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INTRODUCTION: Resolving the molecular
details of proteome variation in the different
tissues and organs of the human body would
greatly increase our knowledge of human bi-
ology and disease. Here, we present a map of
the human tissue proteome based on quantita-
tive transcriptomics on a tissue and organ level
combined with protein profiling using micro-
array-based immunohistochemistry to achieve
spatial localization of proteins down to the
single-cell level. We provide a global analysis
of the secreted and membrane

proteins, as well as an analysis

coding genes, complemented with analyses
of various subproteomes, such as predicted
secreted proteins (n = 3171) and membrane-
bound proteins (n = 5570). The analysis shows
that almost half of the genes are expressed in
all analyzed tissues, which suggests that the
gene products are needed in all cells to main-
tain “housekeeping” functions such as cell
growth, energy generation, and basic metab-
olism. Furthermore, there is enrichment in
metabolism among these genes, as 60% of all

metabolic enzymes are expressed in all ana-
lyzed tissues. The largest number of tissue-
enriched genes is found in the testis, followed

by the brain and the liver.
Analysis of the 618 pro-
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org/10.1126/ edly showed that 30% are
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expressed in all analyzed
tissues. An analysis of me-
tabolic activity based on genome-scale meta-
bolic models (GEMS) revealed liver as the most
metabolically active tissue, followed by adipose
tissue and skeletal muscle.

CONCLUSIONS: A freely available interactive
resource is presented as part of the Human
Protein Atlas portal (www.proteinatlas.org), of-
fering the possibility to explore the tissue-
elevated proteomes in tissues and organs and
to analyze tissue profiles for specific protein
classes. Comprehensive lists of proteins ex-
pressed at elevated levels in the different tis-
sues have been compiled to provide a spatial
context with localization of the proteins in the
subcompartments of each tissue and organ
down to the single-cell level. m
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The human tissue—enriched proteins. All tissue-enriched proteins are shown for 13 representative tissues or
groups of tissues, stratified according to their predicted subcellular localization. Enriched proteins are mainly
intracellular in testis, mainly membrane bound in brain and kidney, and mainly secreted in pancreas and liver.

23 JANUARY 2015 » VOL 347 ISSUE 6220

sciencemag.org SCIENCE

Downloaded from www.sciencemag.org on January 23, 2015


http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/

RESEARCH

RESEA

PROTEOMICS

Tissue-based map of the

human proteome

Mathias Uhlén,*3* Linn Fagerberg,' Bjorn M. Hallstrém,"? Cecilia Lindskog,*

Per Oksvold,! Adil Mardinoglu,® Asa Sivertsson,' Caroline Kampf,* Evelina Sjostedt,”*
Anna Asplund,* IngMarie Olsson,* Karolina Edlund,® Emma Lundberg,! Sanjay Navani,’
Cristina Al-Khalili Szigyarto,> Jacob Odeberg,' Dijana Djureinovic,*

Jenny Ottosson Takanen,> Sophia Hober,” Tove Alm,' Per-Henrik Edqvist,*

Holger Berling,” Hanna Tegel,> Jan Mulder,® Johan Rockberg,” Peter Nilsson,'
Jochen M. Schwenk,' Marica Hamsten,” Kalle von Feilitzen,' Mattias Forsberg,'
Lukas Persson,' Fredric Johansson," Martin Zwahlen,' Gunnar von Heijne,®

Jens Nielsen,>® Fredrik Pontén*

Resolving the molecular details of proteome variation in the different tissues and organs of
the human body will greatly increase our knowledge of human biology and disease. Here,
we present a map of the human tissue proteome based on an integrated omics approach
that involves quantitative transcriptomics at the tissue and organ level, combined with
tissue microarray—based immunohistochemistry, to achieve spatial localization of proteins
down to the single-cell level. Our tissue-based analysis detected more than 90% of the
putative protein-coding genes. We used this approach to explore the human secretome, the
membrane proteome, the druggable proteome, the cancer proteome, and the metabolic
functions in 32 different tissues and organs. All the data are integrated in an interactive
Web-based database that allows exploration of individual proteins, as well as navigation of
global expression patterns, in all major tissues and organs in the human body.

here is much interest in annotating all hu-

man genes at the level of DNA (7, 2), RNA

(8, 4), and proteins (5, 6), with the ultimate

goal of defining structure, function, local-

ization, expression, and interactions of all
proteins. This has resulted in large-scale projects,
such as ENCODE (7) and the Human Proteome
Project (8), aimed to integrate results from many
research groups and technical platforms to reach
a detailed understanding of each of the ~20,000
human protein-coding genes predicted from the
human genome and their corresponding protein
isoforms. Recently, drafts of the human proteome
based on proteogenomics efforts have been de-
scribed (9, 10), focusing on recent advances in
mass spectrometry that allow comprehensive
analyses using both isotope-labeled analysis sys-
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tems (I1I) and deep proteomics methods (12) or
genome-wide targeted proteomics efforts (73).

