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Supplementary Materials

Materials and Methods

Sample preparation

Human tissue samples used for protein and mRNA expression analyses were collected and
handled in accordance with Swedish laws and regulation and obtained from the Department of
Pathology, Uppsala University Hospital, Uppsala, Sweden as part of the sample collection
governed by the Uppsala Biobank (http://www.uppsalabiobank.uu.se/en/). All human tissue
samples used in the present study were anonymized in accordance with approval and advisory
report from the Uppsala Ethical Review Board (Reference # 2002-577, 2005-338 and 2007-159
(protein) and # 2011-473 (RNA)). Included cell lines were derived from DSMZ, ATCC or
academic research groups (kindly provided by cell line founders). Information regarding sex and
age of the donor, tissue origin and source can be found @ at
http://www.proteinatlas.org/about/cellines.

Protein profiling (tissue microarrays and immunohistochemistry)

Generation of tissue microarrays (TMAs), immunohistochemical staining and slide scanning
were performed as previously described (41). In brief, formalin fixed and paraffin embedded
(FFPE) tissue samples were collected from the pathology archives based on hematoxylin-eosin
(HE) stained tissue sections showing representative normal histology for each tissue type.
Representative cores (1 mm diameter) were sampled from the FFPE blocks and assembled into
two TMAS, containing in total normal tissue samples from 144 individuals. Duplicate samples
from 46 cell lines, 10 leukemia blood cell samples and two samples of normal PBMC were used
to create cell microarrays (CMA). All cells were fixed in 4% paraformaldehyde and dispersed in
agarose prior to paraffin embedding and immunohistochemical staining. TMA and CMA blocks
were cut in 4 um thick sections using waterfall microtomes (Microm HM 355S, Thermo Fisher
Scientific, Freemont, CA, USA), dried in RT overnight and baked in 50°C for 12-24 hours prior
to immunohistochemical staining. Automated immunohistochemistry was performed using
Autostainer 480® instruments (Lab Vision, Freemont, CA, USA), followed by slide scanning
using Scanscope XT (Aperio, Vista, CA, USA). The corresponding high resolution images of
immunohistochemically stained TMA sections were evaluated and annotated by certified
pathologists (Lab SurgPath, Mumbai, India). The CMA images were scored using an automated
image analysis system.

Transcript profiling (RNA-seq)

Tissues samples were embedded in Optimal Cutting Temperature (O.C.T.) compound and stored
at —80°C. An HE stained frozen section (4 um) was prepared from each sample using a cryostat
and the CryoJane® Tape-Transfer System (Instrumedics, St. Louis, MO, USA). Each slide was
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examined by a pathologist to ensure sampling of representative normal tissue. Three sections (10
pm) were cut from each frozen tissue block and collected into a tube for subsequent RNA
extraction. The tissue was homogenized mechanically using a 3 mm steel grinding ball (VWR).
Total RNA was extracted from cell lines and tissue samples using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. The extracted RNA samples were
analyzed using either an Experion automated electrophoresis system (Bio-Rad Laboratories,
Hercules, CA, USA) with the standard-sensitivity RNA chip or an Agilent 2100 Bioanalyzer
system (Agilent Biotechnologies, Palo Alto, USA) with the RNA 6000 Nano Labchip Kit. Only
samples of high-quality RNA (RNA Integrity Number >7.5) were used in the following mRNA
sample preparation for sequencing.

Analysis of data

Sequencing of a total number of 122 samples from 32 tissues and organs was performed as
previously described, using Illumina Hiseq2000 and Hiseq2500, and the standard Illumina RNA-
seq protocol (15). In brief, processed reads were mapped to the human genome (GRCh37) using
Tophat v2.0.8b (42). To obtain quantification scores for all human genes and transcripts across all
122 samples, FPKM (fragments per kilobase of exon model per million mapped reads) values
were calculated using Cufflinks v2.1.1 (43). The gene models from Ensembl build 75 (44) were
used in Cufflinks and the total number of protein-coding genes was 20,356. Since 12 genes were
missing from the Cufflinks output, the final number of genes with RNA-seq data was 20,344. The
average FPKM value of all individual samples for each tissue was used to estimate the gene
expression level. A cutoff value of 1 FPKM was used as a limit for detection across all tissues.

