a. Illustration of the nanoBRET assay. A red-shifted 

fluorescent tracer binds to the kinase-Nluc fusion, resulting in BRET 
when the Nluc substrate generates light. b. Addition of a competitor 

ligand results in inhibition of the BRET signal. AAK1-Nluc was 
expressed in Hek293 cells. Fluorescent tracer and test inhibitor 
(staurosprine or LKB1) were added, followed by furimazine 
substrate. BRET signal was dose-dependently inhibited. c. Profile 

of the multikinase inhibitor crizotinib across 180 kinases. Crizotinib 
(1 µM) showed >50% displacement of tracer on 8 kinases (black 
bars), 50-25% on 25 kinases (blue bars), <25% on the remaining 
kinases (yellow bars and not shown). 
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regulatory subunits (Table 1). We expect to have developed cell-active chemical tools for up to 70 of the DKs 
during the six years of this grant, with approximately 40 selective inhibitors being characterized currently. 
Aim 4.1 NanoBRET assays for profiling kinase inhibitor activities. The scientific impact of chemical tools 
is directly proportional to their degree of characterization (68). Conventional mechanisms for characterizing 
kinase inhibitors, which rely on biochemical assays, have two shortcomings. First, there are over 50 DKs for 
which no biochemical assay is available (69). Many of the missing assays are for pseudokinases, which are 
difficult to express or lack catalytic activity (70). Second, biochemical assays cannot determine whether an 
inhibitor has potent activity in cells, an essential requirement for elucidating biologic function. To overcome 
these limitations, we will use an innovative approach developed by Promega - ‘nanoBRET assays’ (Fig. 8a). 
The nanoBRET assay is a robust and scalable measure of kinase activity in living cells (71, 72) that does not 
require catalytic activity of the kinase and is agnostic to mode of inhibition. It monitors kinase inhibition in the 
setting of high cellular ATP concentrations, and can detect the influence of potentially unknown partner 
proteins. It depends on NanoLuc (Nluc), a small and extremely bright luciferase (73) that is fused to a kinase of 
interest. In NanoBRET use of a fluorescent tracer to cells expressing a Nluc fusion generates a signal that is 
competed off in a dose-dependent manner by small molecules that bind to the same kinase (Fig. 8b). We have 
synthesized 4 cell permeable fluorescent tracers that generate strong BRET signals for 180 kinase-Nluc 
fusions; this set includes 3 pseudokinases and 27 DKs. The nanoBRET assay has also been formatted for 
determining the selectivity profile of kinases by use of panels of cells, each expressing different kinase-Nluc 
protein and grown in 384-well assay plates. Using this protocol, the multikinase inhibitor crizotinib was 
screened against 180 protein kinases to give a direct measurement of selectivity (Fig. 8c). 

We will develop nanoBRET assays for all of the DKs in the first year of the grant. Expression vectors for 
the kinases will be generated with N-terminal or C-terminal fusion to NLuc. Many DK clones are already in 
hand and commercial gene synthesis will be used to generate the others. Fluorescent tracers will be 
synthesized from 20 promiscuous kinase inhibitors selected from PKIS/PKIS2, each of which bind to >100 
protein kinases, or from candidate molecules that bind to non-protein kinases (Fig. 9a). NLuc-kinase fusions 
will be transiently expressed in HEK293 cells and tested against the library of tracers to select those that yield 
an optimal BRET signal. The specificity of the signal will be demonstrated by addition of an excess of 
unmodified promiscuous kinase inhibitor.  
Aim 4.2 Generation and characterization of new chemical tools. We will identify high quality chemical tools 
for up to 70 of the dark kinases during the six year program, 
and already have identified candidate tools for 40 of the dark 
kinases. High quality chemical tools require a) high potency for 
their target, b) selectivity over related proteins, and c) activity 
in a wide range of cells. We define a chemical tool as a 
molecule that demonstrates an IC50 of <1 μM against its 
primary target and cross-activity on <10 kinases using the in-
cell nanoBRET assay. Where it is not possible to remove 
important off-target kinase activity, a negative control 
compound (a close analog that lacks activity on the target 
kinase) will be generated. All chemical tools will be produced 
in mg quantities and made available to investigators as DMSO 
solutions for use in cell assays. 

Traditionally, chemical tools that meet our quality 
criteria are expensive and difficult to produce. However for 
protein kinases the generation of these tools is greatly 
facilitated by exploiting decades of biochemical and structural 
studies in academia and industry. For example, there are now 
many approved kinase inhibitors (e.g. crizotinib, Fig. 8c), 
some with exquisite selectivity (e.g. lapatinib for EGFR/HER2 
or SGX523 for MET (68)). Chemogenomic sets, such as 
PKIS/PKIS2 (69, 74), provide a plentiful source of starting 
points for the development of chemical tools for the dark 
kinases. 