A complement to these efforts is the Human
Protein Atlas program (14), which is exploring the
human proteome using genecentric and genome-
wide antibody-based profiling on tissue micro-
arrays. This allows for spatial pathology-based
annotation of protein expression, in combination
with deep-sequencing transcriptomics of the same
tissue types. The strategy is based on the quan-
titative assessment of transcript expression in
complex tissue homogenates, involving a mix-
ture of cell types combined with the precise lo-
calization of the corresponding proteins down to
the single-cell level, using immunohistochemis-
try. Recently, we performed a transcriptomics
study of 27 different tissues using this approach
(15), followed by subsequent in-depth studies of
the global proteome in a number of these tissues
and organs, such as liver (16), testis (17), and the
gastrointestinal (GI) tract (78). Here, we have used
this approach and extended the analysis to 32
tissue types, representing all major tissues and
organs in the human body, to create a genome-
wide map of the human tissue-based proteome,
with a focus on the analysis of the tissue-elevated
proteins and all secreted and membrane proteins.
Particular emphasis has been placed on analyses
of proteins targeted by pharmaceutical drugs (19)
and proteins implicated in cancer (20). We used
the data to generate comprehensive metabolic
maps for all 32 tissue types in order to identify
differences in metabolism between tissues. In
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addition, new transcriptomics data from 36 hu-
man cell lines allowed us to compare the pro-
teomes between cell lines and normal cells derived
from the same tissue types. Finally, the protein
isoforms generated by differential splicing be-
tween different tissues were studied with a focus
on splice variants with predicted differential sub-
cellular localization. All data are presented in an
interactive database (www.proteinatlas.org).

Results

Classification of all human
protein-coding genes

Samples representing all major tissues and or-
gans (n = 44) in the human body were analyzed
(Fig. 1A) by using 20,456 antibodies generated
“in-house,” as well as 3572 antibodies provided
by external suppliers. The antibodies have been
used to produce more than 13 million tissue-
based immunohistochemistry images, with each
image annotated on the single-cell level for all
sampled tissues by pathologists. The analysis was
complemented with RNA sequencing (RNAseq)
data for 32 out of the 44 tissue types. We inves-
tigated global expression profiles using hierar-
chical clustering based on the correlation between
122 biological replicates from the 32 organs and
tissues (Fig. 1B and fig. S1). The results reveal testis
and brain as outliers and a clear connectivity
between the samples from the GI tract (stomach,
duodenum, small intestine, colon, and rectum),
the hematopoietic tissues (bone marrow, lymph
node, spleen, tonsil, and appendix) and the two
striated muscle samples (cardiac and skeletal mus-
cle). A principal component analysis (fig. S2A)
confirms a close resemblance between cardiac
and skeletal muscle but also suggests similarities
in global expression between pancreas and salivary
gland, as well as differences between the primary
lymphoid tissue (bone marrow) and the second-
ary lymphoid tissues, such as tonsil and spleen.
The transcriptomics study allowed us to refine
the classification performed earlier (15) of all the
20,344 putative protein-coding genes with RNA-
seq data into categories based on their expression
across all 32 tissue types (Fig. 1C, Table 1, and
tables S1 to S4). Indirectly, this also provides an
estimate of the relative protein levels correspond-
ing to each gene, because proteogenomics analy-
ses have shown that the translation rate, in most
cases, is constant for a specific transcript across
different human cells and tissues at both a cel-
lular level (21) and a tissue level (9). Although it is
still a matter of scientific debate (22) whether
protein degradation rates could, in some cases,
vary for an individual protein in different tissues,
an overall concurrence between mRNA and pro-
tein levels for a given gene product across various
tissues is generally expected (9, 21). A large fraction
(44%) of the protein-coding genes were detected
in all analyzed tissues, and these ubiquitously
expressed genes include known “housekeeping”
genes encoding mitochondrial proteins and pro-
teins involved in overall cell structure, transla-
tion, transcription, and replication. Of all the
protein coding genes, 34% showed an elevated
expression in at least one of the analyzed tissues,
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and these were further subdivided into (i) en-
riched genes with mRNA levels in one tissue type
at least five times the maximum levels of all other
analyzed tissues, (ii) group-enriched genes with
enriched expression in a small number of tissues,
and (iii) enhanced genes with only a moderately
elevated expression. The use of the word “tissue-
specific” has been avoided because this defini-
tion depends on arbitrary cut-off levels, and
many proteins described in the literature as
“tissue-specific” are here shown to be expressed
in several tissues. This is exemplified by albumin,
which we, as expected, identified as enriched in

liver but also found at high levels, albeit much
lower than for liver, in kidney and pancreas.