RNA-based classification of genes

Each of the 20,344 genes with mapped RNA-seq data was classified into one of six categories
based on the FPKM levels in 32 tissues: (1) “Not detected”: FPKM<I in all tissues; (2) “Tissue
enriched” — at least a 5-fold higher FPKM level in one tissue compared to all other tissues; (3)
“Group enriched” — 5-fold higher average FPKM value in a group of 2-7 tissues compared to all
other tissues; (4) “Expressed in all tissues” — detected in all 32 tissues with FPKM>1; (5) “Tissue
enhanced” — at least a 5-fold higher FPKM level in one tissue compared to the average value of
all 32 tissues; (6) “Mixed” — the remaining genes detected in 1-31 tissues with FPKM>1 and in
none of the above categories.

Gene ontology analysis
Enriched gene ontology terms in sets of enriched genes were determined using the DAVID
Bioinformatics Resource v 6.7 (45).

Protein and RNA-evidence

Evidence for the existence of protein (Protein evidence) was taken from four different sources,
the Human Protein Atlas, UniProt and two recent mass spectrometry based proteogenomics
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studies (9, 10). Genes were considered to have evidence of protein presence from the Human
Protein Atlas only if the antibody reliability was annotated as “medium” or “high”, from Uniprot
if the protein had the “Evidence at protein level” attribute and from proteogenomics if either of
the two studies mapped at least two non-discriminating peptides to the protein. The remaining
genes, lacking protein evidence from any source, was divided into genes with RNA-evidence, i.e.
genes with “Evidence at transcript level” according to UniProt or an FPKM > 1 in at least one of
our 32 tissues (RNA evidence), and genes lacking any evidence (No evidence).

Prediction methods for membrane protein topology

The membrane protein analysis was performed as previously described (46) using seven methods
for membrane protein topology based on different underlying algorithms, such as hidden Markov
models (HMMs), neural networks and support vector machines (SVMs): MEMSAT3 (47),
MEMSAT-SVM (48), Phobius version 1.01 (49), SCAMPI multi-sequence-version (50),
SPOCTOPUS (25), TMHMM (51) and THUMBUP (52). The resulting predicted transmembrane
(TM) regions from these selected methods were used to construct a majority-decision based
method (MDM) (46) to discriminate transmembrane proteins from soluble proteins and determine
the potential TM positions in the protein sequence. Briefly, the proteins predicted as
transmembrane by the MDM consists of all proteins where there is at least one predicted
transmembrane region overlapping by four out of the seven methods.

Prediction of the human secretome

For the secretome analysis, three methods for the prediction of signal peptides (SP) were used:
SignalP4.0 (23), Phobius (24) and SPOCTOPUS (25). SignalP4.0 is an update of the widely used
SignalP3.0 method (53), and is focused on the prediction of signal peptides, whereas the other
two algorithms combine the prediction of transmembrane (TM) regions with the prediction of
SPs. All three methods, however, are trained to discriminate between the two types of protein
features and are based on Neural Networks and Hidden Markov models. Stand-alone
applications were acquired for each of the methods and run on a computer cluster as previously
described for SPOCTOPUS and Phobius (46). For SignalP4.0, all predicted amino acid cleavage
positions <11 were considered false positives and removed from the results in accordance to
instructions from the authors.

