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Background: Transverse tubules (t-tubules) are important structural elements, derived from sarcolemma, found
on all striated myocytes. These specialized organelles create a scaffold for many proteins crucial to the effective
propagation of signal in cardiac excitation–contraction coupling. The full protein composition of this region is un-
known.
Methods: We characterized the t-tubule subproteome using 52,033 immunohistochemical images covering
13,203 proteins from theHuman Protein Atlas (HPA) cardiac tissuemicroarrays.WeusedHPASubC, a suite of Py-
thon tools, to rapidly review and classify each image for a specific t-tubule staining pattern. The tools Gene Cards,
String 11, and Gene Ontology Consortium as well as literature searches were used to understand pathways and
relationships between the proteins.
Results: There were 96 likely t-tubule proteins identified by HPASubC. Of these, 12 were matrisome proteins and
3 were mitochondrial proteins. A separate literature search identified 50 known t-tubule proteins. A comparison
of the 2 lists revealed only 17 proteins in common, including 8 of thematrisome proteins. String11 revealed that
94 of 127 combined t-tubule proteins generated a single interconnected network.
Conclusion: Using HPASubC and the HPA, we identified 78 novel, putative t-tubule proteins and validated 17
within the literature. This expands and improves our knowledge of this important subcellular structure of the
cardiac myocyte. This information can be used to identify new structural targets involved in excitation–contrac-
tion coupling that may be altered in disease.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Transverse tubules (t-tubules) are important structural elements
found on all striated myocytes. These specialized organelles are invagi-
nations of themyocyte sarcolemma that run perpendicular to the longi-
tudinal axis of myocytes and form a network around sarcomere z-discs
[1]. They have historically been visualized by transmission electron
microscopy, which identified them as having a tortuous structure and
open lumen [2,3]. The cardiomyocyte t-tubule structure is maintained
by the cytoskeleton, extracellular matrix, and various scaffolding
proteins.

T-tubules are primarily known for their function in regulating
cardiac excitation–contraction coupling. T-tubules contain many
voltage-gated L-type calcium channels (LTCCs), effectively organizing
LTCCs and ryanodine receptors (RyRs) into dyads located close to the
sarcoplasmic reticulum (SR). This greatly aids in the release of calcium
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transients following an action potential, allowing fast propagation of
electrical signals. T-tubules also serve as a platform to organize mem-
brane specific microdomains such as LTCC–RyR dyads. Other microdo-
mains such as cytoskeleton scaffolding proteins, proteins of the
costamere complex, and ankyrin B microdomains can also be found at
the t-tubule [1].

T-tubules are functionally important in disease states. T-tubules
undergo remodeling in heart failure, with decreased protein compo-
nents and calcium transients [4]. This remodeling is a marker of disease
severity that correlates with a decrease in contractility and progression
from left ventricular hypertrophy to heart failure [4,5]. Moreover, t-
tubule remodeling precedes detectable left ventricular systolic dysfunc-
tion by electrocardiogram, demonstrated by areas of t-tubule loss and
remodeling [4,5]. T-tubule remodeling is also seen in ischemic heart
disease (IHD), including secondary to diabetes-mellitus-induced
disease. In IHD, changes in the composition of membrane lipids impact
the biophysical properties and functions of myocytes by altering t-
tubules, gap junctions, and caveoli [6].

Because of the importance of the t-tubule in human disease, we
queried what proteins were localized to the t-tubule based on staining
patterns. We utilized the deep image dataset of the Human Protein
Atlas (HPA) and HPASubC [7,8]. HPASubC is a suite of tools that allow
the user to download images from HPA from a particular organ, and
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using a Playstation-type controller, the user can evaluate HPA images
quickly for a pattern of interest. The HPA is a proteomic database
consisting of immunohistochemical images from tissue microarrays
across 44 different tissues and organs. The HPA database has immuno-
histochemical images of 16,900 proteins using N24,000 antibodies. A
benefit of using HPA, as a proteomic vehicle, is the ability to identify
subcellular protein localization. The utility of HPASubC has been previ-
ously shown in the identification of cardiac endothelial cells and smooth
muscle cells proteins, cardiac mosaicism, and sinusoid specific proteins
in the liver [7,9,10].