Evidence for the human

protein-coding genes

We have determined the number of genes for
which evidence is available at a protein level by
combining our antibody-based data with the
manual annotation of literature by the UniProt
consortium (5) and the results from the recent
mass spectrometry-based proteogenomics analy-
ses (9, 10, 12). The analysis shows that there are
17,132 protein-coding genes with proteins identi-

fied from at least one of the three efforts and
13,841 genes with experimental evidence from at
least two of the efforts (Fig. 1D). Furthermore,
there is evidence, at the RNA level, for 2546 ad-
ditional genes based on either our data or an-
notations by UniProt. Although proteins not yet
detected by one of the three methods should be
further investigated to establish them as true
human proteins, it is noteworthy that out of the
20,356 putative protein-coding genes (in Ensembl
release 75) there are only 677 genes (3.3%) for
which there is no experimental evidence (table
S5). Many of these genes were removed in the
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Fig. 1. Classification and protein evidence of the human protein-coding
genes. (A) The tissues analyzed in this study, including tissues studied both by
RNAseq and antibody-based profiling and those analyzed only by antibody-based
profiling. For details see table S1. (B) Heat map showing the pairwise correlation
between all 32 tissues based on transcript expression levels of 20,344 genes. The
average FPKM values for each gene and tissue are used in the analysis. For
correlation results of all individual samples, see fig. S1. (C) The number of genes
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classified in each expression category according to the definition stated in Table 1.
(D) Venn diagram showing the overlap between protein evidence on the basis of
three sources: Human Protein Atlas, UniProt, and Proteogenomics. (E) The
distribution of genes classified as having protein evidence, evidence only at the
transcript level, and genes without any experimental evidence. (F) The number of
genes with protein evidence, RNA evidence, and no evidence stratified according
to their transcriptomics-based classification into six categories.
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later update of Ensembl (release 76) (fig. S2B),
and others have been suggested to be noncoding
genes on the basis of the lack of correlation in
gene family age and cross-species conservation
studies. Thus, it is possible that most of these
“missing genes” will be removed from the list
of protein-coding genes in the future. These
genes and the genes with evidence only at the
RNA level are obvious targets for more in-depth
functional protein studies. A summary of the
supporting data is shown in Fig. 1E. Few (2%) of

the ubiquitously expressed genes lack protein
evidence (Fig. 1F); however, protein evidence is
lacking for 18% of the genes identified here by
RNA analysis as elevated (tissue enriched, group
enriched, or enhanced). Examples of genes with
no previous evidence on the protein level accord-
ing to UniProt, but now confirmed using antibody-
based profiling and proteogenomics (9, 10), are
chromosome 2 open reading frame 57 (C20rf57),
shown here with an enriched expression in testis
localized to the sperm (Fig. 2A), and chromo-

some 8 open reading frame 47 (C8orf47), with
expression in a subset of endocrine islet cells and
ductal cells of the exocrine pancreas (Fig. 2B).

The tissue-elevated proteome

A network plot shows the number of tissue-
enriched genes for each tissue type, as well as the
number of genes enriched in different groups of
tissues and organs (fig. S4). An analysis of se-
lected tissues and organs (Fig. 20) reveals a large
number of elevated genes in male tissue, brain,

Table 1. Classification of all human protein-coding genes based on transcript expression levels in 32 tissues.

Category Description No. of Fraction of
genes genes (%)
Tissue enriched mRNA levels in a particular tissue at least five times those in all other tissues 2,355 12
Group enriched mRNA levels at least five times those in a group of 2-7 tissues 1,109 5
Tissue enhanced mRNA levels in a particular tissue at least five times average levels in all tissues 3478 17
Expressed in all Detected in all tissues (FPKM > 1) 8,874 44
Mixed Detected in fewer than 32 tissues but not elevated in any tissue 2,696 13
Not detected FPKM < 1in all tissues 1,832 9
Total Total number of genes analyzed with RNAseq 20,344 100
Total elevated Total number of tissue-enriched, group-enriched, and tissue-enhanced genes 6,942 34
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Fig. 2. Tissue microarray—based protein expression, and analysis of tissue-
elevated genes in the different organ systems. (A to N) Tissue expression
and localization for a selection of human proteins. Larger images corresponding
to (A) to (N) of the figure are shown in fig. S3. The levels of the corresponding
mMRNA (FPKM) are displayed as bars for each of the 13 organ systems analyzed
(from left: brain, endocrine tissue, lung, blood and immune system, liver, male
tissue, adipose tissue, heart and skeletal muscle, Gl tract, pancreas, kidney,
female tissue, and skin). Examples include testis with C2orf57 expression in
sperm (A), pancreas with cytoplasmic C8orf47 expression in both a subset of
endocrine cells and ductal cells (B), duodenum with CDHR2 expression in
microvilli (C), lymph node with cytoplasmic FCRLA expression in germinal center
cells (D), skeletal muscle with cytoplasmic MYL3 expression in slow muscle
fibers (E), fallopian tube with ROPNIL expression in cilia (F), kidney with SUN2
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Fatty acid metabolic process
Response to hormone stimulus

