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Endothelial cells (ECs) are highly specialized across vascular beds.
However, given their interspersed anatomic distribution, compre-
hensive characterization of the molecular basis for this heterogene-
ity in vivo has been limited. By applying endothelial-specific translating
ribosome affinity purification (EC-TRAP) combinedwith high-throughput
RNA sequencing analysis, we identified pan EC-enriched genes and
tissue-specific EC transcripts, which include both established
markers and genes previously unappreciated for their presence
in ECs. In addition, EC-TRAP limits changes in gene expression after
EC isolation and in vitro expansion, as well as rapid vascular bed-
specific shifts in EC gene expression profiles as a result of the
enzymatic tissue dissociation required to generate single-cell
suspensions for fluorescence-activated cell sorting or single-cell
RNA sequencing analysis. Comparison of our EC-TRAP with pub-
lished single-cell RNA sequencing data further demonstrates con-
siderably greater sensitivity of EC-TRAP for the detection of low
abundant transcripts. Application of EC-TRAP to examine the in vivo
host response to lipopolysaccharide (LPS) revealed the induction of
gene expression programs associated with a native defense re-
sponse, with marked differences across vascular beds. Furthermore,
comparative analysis of whole-tissue and TRAP-selected mRNAs
identified LPS-induced differences that would not have been de-
tected by whole-tissue analysis alone. Together, these data provide
a resource for the analysis of EC-specific gene expression programs
across heterogeneous vascular beds under both physiologic and
pathologic conditions.

endothelial cell | gene expression | RNA sequencing

Endothelial cells (ECs) form the inner lining of all vertebrate
blood vessels, providing a critical barrier between circulating

blood and parenchymal cells. In addition to maintaining blood
fluidity and regulating vascular tone, ECs control the transport
of nutrients and metabolites to and from underlying tissues while
also contributing to host defense and the control of inflammatory
processes. Consistent with their diverse microenvironments and
specialized functions, ECs have evolved to display remarkable
morphologic and structural heterogeneity across organs (1–5).
Initial studies of well-established EC markers including von
Willebrand factor (Vwf), platelet endothelial cell adhesion mol-
ecule (Pecam), and Cd34 demonstrated heterogeneous expres-
sion of these genes across the vascular tree and in distinct
vascular beds (6, 7). However, more comprehensive character-
ization of the EC transcriptome has been largely limited by the
challenge of purifying ECs, given their highly interspersed anat-
omic distribution among parenchymal cells in various tissues.
Previous studies have focused on human umbilical vein en-

dothelial cells expanded in cell culture, or on isolation and
in vitro expansion of ECs from distinct vascular beds such as the
brain or liver (8–10). Although ECs expanded in vitro may retain
some tissue-specific characteristics, the loss of microenviron-
mental cues could result in shifts in the expression program that
no longer faithfully reflect the in vivo EC transcriptome (11–14).

Several in vivo phage display approaches have been used to identify
vascular bed-specific markers or “vascular zip codes,” although
generally resulting in the identification of only a limited number
of EC binding peptides (15–18). In addition, fluorescence-activated
cell sorting of cells endogenously marked with a fluorescent protein
(19–23) or via intravital staining (24), and more recently single-cell
RNA sequencing (RNASeq) analyses (25–30), have been performed
to determine cell type-specific transcriptomes. However, these latter
methods rely on the preparation of single-cell suspensions after
enzymatic tissue dissociation, often followed by flow sorting under
high shear stress, which may affect gene expression programs.
Mouse transgenic approaches have enabled transcriptional

profiling directly in vivo via translating ribosome affinity purifi-
cation (TRAP) (31–36). This method relies on the inducible
expression of an epitope-tagged ribosomal protein in a cell type-
specific pattern, thus facilitating isolation of ribosome-associated
transcripts, also known as the translatome (37), for particular
cellular subsets directly from a complex mixture of cells. Here we
report the application of EC-specific TRAP (EC-TRAP) com-
bined with high-throughput RNASeq analysis to characterize EC
translatomes across multiple vascular beds. Our findings demon-
strate a high degree of tissue-specific endothelial heterogeneity, as
well as notable shifts in EC mRNA content during the process of
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enzymatic tissue dissociation. Using EC-TRAP, we also demon-
strate vascular bed-specific variation in endothelial reactivity in re-
sponse to lipopolysaccharide (LPS) exposure, which would not have
been identified by whole-tissue RNASeq data analysis.

