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Biomedical scientists tend to focus on only a small fraction of the proteins encoded by the human
genome despite overwhelming genetic evidence that many understudied proteins are important for
human disease. One of the best ways to interrogate the function of a protein and to determine its
relevance as a drug target is by using a pharmacological modulator, such as a chemical probe or an
antibody. If these tools were available for most human proteins, it should be possible to translate the
tremendous advances in genomics into a greater understanding of human health and disease, and
catalyze the creation of innovative new medicines. Target 2035 is a global federation for developing and
applying new technologies with the goal of creating chemogenomic libraries, chemical probes, and/or

functional antibodies for the entire proteome.

Nature of the challenge
Proteins for which there is genetic evidence for a
causal relationship with a disease are twice as
likely to be therapeutically validated as drug
targets compared with those with no clear ge-
netic link to disease [1]. Accordingly, the se-
quencing of the human genome and the
amazing progress in identifying mutations and
genetic variations within populations correlated
with disease raised great hope that many
therapies would follow. Unfortunately, these
largely correlative genomics studies have not
yet translated to a sufficient mechanistic un-
derstanding of human biology to enable reliable
development of new treatment strategies.
Developing more robust therapeutic hy-
potheses requires a deeper understanding of all
disease-relevant genes. However, most newly
sequenced genes (and their encoded proteins)

are understudied and lie within the ‘dark pro-
teome’ [2,3] and, as a corollary, most biomedical
research is focused on only a small fraction of
human genes [4]. We argue that this research
ecosystem problem is the greatest impediment
to our understanding of human biology and our
ability to develop new medicines.

To design a solution, we first sought to
quantify the extent of the problem. To interro-
gate the pattern of research activity across the
human genome, we examined the distribution
of publications for protein-coding genes and
their products. Specifically, we used data sets
provided by the NCBI [5] to evaluate the fre-
quency patterns of 596 891 publications anno-
tated to 20 122 human protein-coding genes
(Fig. 1a; see also associated Data in Brief pub-
lication). The cumulative number of publications
has increased annually from 1980 (Fig. 1b). This

is despite a decrease in the annual number of
publications in 2018 and 2019, an observation
that probably reflects the backlog for entering
and annotating the publications. The distribu-
tion of publications appears to resemble a
power-law distribution of research activity
across the human genome (Fig. 1a), which might
reflect researchers obeying rules for scale-free
networks in which cumulative interest begets
further interest [6].

Over the past few years, investigators from a
variety of fields have discovered that many net-
works (such as scientific papers linked by cita-
tions) are dominated by a relatively small number
of nodes connected to many other nodes. Net-
works containing these important nodes, or hubs,
are called ‘scale-free; in the sense that some hubs
have a seemingly unlimited number of links,
whereas others have just a few, and no node is
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The natural tendency for scientists to focus on previously studied genes. (a) As described in the accompanying Data in Brief article, the number of publications
annotated to each human protein-coding gene was plotted in order of decreasing number of publications, left to right. Since 1980, 596 891 publications in
gene2pubmed have been annotated to 20 122 human protein-coding genes; 9 243 publications were linked to the gene encoding p53; and 623 genes were
without a publication. For each protein, we also annotated results from the online catalog of human genes and genetic disorders in Online Mendelian

Inheritance in Man (OMIM) as a binary response of either yes (1) or no (0) and the published genome-wide association study (GWAS) frequency data. (b) The
number of publications on an annual basis that are annotated to human protein-coding genes (blue symbols), and the cumulative number of publications

(green symbols) since 1980.

typical of the others [7,8]. Consequently, the
pattern of publications in the gene2pubmed data
set appears to be indicative of an underlying
scale-free network with high numbers for only a
few genes. This pattern has been dubbed the
Matthew effect, where cumulative interest begets
further interest [6]. Consistent with this mathe-
matical model, we see that 623 genes do not have
any publication records.