By examining PKIS, PKIS2, and the literature we have 
already identified candidate tools for 40 of the dark kinases 
(Fig. 9b). We will test these candidates in the live cell 
nanoBRET assays and make those that pass available as 
tools, starting in Yr 2. Compounds that do not pass our criteria 
for a tool, will be subject to medicinal chemistry optimization. 

 
Fig. 9. a. Fluorescent tracers can be synthesized 

from promiscuous protein kinase inhibitors (e.g. 
UNC2721, UNC5498, UNC5269, and UNC5459) 
or inhibitors of non-protein kinases IP3K and 
PRKA. Red arrows indicate the site of fluorophore 
attachment. b. 40 chemical tools identified for dark 

kinases. The kinases are listed in the order 
displayed in Table 1. Each bar designates a dark 
kinase for which a chemical tool is available. c. 

Examples of chemical libraries designed to target 
specific kinase families. The sites of chemical 
diversification are indicated by the colored circles. 
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During the Yr 3-6 of the grant, we will identify chemical tools for an additional 30 of the remaining DKs, yielding 
a total of 70 tool compounds. 
Aim 4.3 Screening existing kinase inhibitor collections in cells. PKIS/PKIS2 or non-protein kinase 
targeted compound sets will be screened at 1 µM to identify hits showing >90% displacement of the tracer, 
which will then be confirmed in dose-response assays. Compounds displaying IC50 <1 µM will be counter 
screened on >200 nanoBRET assays to determine selectivity. Inhibitors that fail to meet potency and 
selectivity criteria will be subject to medicinal chemistry optimization. 
Aim 4.4 Screening new kinase inhibitor libraries. Many of the DKs belong to families that are known to be 
chemically tractable, and can be tackled by targeted library synthesis and screening. We have selected 
chemical templates with activity on these families (see examples in Fig. 9c), and will synthesize libraries of 
100-200 analogs for screening in cells and subsequent chemical optimization. 
Potential pitfalls and alternative approaches. Given the productive collaboration with Promega (see LOS) 
we do not anticipate significant difficulties in developing nanoBRET assays for the DKs. It is possible several 
kinases and pseudokinases will prove difficult for developing selective inhibitors. We will prioritize our 
chemistry efforts based on DK biology defined in Aims 1-3 to synthesize inhibitors for the most kinases 
relevant to the cellular function and potential involvement in disease.  

Aim 5: Collaborations to determine the expression and function of DKs in primary human cells and 
tissues. We will leverage collaborations with disease experts (see LOS) to study the functions of DKs in 
primary cells relevant to COPD, cystic fibrosis, arthritis, ALS, diabetes and Alzheimer’s disease (the list will 
expand each year as we solicit new collaborations). We will mine data being collected by the Precision 
Medicine Initiative and large-scale cancer genetic studies to identify the subset of DKs whose dysregulation is 
associated with disease; studies in cells will then attempt to validate this association  
Potential pitfalls and alternative approaches. Assays in Aims 2-3 are readily amenable to study of primary 
cells and tissues. We can also use the warm cadaver program at HMS and UNC to obtain different tissues and 
organ samples for analysis; patient-derived xenografts (PDXs) are readily available for many different tumor 
types.  

MILESTONES AND DELIVERABLES 
First year milestones: Aim 1: create a first generation open-source dark kinome knowledgebase (DKK). Aim 
2: develop a PRM assay panel for all 134 proteins. Aim 3: begin loss-of-function CRISPR screens. Aim 4: 
establish nanoBRET assays for all 134 proteins and define selectivity profiles of 10 DK inhibitors. Aim 5: Begin 
collaborations for DK analysis in primary cells and tissues. 
Milestones Years 2 and 3: Aim 1: Load new IDG data into DKK; begin network inference; develop data API 
with KMC; investigate disease associations; validate commercial reagents. Aim 2: PRM and RNAseq to define 
quantitative expression profiles of the 134 DKs. Aim 3: Complete survey of HAP1 and CRISPR knockout cells 
for all kinases. Initiate generation of CRSPRi/a cell lines or methods for inducible DK inactivation (~20 lines per 
year); analyze cells by CyCIF 
imaging, RNAseq, PRM and 
metabolomics profiling. Aim 4: 
complete selectivity profiles 
for 40 existing small molecule 
inhibitors in nanoBRET 
assays; perform PRM, 
phosphoproteomic, imaging 
and RNAseq measurements 
for these small molecule 
drugs; synthesize 10 new 
selective inhibitors for 
prioritized DKs.  
Milestones Years 4-6: Aim 1: 
Build integrated, network-level 
models of the dark kinome 
and its interaction with known signaling networks; initiate validation studies on disease associations Aim 2: 
develop and apply phosphor-PRM assays to improve throughput of phosphoproteomics. Aim 3: Large-scale 
use of PRM and RNAseq for measuring dynamic changes in protein expression in response to CRISPRi/a or 
small molecule perturbation of DKs. Extend and deepen analysis of DKs cell and animals disease models Aim 
4: Complete synthesis and selectivity profiles for 30 DK inhibitors. Aim 5: Continue disease model 
collaborations.  
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