expression in all nuclear membranes (G), pancreas with GATM expression in
mitochondria throughout the exocrine compartment (H), skin with GRHL1 ex-
pression in nuclei of the upper epidermal layer (), stomach with nuclear PAX6
expression in endocrine cells (J), adrenal gland with cytoplasmic expression of
CYP11BLlin cortical cells (K), lung with cytoplasmic COMTexpression in a subset
of pneumocytes and macrophages (L), colon with nuclear ATF1 expression in
glandular cells (M), and prostate with nuclear FOXAL expression in glandular
cells (N). (O) The number of elevated genes in the 13 organ systems, as de-
scribed in (P), and the fraction of all transcripts (FPKM) encoded by these
elevated genes for each of these organ systems. (P) An analysis of major GO
terms for each tissue on the basis of the tissue-elevated genes in 13 selected
tissues or groups of tissues, as described in supplementary methods. For more
details of the GO analysis, see table S6.
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and liver and relatively few in lung, pancreas, and
fat (adipose tissue). The transcriptomics analy-
sis also allowed us to determine the fraction of
elevated transcripts in each tissue (Fig. 20). For
most tissues, only ~10% of the transcripts are en-
coded by tissue-elevated genes, with the exception
of pancreas and liver, where elevated genes en-
code 70% and 35% of the transcripts, respectively.

A functional Gene Ontology (GO) analysis for
13 tissues or groups of tissues is summarized in
Fig. 2P (see table S6 for details), and the terms
identified are consistent with the function of the
respective tissues. The largest number of en-
riched genes is found in the testis (n = 999), with
many of the corresponding testis-specific pro-
teins involved in the reproductive process and
spermatogenesis. It is not unlikely that many of
these genes will show a shared expression with
oocytes in the female ovaries, which are difficult
to analyze because of the different kinetics of

germ cell development, including first rounds of
meiosis at the embryonic stages during female
life. The tissue with the second largest number of
enriched genes is the brain (n = 318). The num-
ber of genes with expression restricted to neu-
ronal tissue is relatively small, but it is likely that
more enriched genes would be added to the list if
additional regions, such as the various special-
ized regions of the brain, were sampled. Genes
elevated in liver encode secreted plasma and bile
proteins, detoxification proteins, and proteins as-
sociated with metabolic processes and glycogen
storage, whereas genes elevated in adipose tissue
encode proteins involved in lipid metabolic pro-
cesses, secretion, and transport. Genes elevated
in skin encode proteins associated with func-
tions related to the barrier function (squamous
cell differentiation and cornification), skin pig-
mentation, and hair development. In the GI tract,
elevated genes predominantly encode proteins

involved in nutrient breakdown, transport, and
metabolism; host protection; and tissue morphol-
ogy maintenance.

As expected, many of the genes enriched in
groups of tissues are common for the GI tract
and the hematopoietic tissues, respectively, as
exemplified on the protein level by cadherin-
related family member 2 (CDHR2), expressed
in the microvilli of duodenum and small intestine
(Fig. 2C), and Fc receptor-like A (FCRLA), expressed
in lymph node, tonsil, appendix, and spleen (Fig.
2D). A large number of group-enriched genes
involved in contraction are observed in striated
(cardiac and skeletal) muscle, as exemplified by
the fiber type-specific expression of myosin light
chain 3 (MYL3) (Fig. 2E), whereas many genes
shared between testis and the fallopian tube, as
well as testis and lung, are involved in cell mo-
tility, as exemplified by rophilin-associated tail
protein-like (ROPNIL), which is expressed in
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Fig. 3. Prediction and analysis of the human secreted and membrane-
spanning proteins. (A) The number and fraction of all human genes (n =
20,356) classified into the categories soluble, membrane-spanning, and
secreted, as well as genes with isoforms belonging to two or all three cat-
egories. (B) Venn diagram showing the number of genes in each of the
three main subcellular location categories: membrane, secreted, and solu-
ble. The overlap between the categories gives the number of genes with
isoforms belonging to two or all three categories. (C) The fraction of genes
in the various protein expression classes for the soluble, secreted, and
membrane-spanning proteins, as well as genes with both secreted and
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membrane-spanning isoforms. (D) The fraction of transcripts based on
FPKM values from each of the three secreted or membrane-spanning cat-
egories across the 32 analyzed tissues. (E) The 370 most-abundant genes
(FPKM > 1000) in the different tissues, stratified according to their pre-
dicted localization on the basis of (C), as well as an additional category of
the 13 genes encoded by the mitochondrial genome. The gene names for a
selection of the most abundant genes are shown. (F) The transcript levels
(FPKM) on a logyo scale for all genes identified as tissue-enriched are
shown for a few selected tissues, with each gene stratified according to
predicted localization.
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sperm (testis), ciliated cells in respiratory epithe-
lia (lung), and ciliated cells in the fallopian tube
(Fig. 2F).

