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The molecular mechanisms underlying vascular regeneration and repair are largely unknown. To gain
insight into this process, we developed a method of intima denudation, characterized the progression
of endothelial healing, and performed transcriptome analysis over time. Next-generation RNA
sequencing (RNAseq) provided a quantitative and unbiased gene expression profile during in vivo
regeneration following denudation injury. Our data indicate that shortly after injury, cellsimmediately
adjacent to the wound mount a robust and rapid response with upregulation of genes like Jun, Fos,
Myc, as well as cell adhesion genes. This was quickly followed by a wave of proliferative genes. After
completion of endothelial healing a vigorous array of extracellular matrix transcripts were upregulated.
Gene ontology enrichment and protein network analysis were used to identify transcriptional profiles
over time. Further data mining revealed four distinct stages of regeneration: shock, proliferation,
acclimation, and maturation. The transcriptional signature of those stages provides insight into the
regenerative machinery responsible for arterial repair under normal physiologic conditions.

Our current understanding of endothelial growth is largely rooted in studies that focused on either develop-
mental or pathological angiogenesis™* In adult vessels, vascular expansion is usually stimulated by an insult that
results in either cytokine production or hypoxia®. These events quickly trigger a complex interplay of downstream
signaling pathways that affect junctional dynamics, induce vasodilation, and promote vascular permeability*>.
Disruption of the basement membrane with the subsequent departure of endothelial cells from pre-existing ves-
sels initiates the formation of a sprout that expands through endothelial cell proliferation and migration®=®. The
final phase entails the formation of a vascular lumen, the acquisition of a basement membrane and investment
of mural cells®. All of these stages strictly depend on a wide array of cytokines, tyrosine kinases, Notch signaling
proteins, junctional proteins, and integrins that orchestrate complex and sequential changes in the endothelium
that entail: release from homeostasis, migration, proliferation, and return to homeostasis®'?. After morphogenesis
is complete, endothelial survival and/or apoptosis relies on the provision of nutrients and shear stress signals via
blood flow states, with high flow states inducing endothelial survival and low flow states inducing apoptosis!>'2.
The network of newly developed arteries subsequently undergoes vascular remodeling or pruning into a hierar-
chical network of vessels'. Nonetheless, injury of large vessels differs from angiogenesis, as regeneration of the
tunica intima must occur in the absence of vascular sprouting and in continuity with the endothelial monolayer.
In this context, vascular regeneration following in situ injury within large- or medium-sized arteries, such as
following traumatic injury or surgical intervention, remains relatively unknown.

Previous studies have shown that injury to large arteries, such as the carotid and coronary arteries, induced
a program of regeneration that results in vascular repair*-'°. Rabbit animal models were used extensively to
understand the biological responses to injury induced by deployment of stents or from hypercholesterolemia'’~"°.
Those studies, however, were primarily focused on smooth muscle growth related to restenosis and neointimal
hyperplasia with little focus on the endothelium?®-?. Furthermore, the findings from the endothelium were
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Figure 1. Sequential aortic cross clamping produces aortic arterial denudation injury. (a) Schematic
representation of the aortic clamping procedure in mice. Sequential clamping of the infrarenal abdominal aorta
from below the renal arteries to the iliac bifurcation. (b) Aortas were subsequently harvested at 2hours (n=6),
72hours (n=6), 1 week (n=>5), 2 weeks (n=4) and 4 weeks (n=4) following denudation injury. (c) Aortas
were longitudinally transected and immunohistochemistry (IHC) was performed en face. (d) VE-cadherin
(red) identifying the endothelial monolayer and fibrinogen (green) IHC of a non-injured aorta. (e) Aortic cross
clamping produced a 1575 pm injury length of denuded endothelium, marked by a horizontal white line, at
2hours following injury. (f-i) Fibrinogen IHC showed the denudation area and VE-cadherin identified the
endothelial monolayer at 72 hours (f), 1 week (g), 2 weeks (h) and 4 weeks(i). The white horizontal bar marks
the original denudation injury length. (d’-1’) Higher magnification of the boxed areas. Scale bar: 40 pm.

confounded by the lack of information on proliferation and the limited visibility offered by cross-sections of
the endothelial layer. Molecular regenerative information in these models has also been hindered by the limited
material isolated from the carotid or femoral arteries, the inability to obtain a reproducible injury, and the dif-
ficulty of producing an area of denudation completely devoid of endothelium. These factors have stalled flow of
information that have been relatively easy to obtain in other tissues?*%.