Results and Discussion
In Vitro Expansion of ECs Leads to Phenotypic Drift. Microarray
analysis was performed on ECs isolated from heart or kidney,
either directly after isolation (day 0) or after additional expan-
sion in culture for 3 d. As shown by principal component analysis
(PCA; Fig. 1), in vitro expansion of primary ECs results in major
shifts in gene expression profiles, with the expression profiles of
heart and kidney more closely resembling each other after 3 d in
culture, than compared with freshly isolated ECs at day 0. These
data suggest that removal of the native environment results in
phenotypic drift with regression toward a common EC tran-
scription profile. This finding supports previous reports (11–14)
demonstrating an important role for microenvironmental cues in
maintaining the molecular heterogeneity of ECs.

Rpl22 Isoform Analysis to Assess Tissue-Specific EC Content. To
probe EC heterogeneity directly in vivo, we applied TRAP by
taking advantage of the RiboTag mouse, which carries a condi-
tional Rpl22 allele (35). Although a number of Cre transgenes
have been used to target the endothelium (38), we and others
have previously shown effective pan-EC targeting using Cre-
recombinase driven by the Tek promoter in evaluating the cel-
lular origin of coagulation factor VIII (39, 40). As shown in Fig. 2
A–D, analysis of mice carrying a Tek-Cre transgene (Tek-Cre+/0)
(41, 42), together with the RosamTmG reporter (43) confirms
efficient targeting of ECs in vivo. The high degree of EC sensi-
tivity and specificity observed for the Tek-Cre transgene suggests
that the extent of genomic Rpl22 excision in organs from
Rpl22fl/fl, Tek-Cre+/0 mice should accurately reflect the relative
fraction of ECs within those tissues. Quantitative analysis of Rpl22
targeting by direct high-throughput genomic sequence analysis
demonstrated the lowest fraction of ECs in brain (5.5 ± 0.9%),
followed by liver (13.5 ± 1.7%), kidney (16.3 ± 2.6%), and heart
(38.6 ± 3.8), with the highest fraction observed in the lung (48.4 ±

6.7%; Fig. 2E). Although we cannot exclude a minor contribution
from non-ECs (transiently) expressing Tek by this approach (see
Correction of TRAP-Enriched Genes for Hematopoietic Cell Con-
tent), the quantitative Rpl22 data are consistent with our micro-
scopic images from RosamT/mG, Tek-Cre+/0 mice (Fig. 2 A–D) and
comparable to previous estimates of EC content based on histo-
logic examination and fluorescence-activated cell sorting analysis
(20, 44).

Evaluation of EC-Specific Translatomes by TRAP. TRAP specifically
captures actively translated mRNAs (translatome), which may differ
quantitatively from the total cellular mRNA pool (transcriptome).
To determine whether tissue transcriptomes obtained before EC-
TRAP are comparable to tissue translatomes, or whether correc-
tions are needed for potential disproportional mRNA capture be-
cause of differences in ribosome density across mRNAs, we
performed TRAP and RNAseq analysis on tissues of 10-wk-old
male mice expressing HA-tagged ribosomes in all cell types
(Rpl22fl/fl, EIIa-Cre+/0). Before tissue isolation, animals were per-
fused with cycloheximide to block translation and stabilize tagged
ribosomes on their cognate mRNAs to minimize potential shifts in
ribosome distribution, thereby maintaining the cellular state of
translation during tissue collection and immunoprecipitation (45,
46) (SI Appendix, Fig. S1). Expression profiles obtained before and
after TRAP were highly reproducible between biologic replicates,
with distinct patterns evident across organs. Only minor changes
were observed between the total mRNA and actively translated
mRNA within a given tissue (Fig. 3A), resulting in a limited number
of transcripts that were significantly different between the 2 mRNA
pools (SI Appendix, Fig. S2 and Table S1). These data demonstrate
that signatures obtained after EC-TRAP should primarily reflect
cell-specific gene expression programs, with little or no contribution
from shifts in ribosome distribution, and that the transcriptome of a
tissue lysate can serve as a proxy for the corresponding tissue
translatome.
We next analyzed TRAP-selected mRNA fractions collected

from multiple tissues of 10-wk-old Rpl22fl/fl, Tek-Cre+/0 male mice
after cycloheximide perfusion. To avoid contamination of TRAP-
selected mRNAs with transcripts originating from parenchymal
cells (35), we also evaluated the accompanying unselected tissue
transcriptomes by RNAseq analysis and calculated relative en-
richment scores. These scores identify those transcripts that are
more abundant in Tek+ cells (enriched genes, log2 fold change >0),
or more abundant in Tek− cells (depleted genes, log2 fold change
<0), where the former should represent EC-specific genes and the