The human secretome and
membrane proteome

Both secreted and membrane-bound proteins
play crucial roles in many physiological and
pathological processes. Important secreted pro-
teins include cytokines, coagulation factors, hor-
mones, and growth factors, whereas membrane
proteins include ion channels or molecular trans-
porters, enzymes, receptors, and anchors for other
proteins. Here, we performed a whole-proteome
scan to predict the complete set of human se-
creted proteins (“secretome”) using three meth-
ods for signal-peptide prediction: SignalP4.0 (23),
Phobius (24), and SPOCTOPUS (25). In addition,
the human membrane proteome was predicted
using seven membrane-protein topology predic-
tion methods as described (21), which resulted in
a majority decision-based method (MDM). For
each protein-coding gene, all protein isoforms
were annotated for predicted localization: secreted,

membrane spanning, or soluble (intracellular
proteins without a predicted signal peptide or
membrane-spanning region) (table S1). Some of
the proteins predicted to be membrane-spanning
are intracellular, e.g., in the Golgi or mitochon-
drial membranes, and some of the proteins pre-
dicted to be secreted could potentially be retained
in a compartment belonging to the secretory
pathway, such as the endoplasmic reticulum (ER),
or remain attached to the outer face of the cell
membrane by a GPI anchor. About 3000 human
genes are predicted to encode secreted proteins,
with another 5500 encoding membrane-bound
proteins (Fig. 3A). In the interactive database
(www.proteinatlas.org), many of the secreted
proteins are detected at the RNA level in tis-
sues, but no protein expression is observed in the
antibody-based analysis in the same tissue—most
likely because the steady-state levels of proteins
in the cell during the secretion process are too
low to be detected.

A large fraction (72%) of human genes encode
multiple splice variants with different protein se-
quences. In Fig. 3B, all genes have been classified

according to the presence of protein isoforms
that are intracellular, membrane-spanning, and/
or secreted. Note that two-thirds of the genes
encoding secreted proteins have at least one
splice variant with alternative localization. All
protein isoforms (n = 94,856) with their predicted
localization based on the three signal-peptide-
prediction methods, as well as the number of
predicted transmembrane segments, are listed in
table S7. An analysis across the 32 tissues (Fig.
3C) supports earlier suggestions (21, 26) that a
larger fraction of tissue-enriched proteins are
secreted or membrane-spanning proteins than
are intracellular proteins.

Furthermore, we investigated the fraction of
the transcriptome that codes for each class of
proteins across the 32 tissues (Fig. 3D and fig.
S4). In most cases, the secreted proteins account
for between 10 and 20% of the transcripts. In
contrast, more than 70% of the transcripts from
the pancreas and ~60% from the salivary gland
encode secreted proteins. This demonstrates the
extreme specialization of these two tissues for pro-
duction of secreted proteins into the duodenum
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Fig. 4. The human transcriptome in different tissues and organs. (A) The
fraction of transcripts encoded by mitochondrial genes for each of the different
tissues and organs, subdivided by genes encoded by the mitochondrial genome
and chromosomes, respectively. (B) The fraction of genes classified according to
tissue expression pattern and analyzed for all targets of approved drugs (n = 618),
all transcription factors (n = 1508), and proteins implicated in cancer (n = 525). (C)
The transcript levels (FPKM) for all genes encoding transcription factors in some
selected tissues, color-coded according to their global expression category. (D)

SCIENCE sciencemag.org

log2 FPKM+1 liver log2 FPKM+1 pancreas

The number of pharmaceutical drugs approved by FDA, according to Drugbank
(19), that are chemical (small-molecule) or biotech drugs. (E) The number of
pharmaceutical drugs approved by FDA (19) stratified according to the predicted
localization of the target protein. (F) Pairwise comparison showing all genes
expressed in liver tissue and the liver cell line Hep-G2, color-coded according to
protein expression category as shown in (B). (G) Pairwise comparison showing all
genes expressed in pancreas tissue and the pancreas cell line Capan-2, color-
coded according to protein expression category as shown in (B).
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Fig. 5. Differential splicing analysis of transcripts. (A) Dot plot of genes
with multiple isoforms, where at least one isoform is classified as membrane-
spanning and another classified as secreted. The x axis shows 366 genes
expressed at >5 FPKM in one or more tissues; the y axis shows the sum of FPKM
values for all secreted isoforms divided by the total sum of FPKM values for each
tissue expressed at >5 FPKM. For each gene, the number of tissues where the
secreted transcripts are more abundant than the membrane-spanning tran-
scripts is calculated to define a majority fraction-type as membrane (red),
secreted (blue), or equal number for both categories (purple). Each tissue is
represented by a circle, and the color is the same across all tissues for the same
gene. (B) Example of differential splicing for the gene TMEDZ2, with two isoforms
predicted as membrane-spanning and one isoform predicted as secreted. The
exon-intron structure (with pure intronic sites removed), as well as the location
of the untranslated regions (UTR) of three splice variants of TMEDZ, are shown
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on top. Normalized read coverage plots for cardiac muscle, skeletal muscle,
thyroid gland, and bone marrow highlight the differential use of exons in the
selected tissues. (C) Transcript abundance (FPKM values) plotted across all 32
tissues for each isoform. The predicted membrane-spanning transcript (top) is
expressed in all tissues, with thyroid gland as the most abundant tissue; a
secreted isoform (middle) is only detected in cardiac and skeletal muscle; and a
second membrane-spanning isoform (bottom) is expressed at very low levels,
with bone marrow as most abundant. (D) Examples of differential splicing for the
gene LYNXI, with three isoforms predicted as membrane-spanning and six
isoforms predicted as secreted from the visualization used in (B). (E) Transcript
abundance (FPKM values) for three isoforms of LYNXI detected at >5 FPKM.
The secreted isoform (top) is expressed at high levels in esophagus and skin,
whereas the two membrane-spanning isoforms (middle and bottom) are most
abundant in brain and cardiac muscle.
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and oral cavity, respectively. About 40% of the
transcripts in liver encode secreted proteins. Oth-
er tissues with relatively high levels of transcripts
encoding secreted proteins include gallbladder,
bone marrow, placenta, and different parts of the
GI tract, such as stomach, duodenum, and small
intestine.