As such, we sought to create a new model of arterial denudation injury to allow for gene expression profiling
and evaluate the transcriptional signatures associated with vascular regeneration following mechanical arterial
injury in the context of a fully functional vessel. This approach was combined with flushing RNA lysis buffer
directly in the lumen of the aorta, similar to what has been previously done to study the effects of flow distur-
bances in the carotid, to obtain intima-enriched aortic RNA of regenerating vessels®**!. In the process, it became
clear that vascular regeneration follows four clearly distinct stages of regeneration that, with the exception of
proliferation, have little overlap with the process of vascular expansion known as angiogenesis.

Results

Healing of arterial denudation injury is marked by proliferation that promotes wound closure.
Cross clamping of the mouse infrarenal abdominal aorta in a sequential fashion was used to generate a repro-
ducible endothelial denudation model (Fig. 1a). The imposed injury extended from below the renal arteries to
the iliac bifurcation resulting in an injury of approximately 1700 to 2400 pm in length and corresponded to
15-20% of the mouse infrarenal abdominal aorta (Suppl. Fig. 1a,b). We then allowed for progressive repair of the
wound by closing the mouse and evaluating the status of regeneration at 2hours, 72 hours, 1 week, 2 weeks and 4
weeks following denudation injury (Fig. 1b), transected the aorta longitudinally (Fig. 1c) and performed en face
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immunohistochemistry (Fig. 1d-i). VE-cadherin and fibrinogen were used to identify endothelial cell junctions
and denudation injury, respectively. Inmunohistochemistry confirmed that the procedure produced a contig-
uous area devoid of endothelium and of the predicted length 2 hours after injury (Fig. 1e and ¢). Interestingly,
the injury did not remove the basement membrane, as per evaluation of type IV Collagen (Suppl. Fig. 1c). At
72hours, the endothelial wound area was significantly reduced due to regeneration of the endothelial monolayer
at both the proximal and distal sites of injury. Importantly, the process of endothelial repair was equivalent
upstream and downstream of flow. Regenerating endothelial cells at 72 hours were marked by hypertrophy, elon-
gation, and decreased VE-cadherin along the apical periphery of the leading edge of cells (Fig. 1f and f”). Upon
wound closure at 1 week, immunohistochemistry identified large and disorganized clusters of cells that were
denser in number, smaller in diameter, and not fully oriented in the direction of blood flow (Fig. 1g and g’). The
reorganization of endothelial cells persisted at 2 weeks (Fig. 1h and I) until finally at 4 weeks a completely closed
monolayer of endothelial cells oriented in the direction of blood flow was observed (Fig. 1i-1’).

We next investigated the contribution of endothelial cell proliferation to healing of arterial denudation injury.
Mice were injected with EdU 2 hours prior to harvesting of aortas to identify cells that had entered the cell cycle
(S phase) and were actively proliferating (Fig. 2a). Quantification of EdU-positive cells within the area of denuda-
tion during each time point of regeneration further validated these observations. Compared to the non-injured
aorta with 1.14 £ 0.595 EdU-positive endothelial cells per 1000 endothelial cells (mean £ SEM), the subsequent
time points showed 0.554 £ 0.355, 389 & 19.8, 114 & 57.6, 37.4 &+ 29.8, and 5.05 £ 0.707 at 2 hours, 72 hours, 1
week, 2 weeks and 4 weeks, respectively (Fig. 2b). No EdU-positive cells were found at 2 hours following injury
proximally or distally to the wound (Fig. 2d and d’). By 72 hours post-injury a significant increase in proliferating
endothelial cells was noted in areas restricted to the wound margins (Fig. 2e and €'). Interestingly, endothelial cells
continued to demonstrate EdU-positivity at 1 week and 2 weeks following injury (Fig. 2f-g’) well after the injury
was completely repaired, suggesting that wound closure was insufficient to cease proliferation. Finally, aortas
harvested 4 weeks following injury demonstrated a minimal number of EdU-positive cells and were similar to the
non-injured aorta (Fig. 2h and I). These data showed no enhancement of proliferation 2 hours following injury,
marked cell-cycle entry at 72 hours contributing to wound closure, and persistence of endothelial cell prolifera-
tion at 1 week and 2 weeks.