Fig. 1. PCA of expression profiles from primary EC of wild-type heart and
kidney capillaries obtained immediately after isolation (day 0) identified
4,783 differentially expressed genes (FDR < 10%) between tissue origins. In
vitro expansion for 3 d resulted in significant shifts in expression programs,
with the number of differentially expressed genes being reduced to 2,397
between heart and kidney ECs, indicating phenotypic drift occurring in the
absence of a native microenvironment; n = 3 biologic replicates per condition.

Fig. 2. In vivo targeting of Tek-positive cells to determine tissue-specific EC
content. (A–D) Histologic analysis of RosamT/mG,Tek-Cre+/0 brain (A), heart
(B), kidney (C), and liver (D) sections. Tek-positive cells are identified by the
expression of membrane-bound green fluorescent protein, whereas Tek-
negative cells express membrane-bound Tomato red fluorescent protein.
(Scale bar, 25 μm.) (E) Percentage of Tek-positive cells as a proxy for EC
content in each tissue, determined by high-throughput DNA sequencing of
Rpl22 isoforms in tissues from Rpl22fl/fl, Tek-Cre+/0 animals; n = 5 biologic
replicates (mean ± SD).
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latter parenchymal cell-specific genes (SI Appendix, Fig. S2). As
expected, gene ontology (GO) analysis of TRAP-enriched tran-
scripts showed highly significant associations with endothelial
and hematopoietic biologic processes including “vasculature devel-
opment,” “immune response,” and “hemopoiesis,” while depleted
gene sets showed signals consistent with parenchymal, tissue-specific
processes (SI Appendix, Fig. S3).

Correction of TRAP-Enriched Genes for Hematopoietic Cell Content.
Although the Tek-Cre transgene provides an efficient and spe-
cific marker of the EC compartment, the Tek gene is also tran-
siently expressed in hematopoietic cells (47), which could result
in the false identification of mRNAs as EC-specific as a result of
blood contamination of tissues. For example, despite exsangui-
nation and cardiac perfusion before organ harvest to remove cir-
culating blood cells, the genes encoding hemoglobin α and β (Hba-a1,
Hba-a2, Hbb-bs, and Hbb-bt) were among the most enriched
transcripts across all tissues, and although α-hemoglobin gene
expression has been reported in arterial ECs, β-hemoglobin has
not directly been associated with the endothelium (48, 49). Thus,
the similar degree of enrichment observed for both α- and
β-hemoglobin in our EC-TRAP suggests a contribution of HA-
tagged polysomes derived from circulating blood cells that were
not completely removed by perfusion before tissue isolation. To
eliminate transcripts originating from hematopoietic cells, we
applied additional computational filters based on data obtained
from TRAP performed directly on peripheral blood samples from
Rpl22fl/fl, Tek-Cre+/0mice, as well as EC-TRAP on tissues collected
from an Rpl22fl/fl, Tek-Cre+/0 recipient after bone marrow trans-
plant using an Rpl22fl/fl, Tek-Cre− donor (SI Appendix). In addition
to removing the hemoglobin genes and other known lymphoid and
myeloid cell markers, including a number of established EC
markers known to be expressed by megakaryocytes/platelets (50),
applying these filters provides the most specific set of EC-enriched
genes. GO analysis of this more restricted EC gene set now showed
enrichment limited to vascular-related biologic processes (Fig. 4A)
with loss of the GO terms for marrow-derived cell populations
identified in the broader analysis (SI Appendix, Fig. S3).