The most abundant genes, normalized as frag-
ments per kilobase of exon per million fragments
mapped (FPKM) with a value >1000, in the dif-
erent tissues are shown in Fig. 3E, and the pre-
diction of the localization of the corresponding
proteins reveals that many (53%) are secreted pro-
teins. Among the predicted membrane-spanning
proteins, 13 proteins encoded in the mitochon-
drial genome are the most highly expressed. In
Fig. 3F, tissue-enriched genes are shown stratified
according to their predicted subcellular localiza-
tion. Many of the tissue-enriched genes in testis
are intracellular, whereas a large number of the
tissue-enriched genes in brain and Kkidney are
membrane-bound. In contrast, in many other tis-
sues, such as pancreas, salivary gland, liver, stom-
ach, and bone marrow, most tissue-enriched
genes are secreted (fig. S5).

The housekeeping proteome

Transcriptomics analysis shows that close to
9000 genes (table S1) are expressed in all ana-
lyzed tissues, which suggests that the gene pro-
ducts are needed in all cells to maintain basic
cellular structure and function. These housekeep-
ing proteins include ribosomal proteins involved

in protein synthesis, enzymes essential for cell
metabolism and gene expression, and mitochon-
drial proteins needed for energy generation, as
well as proteins responsible for the structural
integrity of the cell. Most of these proteins are
expressed at similar levels throughout the hu-
man body, as exemplified in kidney by the ex-
pression of the nuclear membrane protein SUN2
present in all cells (Fig. 2G), whereas a few pro-
teins show great variability in expression levels—
for example, the mitochondrial protein glycin
amino transferase (GATM), with high expression
in exocrine pancreas (Fig. 2H), kidney, and liver
but relatively low expression levels in all other
tissues. An interesting class of proteins is encoded
by mitochondrial genes, and in Fig. 4A, the tran-
scriptional load of these genes is shown across dif-
ferent tissues. The highest fractions of transcripts
encoding mitochondrial proteins are found in car-
diac muscle (32% of all transcripts) and skeletal
muscle (28%), which demonstrates the importance
of energy metabolism for striated muscle tissue.

The regulatory proteome

Transcription factors, of which ~1,500 have been
identified in humans (27), comprise an impor-
tant class of regulatory proteins as they function
as on/off switches for gene expression. The frac-
tion of transcription factor genes classified accord-
ing to tissue specificity is shown in Fig. 4B, which
suggests a tissue distribution similar to that of
the complete proteome, with as many as 41% of

the genes expressed in all tissues and only 29%
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identified as elevated (enriched, group enriched,
or enhanced). Many of the more-abundantly ex-
pressed transcription factors are found in all
tissues (Fig. 4C). However, there are examples of
abundant transcription factors that belong to the
tissue-elevated categories, such as (i) grainyhead-
like 1 (GRHLI) with enhanced expression in esoph-
agus and skin (squamous epithelia) and selective
localization to the uppermost nucleated epider-
mal keratinocytes (Fig. 2I) and (ii) paired box 6
(PAX6) involved in eye and brain development
and differentiation of pancreatic islet cells, with
group-enriched expression in brain, pancreas, and
stomach, selectively localized to a subset of glan-
dular cells in the stomach mucosa (Fig. 2J) and
to islet cells in the pancreas. The tissue-enriched
transcription factors identified here (table S8) will
enable new insights into the regulatory pattern
of the different tissues.