Identification of transcriptional signatures associated with vascular regeneration. To elucidate
the molecular underpinnings that trigger and drive regeneration of the tunica intima, we sought to obtain and
analyze transcriptomes for each of the time points following arterial denudation. However, we first sought to
determine whether a previously developed method for obtaining intima-enriched RNA may be applied along the
area of denudation to produce transcriptional readouts specific to the intimal layer and avoid dilution effects from
the large number of smooth muscle and adventitial cells*. As such, intima-enriched aortic RNA was isolated and
compared to whole aortic RNA by RNAseq (Suppl. Fig. S2a). Evaluation of the aorta subjected to flushing of RNA
lysis buffer demonstrated absence of endothelial cells as per ERG immunocytochemistry, suggesting enrichment
of endothelial cells in the lysis buffer with minimal removal of smooth muscle cells, as per alpha-smooth muscle
actin (Suppl. Fig. S2b,b’). Principal component analysis (PCA) showed clustering of the intima-enriched aor-
tic RNA transcripts and clear distinction from the cohort of whole-aortic RNA samples, as well as the flushed
aorta samples (smooth muscle cell-enriched) (Suppl. Fig. S2¢). Unbiassed hierarchical clustering also revealed
low variance within the intima-enriched samples and segregation from whole-aorta and tunica media-enriched
(flushed aorta) samples (Suppl. Fig. S2d). Examination of the relative abundance of transcripts from the endothe-
lium, smooth muscle and inflammatory cells showed a paucity of smooth muscle-specific transcripts, Notch 3
and Calponin, and enhanced endothelial cell-specific transcripts, VE-cadherin, PECAM-1, vWF and VCAM-1,
in the intima-enriched aortic RNA compared to whole aortic RNA (Suppl. Fig. S2e). Taken together, we found
this method of RNA extraction produced a transcriptome reflective of intimal and endothelial cell-enrichment
compared to homogenized whole aortic RNA.

RNAseq was then performed for the non-injured aorta and at each time point following denudation injury.
Comparing the differentially expressed genes (DEGs) from denuded aortas to the non-injured aortas, we
observed 359 DEGs at 2 hours, 2046 DEGs at 72 hours, 526 DEGs at 1 week, 180 DEGs at 2 weeks, and 104 DEGs
at 4 weeks using an adjusted p-value of 2.6898 x 107°. PCA demonstrated close clustering of individual samples
from each time point after injury as well as separation between different time points, validating the low variance
within samples and high variance between no injury and the regeneration time points of 2hours, 72hours and 1
week (Fig. 3a). Interestingly, the 2 week and 4 week time points showed low variance, as confirmed by the distance
heat map in which samples from both the 2 week and 4 week repair groups were intermixed (Fig. 3b). As such,
these time points were combined for subsequent analysis. In fact, the distribution of samples by PCA allowed
us to identify four unique transcriptional signatures associated with the progression of vascular regeneration.
Interestingly, these transcriptional signatures gain proximity over time towards the non-injured endothelium, as
indicated by the arrows, indicating progressive return to homeostasis.