When we compared this distribution with the
online catalog of human genes and genetic dis-
orders captured in Online Mendelian Inheritance
in Man (OMIM) and the NHGRI-EBI of published
genome-wide association studies (GWAS), we
found that the publication frequency exhibits an
exponential distribution regarding their subject
proteins, with the most frequently cited gene in
the database having more than 9 243 publications
(Fig. 1a). The result of this tendency is that many of
the genes linked to disease phenotypes or those
associated with specific disease traits by GWAS
studies remain severely understudied: the so-
called ‘dark genome’. Thus, characteristics of a
scale-free network appear to be driving the un-
derlying interest in a particular gene or protein as
measured by the publications, rather than the
genetic information. What can we do to promote
the exploration of currently understudied, but
potentially disease-relevant, proteins?

The human proteome
Over the past 15 years, ‘omics and systems
biology approaches, including proteomics,

transcriptomics, clustered regularly interspaced
short palindromic repeat (CRISPR) approaches,
small interfering RNA, and short hairpin RNA
screens, have provided important, unbiased
experimental characterization of gene products
on a global scale. Large-scale programs, such as
The Human Protein Atlas, are mapping all hu-
man proteins in cells, tissues, and organs by
integrating antibody-based imaging, mass
spectrometry-based proteomics, and transcrip-
tomics (www.proteinatlas.org/) [9,10]. Together
with the Human Proteome Project (https://hupo.
org/human-proteome-project) established by
the Human Proteome Organization (HUPO) [11-
15], these groups are cataloging experimentally
verified human proteins in healthy and diseased
cells and tissues.

All of these efforts have been supported by
the web-based, protein knowledge-based
platform neXtProt (www.nextprot.org) [16]. A
recent analysis using neXtProt reported 17 470
proteins with high confidence of protein-level
evidence (PE1; i.e. 89% of the human prote-
ome) [13]. However, the functional annotation
of many of these proteins remains vague or
simply predicted based on similarity to ho-
mologous proteins. Interestingly, the neXtProt
analysis indicated that 1 937 proteins are
lacking specific functional annotation, of which
1 260 are uncharacterized PE1 proteins (uPE1)
and 677 uncharacterized missing proteins [13].
Indeed, these 1 937 dark proteins, which
have no function as predicted by experimental

characterization or homology to other proteins,
have recently become the focus of a new HUPO
C-HPP pilot initiative to demonstrate the fea-
sibility of characterizing 50 of such dark uEP1
proteins, termed neXt-CP50 [17].

Other approaches to studying the function of
proteins include systematically mapping
protein—protein interactions and/or computa-
tional approaches [18-22]. Overall, genome- and
proteome-scale approaches provide a global
view of cellular organization and often predict
protein functional annotations that contribute
to a better understanding of normal and disease
biology. However, inherent in such large-scale
studies are false positive and false negative
results that require detailed experimental vali-
dation of specific proteins before we can reach
firm conclusions. Thus, we believe that com-
bining such computational methodologies for
studying protein—protein interactions, together
with the case for pharmacological modulators
we propose here, provides a route to a better
understanding of disease biology.

Counteracting scientific bias

There is little scientific or reasoned basis for
disease-related genes not to attract research
interest [23,24], yet nearly two decades after
completion of the human genome project the
research patterns have not changed much. The
incentive systems drive researcher behavior bias
towards well-studied areas, and it is clear that
the explanation for this phenomenon is mostly
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sociological and/or practical [3,25-28]. There-
fore, the solutions must modify behavior.
Looking to the past for clues as to what influ-
ences the choices of researchers, we searched
for the scientific contributions that have had the
most impact in shifting research to new
understudied proteins. We believe that the best
way to encourage or enable scientists to study a
new protein is to make the cognate research
tools available. High-quality tools that would
enable researchers to study a new protein in-
clude cell lines lacking the encoding gene and
specific and selective antibodies to facilitate cell
biology studies, purified protein and structural
information to facilitate biochemistry, and
pharmacological modulators to facilitate func-
tional studies and evaluation of the protein as a
therapeutic target.