The druggable proteome

Most pharmaceutical drugs act by targeting pro-
teins and modulating their activity. Target proteins
belong to four main families: enzymes, trans-
porters, ion channels, and receptors. The U.S.
Food and Drug Administration (FDA) has ap-
proved drugs targeting human proteins from
618 genes, according to Drugbank (19), with most
drugs acting on signal transduction proteins that
convert extracellular signals into intracellular re-
sponses. Antibody-based drugs are usually un-
able to penetrate the plasma membrane, and
therefore, they target cell surface proteins, such
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as receptors, whereas small-molecule drugs can
diffuse into cells and act also on intracellular tar-
gets. An analysis of the proteins encoded from the
618 genes shows that 535 proteins are targeted by
small chemical molecules, whereas 108 proteins
are targeted by biotech drugs (Fig. 4D). The pre-
dicted subcellular localization (Fig. 4E) shows
that 59% of the targets are predicted membrane
proteins and that 16% are secreted, including
those with both secreted and membrane-bound
isoforms. The genes corresponding to these drug
targets were classified according to tissue spec-
ificity, and the results (Fig. 4B and table S9) show
a bias for tissue-elevated proteins (enriched, group
enriched, or enhanced), although as many as 30%
of the approved drugs target proteins expressed
in all analyzed tissues. One example of a target
with enriched expression is cytochrome P450 11B1
(CYP11B1), which is involved in the conversion of
progesterone to cortisol in the adrenal gland
(Fig. 2K), whereas a ubiquitously expressed
protein is the catechol-O-methyltransferase (COMT),
which is associated with degradation of neuro-
transmittors and is important in the metabolism
of drugs used in treatment of Parkinson’s dis-
ease. COMT displays cytoplasmic expression in
all analyzed tissues, including lung (Fig. 2L). The
ubiquitous expression may have implications for
treatments using these proteins as drug targets.

The cancer proteome

Genes implicated in cancer are often essential for
orderly growth, survival, and basic cell functions
in normal cells and tissues, whereas overexpres-
sion, loss of expression, or expression of a mu-
tated protein contributes to dysfunction and
tumor growth. The number of genes implicated
in cancer is dependent on definitions; however,
259 genes have been shown to be mutated across
21 tumor types (28); 290 genes have been reported
as cancer driver genes across 12 tumor types (29);
and 525 genes have been implicated in malig-
nant transformation, according to a catalog of
somatic mutations in cancer (COSMIC) (20). Ex-
pression analysis based on our transcriptomics
data shows that a majority (60%) of these last-
mentioned genes (Fig. 4B and table S10) is ex-
pressed in all tissues, with only a fraction of genes
expressed in a tissue- or group-enriched manner.
Examples are the activating transcription factor
1 (ATF1) (Fig. 2M), a protein expressed in all tis-
sues with known translocations in sarcomas, and
the forkhead box A1 (FOXAI) (Fig. 2N), a protein
with enhanced expression where somatic muta-
tions in a subset of prostate cancers have been
reported (30). The lack of tissue specificity for
many of these genes is not surprising because
many of the corresponding proteins are involved
in normal growth regulation and cell cycle con-
trol, but it also emphasizes the possible adverse
effects of treatment with drugs targeting pro-
teins expressed in all tissues.

Tissue versus cell lines

Human biology and diseases are often explored
using cell lines as model systems. We compared
the body-wide expression in human tissues with
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expression in cancer cell lines derived from cor-
responding tissue types. The transcriptomes for
11 cell lines were described earlier (31), whereas
the transcriptomes for an additional 36 cell lines
were generated as part of this study (see table
S11). Genome-wide expression patterns compar-
ing normal tissues with corresponding human
cell lines are shown in fig. S6, as exemplified by
the liver cancer-derived cell line Hep-G2 (Fig. 4F),
and the pancreas cancer-derived cell line Capan-2
(Fig. 4G). Many of the tissue-enriched genes iden-
tified in normal tissues are down-regulated or
completely “turned off” in the corresponding cell
lines, and in contrast, the housekeeping proteins
are expressed at the same level in both tissues and
corresponding cell lines. These results support
earlier studies (32) suggesting that cell lines are
“dedifferentiated,” with shared characteristics and
lack of tissue-specific features due to down-regulation
of tissue-enriched genes. This implies that conclu-
sions from cell line studies should only be con-
ferred on the corresponding tissue with caution.

The isoform proteome

Protein isoforms endow the structural space of the
human proteome with breadth and complexity
(33). Isoforms are produced through alternative
splicing, posttranslational modifications, proteo-
lytic cleavage, somatic recombination, or genetic
variations in protein-coding regions. We explored
genes encoding isoforms with different predicted
localization (secreted or membrane spanning)
(table S12). A large number of these genes (n =
366) are displayed together with the fraction of
all transcripts (mMRNA molecules) in Fig. 5A,
with splice variants that yield secreted proteins.
Most of the genes (67%) have more than 80% of
the transcripts encoding only one of the two
localizations across all 32 tissues, but there are
some proteins for which the majority of the
transcripts encode a secreted form in one tissue,
whereas the majority of the transcripts encode a
membrane protein in another tissue. As an ex-
ample, the expression levels for different iso-
forms of the poorly understood transmembrane
emp24 domain-trafficking protein 2 (TMED2)
are shown in Fig. 5, B and C. Cardiac muscle has
a tissue-specific expression of the secreted form,
whereas the membrane-bound form is detected
in all other tissue types, although at variable
levels. Similarly, the protein Ly6 or neurotoxin
1 (LYNX1) shows a selective expression of the
secreted isoform in the esophagus and the skin,
whereas the membrane-bound form is found in
other tissue types and is most abundantly ex-
pressed in the brain and the cardiac muscle
(Fig. 5, D and E). The different localizations of the
isoforms are consistent with the predicted func-
tions of the different isoforms. In most cases,
one of the isoforms dominates across all tissues,
which is also consistent with earlier studies (34).
These are starting points to explore the relation
between tissue-specific expression and function.