Sub-analysis of the relative abundance of transcripts for endothelial, smooth muscle and inflammatory cells
showed an enrichment of endothelial-specific transcripts, VE-cadherin and PECAM-1, with average read num-
bers 10,538 & 723 (mean + SEM) and 33,976 + 1,416, respectively, as well as a relative low abundance of smooth
muscle-specific transcripts, Notch3 and Calponin, with average read numbers 104 =+ 12.8 and 177 + 20.3, respec-
tively (Fig. 3¢, Supplementary Data S1). Interestingly, an increase in inflammatory cell transcripts, CD45, CD68,
and F4/80, was noted during the 72hour and 1 week time points suggesting presence of inflammatory cells in
the tunica intima during wound closure that contributed to the transcriptional read outs of the intima-enriched
aortic RNA (Fig. 3¢). This was confirmed by immunohistochemistry of CD45 that showed adherence of inflam-
matory cells in the regenerating endothelium at 72 hours, 1 week, 2 weeks and 4 weeks following injury (Suppl.
Fig. $3). CD45-positive cells were observed clustering along the proximal edge of proliferating endothelium at
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Figure 2. Regeneration of the endothelial monolayer is marked by proliferation that initiates rapidly after
injury and promotes wound closure. (a) Schematic representation of the experimental design. Mice were
injected with EAU 2 hours prior to harvesting of aortas. (b) Number of EdU-positive endothelial cells per 1,000
endothelial cells (mean + SEM) without injury (n=6) and 2hours (n=6), 72hours (n=6), 1 week (n=5), 2
weeks (n=4) and 4 weeks (n=4) following injury. (c-h) EdU-positive endothelial cells following injury at the
indicated time points (green). VE-cadherin was used to visualize endothelial junctions (red). (¢-I’) Higher
magnification IHC of the boxed areas showed EdU-positive endothelial cells at 72 hours, 1 week and 4 weeks
following injury. Scale bar: 40 pm.
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Figure 3. Transcriptomic analysis identifies unique transcriptional signatures associated with the progression
of vascular regeneration. (a) Principal Component Analysis (PCA) demonstrated the source of variance in our
data and identified unique stages of wound healing: shock at 2 hours (n=5), proliferative at 72 hours (n=6),
acclimation at 1 week (n = 6) and maturation at 2 and 4 weeks (n =6 at both time points), with convergence
toward the non-injured aortic transcripts (n=>5). (b) Heat map showing the Euclidean distances between the
samples as calculated from the regularized log transformation. (c) Heat map showing relative abundance of
transcripts from endothelial, smooth muscle, inflammatory, and house-keeping genes. Note enrichment in
endothelial-specific markers at all time points.

72hours and disorganized endothelium at 1 week, and were subsequently found adhering to endothelium. Thus,
the transcriptional signatures obtained for each stage of vascular regeneration were a reflection of the regenerat-
ing intima, composed of regenerating endothelium and a few adherent CD45-positive cells.

Rapid and robust responses to injury in the endothelial transcriptome. Differential gene expres-
sion of the non-injured aorta versus 2 hours following injury identified 359 DEGs, of which 313 genes were upreg-
ulated and 46 genes were downregulated. Gene ontology enrichment of this cohort of DEGs highlighted 213
biological processes (p < 0.05, Supplementary Data S2). After filtering for redundant genes, the top 10 GOs were
identified and presented in Fig. 4a; these included 143 distinct genes, many of which were redundant to multiple
biological processes. The 143 genes were further filtered by mean read count greater than 200 and lowest p-value
to identify the top 50 DEGs. Positive regulation of transcription from RNA Polymerase II promoter, cell adhesion,
and apoptotic process were identified to be the most prominent activities represented among the top 50 DEGs
with 17, 14, and 11 DEGs, respectively. Gene ontology enrichment suggested a shift toward cell stress, cell adhe-
sion, and transcriptional regulation at 2 hours following injury.
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Figure 4. Initial injury is characterized by cell stress, transcriptional regulation and cell adhesion. (a) Gene
ontology enrichment identified inflammatory response and cell adhesion as significantly upregulated processes,
among others, 2 hours after injury. (b) The top 50 differentially expressed genes (identified by lowest p-value)
organized by fold change. (c) Heat map showing differences in normalized counts of the top 50 differentially
expressed genes between no injury (n=5) and 2 hours (n=>5). (d) Protein-protein interaction network of
top 50 differentially expressed genes via STRING analysis identified clusters specific to cell stress and cell
adhesion. (e) JunD expression 2 hours following injury (green) as revealed by immunohistochemistry. VE-
cadherin and DAPI denote endothelial junctions (red) and nuclei (blue), respectively. Scale bar: 60 pm (f)
Immunohistochemistry for JunB expression 2 hours following injury (green). VE-cadherin and DAPI reveal