2. Methods

2.1. Data collection using HPASubC

In total, 52,033 heart core images covering 13,203 unique proteins
were downloaded from the HPA website (proteinatlas.org) [8]. Positive
staining patterns for t-tubules were based on the staining patterns of
known t-tubule proteins caveolin-1 (CAV1), caveolin-2 (CAV2), and
caveolin-3 (CAV3) which demonstrate membrane staining and dark t-
tubule invaginations into the cell (Fig. 1). This included patterns in
which the entire cytoplasmic membrane stained and some invagina-
tions were noted. HPASubC was used to rapidly evaluate the heart im-
ages for potential t-tubule staining [7]. Images that only showed
cytoplasmic membrane staining or intercalated disc staining were
often identified at this step but were generally excluded.

For the secondary review, images were scored on a scale of 0–3. A 0
indicated a negative t-tubule staining pattern, 1 indicated that the
image was unlikely for t-tubule staining, 2 indicated that the image
was likely positive for t-tubule staining, and 3 indicated that the
image was positive for t-tubule staining. Proteins that were selected in
the initial fast evaluation that only showed cell membrane staining
were scored 0.5 (Supplemental Fig. 1).

2.2. Heart matrisome

Matrisome genes were taken from the MIT Matrisome Project
website (http://matrisomeproject.mit.edu/, access date 08/14/2018)
using their master list for the human matrisome [11]. The matrisome
contains 1027 genes broken up into 274 “Core matrisome” genes and
753 “Matrisome-associated” genes.

To find cardiac matrisome genes, publicly available RNA-seq data
from the GTEx database (heart left ventricle) were used [12]. We fil-
tered out genes with less than 0.1 transcripts permillion (TPM)median
expression to remove noise, leaving 19,893 genes. Gene names were
compared between GTEx and the matrisome project and mismatched
names (eight) were properly reassigned using GeneCards' previous
aliases [13].

2.3. Analysis tools

To analyze the protein lists generated from the HPASubC search, we
utilized literature searches, Gene Cards (www.genecards.com),
String11, and the Gene Ontology (GO) Consortium [14,15]. Gene
Fig. 1. Caveolin patterns of t-tubule staining. These patterns are representative o
expression level data were taken from HPA and normalized as TPM.
Cellular localization of these proteins and searches of known t-tubule
proteins were performed using Google Scholar, PubMed, and
Genecards.org as references.

2.4. Genome-wide association study (GWAS) comparison

The GWAS Catalog at https://www.ebi.ac.uk/gwas/home was
searched for all t-tubule genes/proteins (from this study or the litera-
ture). All associated phenotypes were recorded for each gene. Genes
were considered positive if theywere in a locus for a cardiac trait related
to the conducting system (EKG traits) or heart rate. Noncardiac, coro-
nary-artery-related, and hypertension-related GWAS hits were
excluded.

3. Results

3.1. Identification of t-tubule staining proteins

A total of 52,533 heart core images for 13,203 proteins were evalu-
ated. A total of 643 imageswere extracted for secondary review. Two in-
vestigators (J.X.C. and M.K.H.) scored the images. A final list of 96
proteins with positive t-tubule staining was generated (Supplemental
Table 1, Supplemental Fig. 2). The average score across all 96 proteins
was 1.4 on the 0–3 scale. Sixty-seven proteins had at least 1 core scored
as a 3. Fifty-two proteins had staining for 2 ormore antibodies with 50%
(26) showing staining for 2 or more of these antibodies. This variability
was indicative of staining heterogeneity across tissues and antibodies as
further explained in the discussion.

We evaluated each protein individually using Google Scholar,
Pubmed, and GeneCards to classify each one's likelihood of being
found at the t-tubule. We identified and subsetted 12 proteins that
are known members of the matrisome (extracellular matrix) [11].
We also removed three proteins that localize to the mitochondria.
Based on known information for each, of the remaining 81 proteins,
20 (~25%) were likely to be found at the t-tubule, 37 (~46%) were
unlikely to be found in the t-tubule, and 24 (~30%) were of unknown
cellular location. We compared the protein data with gene expres-
sion. Expression data available fromHPA identified amedian expres-
sion level of 18.8 TPM for the entire set and 60.2 TPM for the “likely”
t-tubule proteins.