Tissue-based map of human metabolism

Genome-scale metabolic models (GEMs) provide
not only the best representation of the metabolic

capabilities of cell and/or tissue types but also quan-
titative descriptions of the genotype-phenotype
relationship (35). Using the RNAseq data, we
reconstructed tissue-specific GEMs for 32 differ-
ent tissues using the generic metabolic model,
HMR2 (36), and generated a map of the com-
plete human metabolism. All models were gener-
ated such that they can carry out 56 metabolic
tasks identified to be present in all human cell
types (37). The numbers of the reactions, metab-
olites, and genes incorporated into each tissue-
specific GEM are presented (table S13), and
the models are provided in SBML format at the
Human Metabolic Atlas portal (38). In order to
confirm that none of the models have futile
cycles, we ensured that high-energy compounds
cannot be generated from low-energy compounds
using metabolic tasks including rephosphoryl-
ation of adenosine triphosphate or the genera-
tion of a proton gradient over the membranes
(table S14:).

A total of 6627 reactions, 3040 genes, and 4847
metabolites were present in at least one of the
tissue models, and 4912 reactions, 1822 genes,
and 3984 metabolites were present in all models.
This shows that about 75% of all metabolic re-
actions in the human body are operating in all
key tissues, which clearly illustrates the central
role metabolism is playing for basic cellular func-
tion. At a gene level, the consensus expression in
all tissues is, however, less (i.e., about 60%), which
shows that, even though different tissues have the
same metabolic reactions, it is different isoforms
of the enzymes that are responsible for catalyzing
these reactions. Our analysis is the first genome-
wide illustration of this wide variation in enzyme
usage for catalyzing the same reaction between
human tissues.

We found that only 207 of the reactions (Fig. 6A)
and 74 of the genes (Fig. 6B) were unique to
any of the tissues, and notable differences be-
tween the genes (fig. S7) and reactions (fig. S8)
based on pairwise comparisons of the various
tissues were observed. Between 57 and 632
genes differed in these comparisons of the tis-
sue models, representing 9 to 21% of the genes
shared in all models. Bone marrow has the lowest
number of genes and reactions, whereas liver
has a large number of genes and reactions not
present in any other tissue. Many of the meta-
bolic reactions in liver involve specialized lipid
metabolism, e.g., de novo synthesis and secretion
of bile acids including glycocholate, taurocholate,
glycochenodeoxycholate, and taurochenodeoxy-
cholate, but there are also other metabolic functions
specific to liver such as ornithine degradation. To
further investigate the metabolic capability of
each tissue-specific GEM, we defined 256 meta-
bolic tasks (table S15) that are known to occur
in humans. The analysis shows that 192 of these
metabolic tasks can be performed in all analyzed
tissues, whereas the remaining 64 metabolic
tasks were performed by some GEMs and clus-
tering of these 64 metabolic tasks is shown in
Fig. 6C (see also table S16). The analysis dem-
onstrates liver as the most metabolically ac-
tive tissue, followed by adipose and skeletal

sciencemag.org SCIENCE



RESEARCH | RESEARCH ARTICLE

muscle. For all the remaining tissues, there are
variations in the metabolic activities, but with
clustering of activities in tissues with similar
function and morphology, e.g., stomach, duode-
num, and small intestine.

Discussion

Here, we present a tissue-based map of the hu-
man proteome from analyses of 32 tissues and 47
cell lines, with gene expression data on both the
RNA and protein level and with supplementary
analyses on the protein level for an additional 12
tissues. An interactive resource is presented as
part of the Human Protein Atlas portal (www.
proteinatlas.org). This allows exploration of the
tissue-elevated proteomes in these tissues and
organs and analysis of tissue profiles for specific
protein classes, including proteins involved in
housekeeping functions in the human body, such
as cell growth, energy generation, and metabolic
pathways; groups of proteins involved in dis-
eases; and proteins targeted by pharmaceutical
drugs. Comprehensive lists of genes expressed at
elevated levels in these tissues have been com-
piled, with quantitative expression profiles provided
by the deep-sequencing transcriptomics comple-
mented with immunohistochemistry. This provides
localization of the proteins in the subcompart-
ments of each tissue and organ down to the
single-cell level. To facilitate integration with oth-
er biological resources, all data are available for
download and through collaborations cross-linked
with efforts such as UniProt (5), NextProt (6),
ProteomicsDB (9), Metabolic Atlas (38), and the
pan-European ELIXIR project (39). An important
short-term objective is to facilitate international
efforts (5, 7, 8, 40) to explore the “missing proteins,”
with the aim to provide a finite list of human
protein-coding genes and to generate firm protein
evidence and expression characteristics for all of
these genes. In addition, the primary data here
can be used to expand the analysis of the isoform
proteome to better understand the role of this
diverse proteome for the functional biology of
humans.
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