TRAP Identifies EC Heterogeneity Across Vascular Beds. PCA of EC
translatomes demonstrates distinct, reproducible patterns for
each organ (Fig. 3B). This observation is confirmed by hierar-
chical clustering of enrichment scores where, consistent with the
high percentage of ECs in the lung and heart, the degree of
enrichment for EC transcripts in these organs is generally lower
than that observed in brain, kidney, and liver (Fig. 4B).
Overlap in expression across the different vascular beds for the

500 top-ranked genes based on enrichment scores for each tissue

is shown in Fig. 4C, identifying 82 genes shared among all 5
vascular beds, including Tek, as expected, as well as other
established pan-EC markers such as Cdh5, Nos3, Eng, and
Robo4. This list also includes Ephb4, Dll4, and Flt4, specifically
marking arterial, venous, and lymphatic ECs, respectively,
demonstrating efficient targeting of all 3 EC subtypes (51, 52) (SI
Appendix, Table S2). In addition to the pan-EC markers that
have previously been associated with EC function and/or local-
ization (23, 32, 53–55), our EC-TRAP analysis also identified
potential novel pan-EC genes, including Gm20748 (also known
as Bvht) and Eva1b, with in situ hybridization confirming

Brain transcriptome

Kidney transcriptome

Heart transcriptome

Liver transcriptome

Lung transcriptome

Brain translatome

Heart translatome

Kidney translatome

Liver translatome

Lung translatome

A B

Fig. 3. Evaluation of transcriptome vs. translatome data after (EC) TRAP. (A) PCA of transcriptome vs. translatome data from 10-wk-old Rpl22fl/fl, EIIa-Cre+/0

male mice shows only minor differences between tissue-specific mRNA pools from brain, heart, kidney, liver, and lung, whereas (B) EC translatomes obtained
after TRAP from Rpl22fl/fl, Tek-Cre+/0 tissues are highly distinct from the unselected tissue transcriptomes, with the exception of lung. n = 3 biologic replicates
per tissue.
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Fig. 4. Identification of enriched transcripts after EC-TRAP. (A) GO analysis
of the 500 top-ranked genes with the highest enrichment scores after EC-
TRAP (FDR < 10%) shows overrepresentation of transcripts involved in
vascular-related processes. (B) Unsupervised hierarchical clustering of EC-
enriched genes (enrichment score >2 in at least 1 tissue) shows distinct,
highly heterogeneous vascular bed-specific EC expression patterns. (C)
Comparison of the top 500 most enriched genes per tissue identifies a group
of pan-endothelial and subsets of tissue-specific EC-enriched genes. Data
based on n = 3 biologic replicates per tissue.
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colocalization of these transcripts with Tek transcripts in ECs of
brain, kidney, and liver (Fig. 5 A and B).
The EC-TRAP data identify marked heterogeneity of gene

expression levels for EC-enriched genes across tissues, including
genes restricted to a single or several vascular beds. An in-
teresting subset of genes appears to be EC-enriched in 1 or more
tissue or tissues, with expression levels more abundant in non-
ECs in another tissue (SI Appendix, Fig. S4 and Dataset S1). For
example, whereas several solute carriers play important roles in
proximal tubules in the kidney, and are thus depleted after
kidney EC-TRAP, a number of these genes are significantly
enriched in brain ECs (Dataset S1). Focusing on EC-specific
genes with expression restricted to a single vascular bed identi-
fied the largest number of unique markers for brain ECs, in-
cluding several genes previously associated with the blood–brain
barrier (e.g., Rad54b, Zic3, and Slco1c) (20, 25, 27, 56). Smaller
subsets of tissue-specific EC markers were also identified for
heart, kidney, liver, and lung (Table 1), with specific kidney EC
expression of lincRNA 3110099E03Rik and liver EC expression
of Wnt9b confirmed by in situ hybridization (Fig. 5 C and D).

Comparison between EC-TRAP and Single-Cell RNASeq. Recently
developed single-cell RNASeq methods make it possible to dis-
tinguish cellular subtypes within complex mixtures of cells, in-
cluding multiple subsets of ECs, as previously reported for the
brain (23, 27). However, several studies raise the concern that
the isolation procedures required to obtain individual cells for
RNASeq analysis may perturb relative mRNA abundance (57–