Similarly to the construction of the MDM for membrane protein prediction, a majority-decision
approach was used to predict the human secretome using a new method called MDSEC. All
human proteins for which at least two out of the three methods predicted a signal peptide were
considered potentially secreted by MDSEC. However, as certain types of membrane proteins
also contain an N-terminal signal peptide, the proteins with both a predicted SP and at least one
TM region predicted by the MDM were classified as membrane-spanning and removed from the
set of secreted proteins. Thus, the resulting list of predicted secreted proteins consists of all
protein with a predicted signal peptide by two out of three methods and without a predicted
MDM region. As this method requires a predicted signal peptide, proteins secreted using the
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unconventional secreted pathway (54) are not taken into account into this set of predicted
secreted proteins.

Classification of the human proteome

The combined results from the prediction of the human membrane proteome and the secretome
were used to perform an overall classification of each human protein into one of three classes:
secreted, membrane-spanning or soluble (not containing any SP or TM regions). Subsequently,
the distribution of proteins from these three classes across all human protein-coding genes could
be analyzed. All 20,356 genes were categorized based on the classifications of each protein
isoform of the gene, which resulted in seven possible combinations: soluble, soluble/secreted,
soluble/membrane, secreted, membrane, secreted/membrane and soluble/secreted/membrane. To
reduce the complexity, four major categories were constructed from these by keeping the soluble
category but combining the soluble/secreted and the secreted groups (“secreted”), combining the
soluble/membrane and the membrane groups (“membrane”) and by combining the
secreted/membrane and soluble/secreted/membrane groups (“membrane and secreted isoforms”).

Selection of protein classes

A list of mitochondrial proteins, containing 13 genes encoded by the mitochondria genome as
well as a large number of nuclear-encoded genes (n=766), was obtained from the MitoProteome
database (55). In addition, a list of ribosomal proteins (n=152) as well as a list of cell
differentiation (CD) molecules (56), commonly described as CD markers, (n=379) were obtained
from UniProt (57). All resulting UniProt accessions for the three lists were mapped to Ensembl
gene identifiers to allow for an analysis of the transcript abundance of these genes and
categorization into the membrane-spanning and secreted classes described above.

Reconstruction of tissue-specific genome-scale metabolic models (GEMs)

Tissue-specific models were reconstructed based on the RNA-seq data and a recently developed
task-driven model reconstruction (tINIT) algorithm (37). The tINIT algorithm employs defined
metabolic tasks for imposing constraints on the functionality of the reconstructed models. In this
context, 56 metabolic functions were defined that are common for all human cell/tissue types and
categorized into tasks as energy and redox, internal conversions, substrate utilization and
biosynthesis of products (Table S17). These metabolic tasks were used as an input to the tINIT
algorithm for the reconstruction of tissue-specific models that can perform all the defined
metabolic tasks and at the same time are consistent with the RNA-seq data.
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Figure S1. Pair-wise correlation between RNAseq samples. Y-axis displays all 122 samples from
a total of 32 tissues. X-axis displays the pair-wise Spearman correlation between each
sample compared to all 121 other tissue samples. Each circle represents a tissue sample and the
color represents the type of tissue. The correlations with samples from the same tissue type are
shown in red color.
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Figure S2. (A) Principal component analysis (PCA) of all 32 tissues. The first two components
are shown and each tissue is represented by a circle colored according to tissue type. (B)
Categorization of the 677 “missing” (with no experimental evidence) protein-coding genes
annotated in Ensembl version 75, based on data from Ensembl version 76, CCDS and a
publication by Ezkurdia et al (12). In Ensembl version 76, 51% of the genes (n=343) are still
annotated as protein-coding (PC) (in dark blue and blue), while only 73 of these are also
recognized by CCDS (dark blue). 8% of the genes (in green) are annotated as non-coding or as
different types of pseudo-genes, and 41% (in purple) have been removed. In the publication by
Ezkurdia et al where they investigated the correlation between detection of genes in proteomics
experiments and gene family age and cross-species conservation, a set of possibly non-coding
genes was described and their distribution is represented by the dashed pattern in the pie chart.
This data indicates that the fraction of “true” protein-coding genes among these “missing” genes
is around 30% (dark blue and blue parts without pattern), and that at least 15% (green and purple
parts with pattern) does not represent protein-coding genes.
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Figure S3. Tissue expression and localization for a selection of human proteins, displaying
larger images corresponding to Figure 2A-N. The figure includes: (A) C2orf57, C8orf47, CDHR2,
FCRLA; (B), MYL3, ROPNI1L, SUN2, GATM, GRHL1, PAX6; and (C) CYP11B1, COMT,
ATF1 and FOXAL. See legend to Figure 2 for details.
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Figure S4. Network plot showing the relationship between tissue enriched and group enriched
genes in their respective expressed tissues. Red nodes represent the number of tissue enriched
genes in each tissue. Orange nodes show the number of genes that are group enriched in
combinations of up to five different tissues and with a minimum of three genes in each
combination. This results in a total number of grey tissue nodes of 31 as smooth muscle has no
tissue enriched genes and no combinations with more than three group enriched genes. The size
of the orange and red nodes is related to the number of genes enriched in a particular