The idea that tools drive biology is not new. To
paraphrase Sydney Brenner, ‘. . . progress in
science [and drug discovery] depends on new
techniques [and new tools], new discoveries and
new ideas, probably in that order’ [29]. Sys-
tematic efforts to generate some of these tools
are underway. The National Institutes of Health
(NIH) and The Wellcome Trust are funding two
programs to generate ‘target enabling
packages’ for understudied disease-linked
genes and/or proteins. These data packages
include protocols to generate purified proteins,
assays, and reagent antibodies. What we need
now is a systematic effort to generate phar-
macological modulators.

The case for pharmacological modulators
Historically, the availability of pharmacological
modulators has had tremendous impact on
research on the target protein. For almost every
protein for which a cell-active pharmacological
modulator has been made available, the paper
describing the modulator is among the top-
cited papers on that protein in the entire liter-
ature, and the modulator also served as the
trigger for new studies (https://arxiv.org/abs/
1102.0448). It is arguably the most impactful
reagent for any protein. Regrettably, pharma-
cological modulators of the required potency
and selectivity to support interpretable and
reproducible science are both challenging and
expensive to invent, and also require skills
commonly found in industry.

In 2009, we created an open science, inter-
national public-private partnership (PPP) to test
the idea that academia and industry scientists
could collaborate to generate high-quality
pharmacological probes for understudied pro-
teins; the project focused specifically on gen-
erating chemical probes (www.thesgc.org/

chemical-probes). We adopted organizational
strategies to coordinate the research activities,
established quantifiable quality criteria for the
chemical probes, and created an independent
evaluation system to ensure their quality. The
project has proven this model works. It has
produced more than 50 high-quality chemical
probes for proteins linked to epigenetic and
kinase signaling, many of which had previously
been relatively understudied. All of these probes
have been used not only to generate significant
insight into biology, but also as seeds for drug
discovery programs [30].

The initiative has also encouraged seven large
pharmaceutical companies to enter into a pre-
competitive collaboration to make a large
number of their innovative high-quality probes
from their previous projects available to the
broader scientific community, including all
probe-associated data, control compounds, and
recommendations on use in an unencumbered
manner (https://openscienceprobes.
sgc-frankfurt.de/) [31]. From the experience over
the past decade, we conclude that there is a
viable organizational structure in which acade-
mia and industry can collaborate to generate
high-value tools for the public domain.

Therefore, we feel that it is time to consider a
PPP that aims to create selective, openly avail-
able pharmacological modulators for the entire
human proteome. The task will be challenging;
at well over US$2 million per high-quality
chemical probe, it will be prohibitively expen-
sive and, for some technically challenging pro-
teins, perhaps not even possible. However, we
are in the midst of many technological revolu-
tions that, if aligned and coordinated, can make
the project feasible. These include advances in
protein production and protein-based screening
technologies [32,33], proteome-wide screening
methods for protein-ligand interactions [34],
target engagement and selectivity [35],
increases in chemical space coverage by com-
bining empirical and computational screens
[36,37], new advances in synthetic chemistry
[38], and DNA-encoded libraries [39], to name
just a few.

Target 2035

With this goal in mind, scientific representatives
from academia, industry, and public funders met
in Berlin in July 2018 to discuss how and
whether it was now time to tackle this problem.
The consensus was that the goal was potentially
feasible given our progress to date, the ability of
an open science structure to facilitate partici-
pation by funders, industry, and scientists across
borders, and the pace of technological

improvement. The participants also agreed that
the availability of these tools would have un-
imaginable benefits for understanding biology
and disease.

Meeting participants agreed on the aspira-
tional goal of generating cell-active, potent,
well-characterized chemical probes or func-
tional antibodies for nearly all human proteins
by 2035, and agreed that it would only be
possible and cost-effective with further tech-
nology development, and within a mission-
focused international program involving both
public and private sectors. Furthermore, to avoid
redundant research and to minimize complica-
tions arising from economic self-interests of
regions, universities, and companies, it should
adhere to the tenets of open science and be
coordinated as a federated group of technology
and science projects.