59). To evaluate the potential impact of such changes in EC
expression programs across tissues, perfusion and enzymatic
tissue dissociation were performed in the absence of cyclohexi-
mide to mimic the effects of single-cell isolation procedures
(including continuing changes in mRNA transcription and
translation), until the addition of cycloheximide-containing
buffer before TRAP, ∼90 min after organ harvest.
Although some degree of vascular bed-specific gene expression

patterns persist, substantial changes are observed when compared
to the profiles obtained from cycloheximide-perfused animals (Fig.
6A). Whereas the kidney endothelium showed relatively small
shifts in expression profiles between isolation methods, liver and
brain ECs exhibit larger deviations as well as lower correlations
between biologic replicates. Indeed, 48.2% of genes expressed in
brain ECs (3,794/7,866) and 21.6% expressed in liver ECs (2,306/
10,696) are differentially expressed when comparing the 2 prepa-
ration methods, with only a 7.4% difference observed for kidney
EC genes (779/10,475). As a result, hierarchical clustering of EC
translatomes identified liver and brain ECs as more similar based
on sample preparation method than by tissue of origin, as shown in
Fig. 6B.
In addition to the potential for shifts in the EC expression

program during the preparation of single cells, current single-cell
RNASeq methods exhibit a relatively limited sensitivity to detect
low abundance transcripts (60, 61). Consistent with these pre-
vious reports, of the 100 most abundant EC-enriched transcripts
per tissue identified in our EC-TRAP dataset, many have also
been identified in ECs on the basis of single-cell RNASeq data

Fig. 5. Single-molecule in situ hybridization validates EC-enriched transcripts identified by TRAP. (A and B) Colocalization of Bvht and Eva1b, both identified
as pan-EC markers by EC-TRAP, with Tek by in situ hybridization in kidney, brain, and liver sections. (C and D) 3110099E03Rik (Rik) and Wnt9b were identified
as kidney- and liver-specific EC markers, respectively, and were only present in the corresponding tissues, where they also colocalized with Tek, confirming
their EC origin. (Insets) Dotted lines outline the cell nuclei as indicated by DAPI counterstaining. (Scale bars, 10 μm in overviews [left column in each panel] and
2.5 μm in Insets [remaining columns]).
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(median 50; range 28 to 77; SI Appendix, Table S3). In contrast,
only a few of the 100 lowest abundant genes were detected by
single-cell RNAseq (median 2; range 0 to 24) (25–27, 29).
Taken together, the EC-TRAP approach, combined with in vivo

cycloheximide perfusion before mRNA preparation reported here,
should result in a more accurate snapshot of native EC profiles across
different vascular beds, including low abundant transcripts, than is
possible with current single-cell isolation and RNASeq methods.

Endotoxemia Induces Tissue-Specific Changes in the EC Gene Expression
Program. The endothelium provides a key line of host defense in
response to microbial pathogens. To examine the tissue-specific
response in an animal model for systemic bacterial endotoxemia,
10-wk-old Rpl22fl/fl, Tek-Cre+/0 male mice received an i.p. injection
with 1 mg/kg LPS. Expression profiles were evaluated 4 h after
exposure, at which point significant gene expression changes are
expected, while minimizing secondary downstream effects (62).
Analysis of whole-organ transcriptomes (including both ECs and
parenchymal cells) demonstrated marked changes in gene expres-
sion in response to LPS, with gene ontology analysis yielding highly
significant values for terms associated with host defense and
immune response (SI Appendix, Fig. S5A). The extent of gene
changes was highly variable across tissues, with a markedly reduced
number of LPS-responsive mRNAs evident for intact brain tissue
(Fig. 7A). Analysis of the EC-specific response, however, showed
similar numbers of genes affected by LPS treatment across all
tissues, including brain (Fig. 7B). These data suggest a dramatic
reduction in the effect of LPS on brain parenchymal cells com-
pared with other tissues, consistent with a high degree of protection

provided by the blood–brain barrier (63). In addition, this also
illustrates a limitation of RNASeq of whole tissues, where cell
type-specific responses can be masked by changes in more abun-
dant cellular subsets. Interestingly, whereas most vascular bed-
specific EC translatomes exhibited considerably more down-
regulated than up-regulated transcripts in response to LPS, the
opposite pattern was observed for brain ECs (Fig. 7B and SI
Appendix, Fig. S5 B and C).
Consistent with previous reports (64–66), EC-enriched genes up-

regulated by LPS included several adhesion molecules required for
leukocyte recruitment and migration, while genes involved in main-
tenance of the EC barrier were down-regulated. Furthermore, a shift
toward a procoagulant state was observed, with reduced expression
of anticoagulant and profibrinolytic genes (SI Appendix, Table S4).
Within this limited set of genes, expression of the protein C receptor
(Procr) provides an example of vascular bed-specific variation in EC
reactivity in response to LPS, with significant down-regulation of
Procr in brain, kidney, and heart, whereas expression in liver and lung
was increased. These data could explain the organ-specific suscep-
tibility to increased vascular leakage after LPS challenge previously
reported for mice with reduced Procr expression (67).