combination of tissues.
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Figure S5. Pie charts showing the fraction of the transcriptome (as fraction of the total sum of

FPKM values) in the protein expression classes for the intracellular soluble, secreted, and

membrane-spanning proteins, as well as the class with both membrane and secreted isoforms.
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Figure S6. Pairwise comparison of gene expression in normal tissues and cell lines established

S12

from transformed and/or immortalised progenitor cells within those tissues, with each gene

color-coded based on the transcript expression category for each tissue.
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Figure S7. Pairwise comparison of the genes incorporated in each tissue-specific GEM. The total

number of common genes between two tissues is shown in the bottom triangle whereas the upper

triangle shows the total number of different genes between two tissues.
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Figure S8. Pairwise comparison of the reactions incorporated in each tissue-specific GEM. The
total number of common reactions between two tissues is shown in the bottom triangle whereas

the upper triangle shows the total number of different reactions between two tissues.
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Supplementary table legends

All tables are available as separate Excel files.

Table S1: Expression profiles of all genes in 32 tissues including specificity classification,

predictions of secreted and transmembrane regions, and protein evidence.

Table S2: Table of tissue-enriched genes with full expression profiles for 32 tissues.

Table S3: Table of group-enriched genes with full expression profiles for 32 tissues.

Table S4: Table of tissue-enhanced genes with full expression profiles for 32 tissues.

Table S5: Table of “missing” proteins, not detected at the protein-level or at the RNA-level.

Table S6: Table of top 20 enriched GO terms for enriched genes from each of the 13
representative tissues/tissue groups, showing enrichment factors and p-values corrected for
multiple-testing.

Table S7: Prediction of secreted and transmembrane proteins for all transcripts.

Table S8: Table of transcription factors with full expression profiles for 32 tissues, with

specificity classification.

Table S9: Table of druggable proteins with full expression profiles for 32 tissues, with

specificity classification and drug type annotation.

Table S10: Table of genes involved in cancer with full expression profiles for 32 tissues, with

specificity classification.

Table S11: Table of FPKM values for all protein-coding genes in 44 cell lines.
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Table S12: List of 852 genes encoding both membrane and secreted isoforms.

Table S13: The content of the tissue-specific GEMs reconstructed based on RNA-seq data.

Table S14: List of the metabolic tasks that are used for making sure that the models can have no

futile cycles.

Table S15: List of 256 metabolic tasks that are known to occur in human. This complete list of

metabolic tasks was tested for each tissue-specific GEM.

Table S16: Results from simulations to test the performance of the defined tasks of each tissue-
specific GEM.

Table S17: List of the metabolic tasks that are known to occur in all human cell/tissue types.
This complete list of metabolic tasks was used as input to the tINIT algorithm for the

reconstruction of tissue-specific GEMs.

Table S18: Full table of FPKM values for all 122 tissue samples (including all individuals) for
the 32 tissues.
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