3.2. Exclusion of Z-line and junctional SR membrane patterns

Due to the large size and variable structural components of a cardio-
myocyte, it may be possible that perceived specific t-tubule staining
may represent a different cell organelle or structure. Therefore, we
specifically attempted to identify and exclude patterns that matched
the Z-line and junctional SR membrane. We evaluated actinin 2
(ACTN2), cypher (LDB3), and capping actin protein of muscle Z-line
subunit beta (CAPZB) as markers of the Z-line [16–18]. Triadin (TRDN)
and calsequestrin (CASQ1) were used as markers of the junctional SR.
[19] Z-line proteins gave a rigid parallel staining pattern, and junctional
SR gave a granular/heterogeneous cytoplasmic staining pattern
f the patterns seen across all of the reported proteins. Images from the HPA.
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(Supplemental Fig. 3). There is no evidence of an overlapping pattern of
these regions and the patterns found at the t-tubule, lending further
support for the specificity of t-tubule staining.

3.3. Comparing new t-tubule proteins with previously identified t-tubule
proteins

A literature search for known or suspected t-tubule proteins identi-
fied50proteins (Supplemental Table 2) [20–42]. Of these, only 17 (31%)
were identified in our HPA search. Three had no images in HPA to be
evaluated. The remaining had a variety of non-t-tubule patterns includ-
ing generalized cytoplasmic staining, intercalated disc staining, and nu-
clear staining. The group of literature-based t-tubule proteins not found
in the HPA includes such well-described t-tubule proteins as bridging
integrator 1/amphophysin 2 (BIN1), ryandodine receptors 1 and 2
(RYR1, RYR2), and ankyrin B (ANK2).

Wewere surprised by the lack of overlap andwondered if any ancil-
lary data could indicate which dataset wasmore robust.We queried the
NHGRI-EBI catalog of GWASs for each of the 129 total genes. We hy-
pothesized that there would be more GWAS hits in the loci of proteins
localized to the t-tubule, a structural region involved in cardiac polariza-
tion [43–45]. We found that 6 of the 17 shared genes (35%) were in loci
related to cardiac traits. Interestingly, similar percentageswere noted in
the exclusive literature list (3 of 33; 9%) and those proteins first re-
ported herein (7 of 79; 9%) as being within cardiac GWAS loci (Supple-
mental Table 3). As an outgroup, we investigated the GWAS loci for
“breast cancer” and saw percentages of 6% (1/17), 6% (2/33), and 4%
(3/79) for the 3 groups, respectively. Thus, GWAS data lend strong sup-
port to the 17 sharedproteins/genes being themost robust t-tubule pro-
teins and equivalent support to the other 2 lists.

We also used the OnlineMendelian Inheritance inMan (OMIM) tool
to determine how often these genes are involved in cardiac diseases
with EKG-related traits. Eight genes, all in our novel group of 79, were
not found in OMIM. Among the 17 shared genes, 6 (35%) weremutated
in a cardiac disease. Of the literature only group, 9 genes (28%) had as-
sociated cardiac diseases, while 12 genes (17%) were found in our new
dataset.

3.4. Extracellular matrix and mitochondrial proteins of the t-tubule

The human matrisome lists 274 core matrisome proteins and 753
matrisome-associated proteins [46]. Of these, 205 and 455 are present
in the human left ventricular heart based on GTEx expression data.
We identified nine core matrisome and three matrisome-associated
proteins having t-tubule staining patterns (Table 1, Fig. 2). Some of
these have been previously described, such as laminin, annexins 6 and
7, and collagen IV [26,27,30]. Other annexins, described in the literature
as being t-tubule associated, did not have a t-tubule pattern in the HPA
data [24,25]. Versican (VCAN) and adiponectin, C1Q, and collagen
Table 1
Matrisome proteins that localize to the t-tubule

Gene symbol Gene name Ge

ADIPOQ Adiponectin, C1Q and collagen domain containing
COL4A1 Collagen type IV alpha 1 chain
COL4A2 Collagen type IV alpha 2 chain
COL6A2 Collagen type VI alpha 2 chain
LAMA2 Laminin subunit alpha 2
LAMB1 Laminin subunit beta 1
LAMB2 Laminin subunit beta 2
LAMC1 Laminin subunit gamma 1
VCAN Versican
ANXA6 Annexin A6
ANXA7 Annexin A7
ANXA11 Annexin A11
domain containing (ADIPOQ) were new matrisome proteins found to
be part of the t-tubule matrix. The three mitochondrial proteins identi-
fied as having a t-tubule pattern were MTCH1, RAB32, and ETFRF1
(LYRM5) [47–49].