Conclusion
The interspersed anatomic distribution of ECs and marked de-
pendence of their gene expression programs on microenviron-
mental cues have constituted major challenges to the study of EC
function and responses to (patho)physiological stimuli in vivo.
The EC-TRAP strategy described here provides a powerful tool
for the analysis of the EC translatome across multiple vascular
beds and in response to pathologic challenges in the whole ani-
mal. Our findings demonstrate that this method offers an accu-
rate in vivo snapshot of tissue-specific EC expression profiles,
resulting in better cellular resolution than whole-tissue RNASeq,
while maintaining a high degree of sensitivity to detect low
abundant transcripts. In addition, these data provide a database
of tissue-specific EC gene expression that should be a useful
reference for other studies, including the identification of tissue-
specific targets for drug delivery. Future refinement of EC-
TRAP taking advantage of intersectional genetic approaches
based on combined expression of 2 or more EC markers (68)
may lead to greater resolution of EC subsets within a tissue,
particularly in combination with single-cell RNAseq methods.
This would be particularly valuable as many of the widely used
Cre models to target ECs, also target (subsets of) hematopoietic
cells, including Tek-Cre as described here, as well as other
commonly used EC-specific Cre transgenes (38, 69, 70). Finally,
future applications of this approach should significantly advance our
understanding of EC function in vivo under both physiologic and
pathophysiologic conditions, potentially leading to the identi-
fication of new disease-specific biomarkers as well as potential novel
therapeutic targets.
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Fig. 6. Dissociation-induced changes in EC gene expression programs. (A)
PCA analysis of brain, kidney, and liver EC translatomes obtained from TRAP
samples after cycloheximide perfusion and mechanical dissociation vs. sam-
ples after enzymatic tissue dissociation without cycloheximide perfusion. (B)
mRNA abundance based on log2(TPM) values, and presented as a yellow
(low abundance) to blue (high abundance) gradient, shows clustering of
brain and liver EC translatomes by preparation method rather than by tissue
type. Data from n = 3 biologic replicates per tissue.

Table 1. Tissue-specific, EC restricted transcripts identified by EC-TRAP

Tissue Genes

Brain 1700009J07Rik, 6030468B19Rik, Cldn13, Dyrk4, Edn3, Ermap, Fcnb, Foxl2, Foxq1, Gals3st4, Gm10384, Ndnf, Rad54b,
Slc19a3, Slco1c1, Sox15, Tmem8c, Zic3

Heart A2m, Gm13154, Gm16565, Gm17234, Itgbl1
Kidney 3110099E03Rik, Calca, E130006D01Rik, Fam101a, Gata5, Krtdap, Lgr5, U90926
Liver 6030498E09Rik, Adamdec1, Gm13994, Il13ra2, Serpina3i, Smc1b, Sprr2b, Tmem132e, Ush1g, Wnt9b
Lung 4930452B06Rik, Aard, Abca14, Ankrd63, B3gnt7, Ear1, Fignl2, Glp1r, Gm26878, Gm6116, Gm830, Hic2, Krt79, Mkrn3, Nr6a1,

Pnpla5, Prdm8, Prr18, Prss12, Rnase1, Rprml, Rufy4, Speer4f, Tekt3, Tepp, Trgj1, Trim29

Transcripts significantly enriched (FDR < 10%) within a specific vascular bed while absent the transcriptomes of other tissues.
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Materials and Methods
All animal experiments were approved by the Institutional Animal Care
and Use Committee of the University of Michigan. Detailed descriptions
of the mice and procedures used in these studies, including sample
preparations for TRAP and high-throughput RNA sequencing, data
analysis and follow-up validation by single-molecule fluorescent in situ
hybridization assays, are provided in the SI Appendix, Materials and
Methods.

Data Availability. All RNASeq data supporting these studies have been de-
posited in the Gene Expression Omnibus under accession number GSE138630.
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