Participants also agreed that the path to 2035
should have two phases. The first phase, from
2020 to 2025, would not necessarily be orga-
nized top-down, but rather would provide a
broad roadmap around which international
groups of like-minded scientists could self-as-
semble and federate. The key aims of the fed-
eration would include the following: (i)
collecting, characterizing, and distributing
existing pharmacological modulators for key
representatives from all protein families in the
current druggable genome and generation of
chemical probes for additional family members;
(i) developing the crucial and centralized in-
frastructure to facilitate data collection, curation,
dissemination, and mining that will empower
the scientific community worldwide; and (jii)
creating centralized facilities to provide quan-
titative genome-scale biochemical and cell-
based profiling assays to the federated com-
munity.

The collective would create a forum to co-
ordinate the development and testing of new
technologies to extend the definition of
druggability; this might include organizing
grand challenges to the community. The tan-
gible goal of the first phase might be to develop
potent, well-characterized, functional modula-
tors for a targeted set of proteins by 2025.

As technologies and methodologies develop,
at some point the effort would transition to a
more formalized federation to avoid duplication
of effort, consolidate core activities, and share
advances more quickly. This second phase, po-
tentially from 2025 to 2035, would apply the
new technologies and infrastructure to generate
a complete set of pharmacological modulators
(Box 1) for most of the 20 122 human protein-
coding genes. Alternative approaches might
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BOX 1

Classes of protein modulators for Target 2035Chemical probe

Chemical probes are compounds that selectively modulate a single protein (or small group
of closely related proteins) in cells at reasonable concentrations (<1 mol/l).

Biological probe

Biological probes are monoclonal antibodies and/or other macromolecular affinity reagents
shown to be selective and able to modulate the activity of a protein target.
Chemogenomic libraries

Chemogenomics describes the use of target family-directed chemical libraries with known
selectivity profiles and broad annotation in several different assay panels (and not
excessively promiscuous) that modulate a subset of proteins in a cell. They are used to
identify possible target protein family members.

Protein Handle

Protein handles are small molecules that selectively bind to a single protein or small set of
proteins, but might not necessarily modulate the activity of the target protein on their own.
Ligands or handles can be used to create chimeric compounds that would recruit a second

protein to modulate the target.

also emerge. For example, the recent demon-
stration of chemically mediated protein—protein
interactions, such as proteolysis-targeting chi-
meras (PROTACs), highlights the enormous
possibilities to create both positive and negative
modulators of proteins [40].

Target 2035 is incredibly ambitious, but its
concept and practicality is on firm ground. Con-
ceptually, it is not unlike the approach of the
Human Genome Project [41] and other large-scale
genomic consortia, such as the International
HapMap Project [42] and the Single Nucleotide
Polymorphism Consortium [43]: start with what
can be immediately achieved; develop new tech-
nologies; and collaborate across borders and with
the private sector to access complementary ex-
pertise, experience, materials, and technologies. It
is essential to establish clear and quantitative
quality criteria for the output (target chemical tool
profiles) to provide focus (Box 1). Other key con-
cepts were agreed. First, there was consensus to
organize the project initially around protein fami-
lies because it is the most efficient, practical, and
scientifically sound way to divide this large project
into teams. Second, it was decided to establish clear
open science principles to eliminate or reduce
conflicts of interest, reduce legal encumbrances
[44], and encourage participation by all interested
scientists in the community.

Next steps

Several relevant initiatives are already underway,
including the Structural Genomics Consortium
[31,45],the RESOLUTE project on the solute carrier
protein family (https://re-solute.eu), NIH's lllumi-
nating the Druggable Genome program [46], and
the Innovative Medicines Initiative call 17 pro-
posal, ‘Open access chemogenomics library and
chemical probes for the druggable genome’
(www.imi.europa.eu/apply-funding/open-calls/

imi2-call-17). In the coming 5 years, we suggest
that these early initiatives align their efforts under
Target 2035 and call for others to join. These and
other like-minded groups should self-organize to
develop and share technologies and experiences,
both positive and negative, toward Target 2035
goals. We also encourage public and philan-
thropic funders of science and biomedicine to
support unbiased approaches and technology
development to identify chemical and biologic
modulators of the human proteome. Finally, we
call onindustry to join in the effort not only froma
technological perspective, but also from an or-
ganizational and funding perspective, because
eventual exploitation of the druggable genome is
also in their interest.
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