3.5. GO validation of t-tubule proteins

We performed GO validation on the 96 HPASubC-identified, 50
literature-identified, or the 127 combined t-tubule proteins.Wequeried
for biological process and cellular compartment and ranked the re-
sponses by P value. For the 96 HPASubC-identified proteins, when que-
ried for biological process, the top GO terms were “cell differentiation,”
“cellular developmental process,” and “muscle contraction.” The top cel-
lular components were sarcolemma and membrane microdomain,
while T-tubule ranked 31st on the list by P value (Table 2A). Among
the known (literature-identified) t-tubules, the top GO biological pro-
cesses were “regulation of localization, ion membrane transport and
heart contraction.” In this list, T-tubule was only the 14th ranked cellu-
lar component (Table 2B). In the combined list, the top biological pro-
cess was regulation of heart contraction, and the t-tubule was the
18th-ranked cellular component by P value (Table 2C).Wealso assessed
GO terms to further define protein groups.We found amedian of 25 GO
terms associated with each protein. Ranking and reporting the mostly
commonly identified GO terms identified typical terms such as “protein
binding,” “plasma membrane,” and “cytosol.” Other more frequent
terms being found in 10 or more proteins included “calcium ion bind-
ing,” collagen-containing extracellular matrix,” and “membrane raft”
(Supplemental Table 4).

We then used String 11 to evaluate protein–protein interactions
across the 127 combined literature-based and HPASubC identified t-
tubule proteins. All 50 literature-identified and 44 HPASubC-identified
t-tubule proteins together made a highly connected single integrated
interactome map (Fig. 3; https://version-11-0.string-db.org/cgi/
network.pl?networkId=2rIliZbUYTTY).

3.6. Expression of cardiac t-tubule proteins in skeletal muscle

The 96 HPASubC-discovered cardiac t-tubule proteins were investi-
gated within HPA skeletal muscle images for similar features. The clear
cardiac t-tubule pattern of deep invaginations was not noted in skeletal
muscle. Rather, the most common pattern seen for the 96 proteins was
myocyte cell membrane staining (n=36) followed by cytoplasmic (n=
24) and endothelial (n=19) staining patterns (Supplemental Fig. 4,
Supplemental Table 1).

4. Discussion

The t-tubule is a subcellular region of the cardiac myocyte impor-
tant for excitation–contraction coupling. While the general function
ne expression (TPM) Matrisome type Previously known

4.6 Core matrisome No
49.3 Core matrisome Yes
50.3 Core matrisome Yes
93 Core matrisome No
31.5 Core matrisome No
40.1 Core matrisome Yes
110.8 Core matrisome No
39.8 Core matrisome Yes
9.6 Core matrisome No
129 Matrisome associated Yes
74.1 Matrisome associated Yes
137.1 Matrisome associated No

https://version-11-0.string-db.org/cgi/network.pl?networkId=2rIliZbUYTTY
https://version-11-0.string-db.org/cgi/network.pl?networkId=2rIliZbUYTTY


Fig. 2.Representativematrisome protein expression at the t-tubule. Key: ANXA6, annexin 6; COL4A1, collagen type IV alpha 1 chain; LAMB1, laminin subunit beta 1; ADIPOQ, adiponectin,
C1Q and collagen domain containing; VCAN, versican; COL6A2, collagen type VI alpha 2 chain. Images from the HPA.
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and many proteins of the t-tubule are known, others have remained
to be discovered. Using an agnostic pattern-centric approach upon
13,203 proteins, we have identified 96 proteins that have a pattern
of IHC staining suggesting they reside within or adjacent to the t-
tubule. Only 17 of these proteins were previously reported at the t-
tubule; thus, we have potentially added a significant number of
new targets to be considered in pathologic and physiologic analysis
of this region.

While at least 50 proteins have previously been reported in the t-
tubule, only 31% of these overlapped with our findings. It may be that
Table 2
GO results for t-tubule proteins

A. HPASubC-identified t-tubule proteins (N=96)

GO biological process Fold enrichment P value

1. Cell differentiation 2.63 3.55E-06
2. Cellular developmental process 2.58 6.88E-06
3. Muscle contraction 10.05 1.64E-04

GO cellular component Fold enrichment P value
1. Sarcolemma 31.50 2.49E-19
2. Membrane microdomain 11.78 1.17E-09
31. T-tubule 21.52 7.70E-03

B. Literature-identified t-tubule proteins (N=50)

GO biological process Fold enrichment P value

1. Regulation of localization 6.09 1.27E-20
2. Regulation of ion transmembrane transport 20.67 1.20E-19
3. Regulation of heart contraction 37.5 1.23E-19

GO cellular component Fold enrichment P value
1. Contractile fiber part 41.30 2.79E-25
2. Myofibril 40.73 3.67E-25
14. T-tubule 80.93 2.97E-13

C. Combined t-tubule proteins (N=129)

GO biological process Fold enrichment P value

1. Regulation of heart contraction 18.04 9.85E-17
2. Regulation of localization 3.66 4.50E-16
3. Muscle system process 13.62 6.63E-16

GO cellular component Fold enrichment P value
1. Sarcolemma 35.59 1.24E-31
2. Contractile fiber 17.93 3.39E-20
18. T-tubule 35.05 1.56E-10
some of these proteins are found in the t-tubule and elsewhere in the
cardiomyocyte such that their staining patterns are not distinctly of
the t-tubule. Indeed, many had generalized cytoplasmic staining and
several well-characterized t-tubule proteins such as BIN1 appeared in
this list. This indicates that the invagination pattern that we used (Sup-
plemental Fig. 1) was not wholly inclusive of all t-tubule proteins. How-
ever, using a second agnostic approach, GWAS trait loci, literature-based
proteins were not favored over those described here. The only enrich-
ment for GWAS loci was among the 17 proteins found in both datasets.

It is interesting that only a very small percent (1.8%) of allmatrisome
proteins known to localize to the heart (based on gene expression) had
a t-tubule staining pattern. This suggests a very specific interplay of el-
ements of the extracellularmatrix and t-tubule proteins to either create
and maintain these structures or assist in the function of the t-tubule.
While we confirmed some known matrisome proteins of the t-tubule
(COL4A1, LAMB1, ANXA6, etc.), VCAN, COL6A2, ADIPOQ, and others
are identified here for the first time.

The GO terms identified for the HPASubC-discovered t-tubules,
while consistent with location and function, were not as statistically
strong as the literature-determined t-tubule proteins. One reason is
the novelty of some proteins discovered in this work (FAM187A,
ZNF750, C15orf59) for which a priori functions and interaction are un-
known. This is why the GWAS approach, which is agnostic to function,
may better highlight the similarity of the lists.

There are important limitations to this project. As we have stated in
every survey of the HPA, IHC-based proteomic data have the potential
for error [7,9,10]. There are both false-positive and false-negative pre-
dictions based on antibody nonspecificity or nonoptimized conditions
for appropriate antibodies. Often, the same antibody will give different
patterns of staining across different tissue cores, as noted by an average
score of only 1.4 for the images reviewed. Randommyocyte orientation
and postmortem changes complicate the determination of t-tubule
staining patterns. Also, specifically known for BIN1, only one isoform
(cBIN1) localizes to the t-tubule membrane so that an antibody to a dif-
ferent isoform of a protein would not show the t-tubule pattern, as we
observed. Isoforms, the result of alternative splicing, may be important
for other proteins in which only one antibody epitope showed a t-
tubule pattern. Additionally, many of these proteins are expressed
across multiple tissues, yet specific isoforms might be relevant only for
localization to the t-tubules.

However, advantageous to this project was the distinct invagination
pattern which cannot be caused by random and nonspecific antibody
binding. We specifically assessed whether t-tubule staining could be
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Fig. 3. The entire t-tubule interactome map (String 11). Red boxes indicate t-tubule proteins new to this study.
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mistaken for junctional SR membrane or Z-lines and excluded this. It is
difficult to explain away false-positive t-tubule staining as anything
more than a shared epitope across proteins due to the distinctness of
the pattern. Regardless, all of these results are putative t-tubule proteins
until confirmation by additionalmethods. Also, theHPA continues to in-
crease its protein coverage, and some potential t-tubule proteins (in-
cluding three identified in the literature) do not yet have image
coverage.

Another advantage of the HPA resources is that all of the antibodies
used undergo robust testing for IHC and other uses including Western
blotting, protein array, and immunocytochemistry. All of these antibod-
ies are commercially available with links directly to the vendor. There-
fore, the tools to continue investigations of the proteins exist for
laboratories interested in further functional assays. It is possible these
newly described proteins will ultimately become useful diagnostic
markers of disease.

The 79 new, putative t-tubule proteins represent a marked increase
of proteins that function at the t-tubule. It will be interesting to deter-
mine how many of these proteins integrate with known functional
pathways at this important subcellular structure. Our HPASubC tool
continues to provide new understanding of protein expression in the
heart.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.carpath.2019.05.001.
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