endothelial junctions (red) and nuclei (blue), respectively. Scale bar: 60 pm.
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Genes associated with apoptosis and cell stress with a greater than 2-fold increase included HmoxI, Sfrp2,
Gadd45g, Tnfaip3, Litaf, and Clic4. A similar increase was also noted in Myc, Sbno2, Cebpb, Nr4a3, Itga6, Arid5a,
Junb, Fosl2, Kdm6b, Ets2, Dotl1l, and AbI2 within the positive regulation of RNA Polymerase II promoter process
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(Fig. 4b and ¢). Interestingly, genes associated with apoptosis and transcriptional regulation encoded for pro-
teins that clustered together when analyzed for protein-protein interactions via STRING networking analysis
and showed significant interactions between BCL2L1, Myc, Mcl-1, JunB, FOSL2, JunD, Hmox1 and Ets2 with
confidence scores greater than 0.9 (Fig. 4d). On the other hand, genes associated with cell adhesion with a greater
than 2-fold increase included Itga2b, Cd44, Csf3r, Itga6, Itgb3, Col5al, Icam1, Abl2, Thbsl, and Itga5. These genes
encoded for proteins that clustered separately from the knot characterized by cell stress and had protein-protein
interaction confidence scores greater than 0.9 with the exception of collagen a-1(V) chain and G-CSF receptor,
encoded by Csf3r (Supplementary Data S2). Protein-protein interaction networking identified two principal clus-
ters from the top 50 DEGs identified, one which functioned to influence transcriptional regulation during cell
stress and the other associated with cell adhesion. Validation of the RNAseq analysis was performed by immu-
nocytochemistry of a cohort of genes. Shown are expression of JunD and JunB. Interestingly the findings indi-
cate that the source of the upregulation in these genes originate from cells immediately adjacent to the injury
(Fig. 4e,f). These results illustrated that the first stage of vascular regeneration is characterized by a rapid response
(as early as 2 hours) from the cohort of cells right next to the removed endothelium. The response is characterized
by shock with a transcriptome of cell stress, transcriptional activation, and cell adhesion.

Pronounced increases in cell cycle transcripts characterizes the proliferative stage. The prolif-
erative stage exhibited 2046 DEGs between the non-injured and 72hour injury time point, a marked increase in
differential expression compared to other time points. Of the 2046 DEGs, 1310 genes were upregulated and 736
genes were downregulated. Gene ontology enrichment of this cohort of genes identified 412 biological process
(p <0.05, Supplementary Data S3). The ten most significant GOs were selected and included: cell cycle, immune
system process, nucleosome assembly, inflammatory response, DNA replication, intracellular signal transduction,
cell adhesion, chemotaxis, positive regulation of cell migration, and regulation of cell cycle (Fig. 5a). These 10
biological activities incorporated 584 of the 2046 DEGs, and were further filtered by read count and p-value to
select the top 50 DEGs. Immune system process and cell cycle were the two most prominent activities represented
by the top 50 DEGs with 12 and 11 DEGs respectively.

Cell cycle genes exhibiting a greater than 2-fold increase included: Kif11, Mki67, Aspm, Cenpe, Prcl, Mcm5,
Incenp, H2afx, Ncapd?2, Cit, and Smc2 (Fig. 5b). These genes demonstrated pronounced increases in gene expres-
sion, from 6-fold to 43-fold. Average read counts for Smc2, the gene with the lowest fold change in this cohort,
changed from 98.0 £ 12.9 (mean £ SEM) in non-injured aortas to 420.4 & 65.0 at the 72 hour time point.
Whereas average read counts for Kifl1, the gene with the highest fold change in this cohort, increased from 13.2
+ 3.35 in non-injured aortas to 426 + 49.3 at the 72 hour time point (Fig. 5¢). Analysis of read counts demon-
strated the extremely low expression profile of these genes in non-injured aortas and the pronounced increase
in cell cycle transcripts found 72 hours after injury consistent with the increase in proliferation documented
by EdU incorporation at this time point. All proteins encoded by these genes formed a very tight cluster via
protein-protein interaction network analysis with confidence scores greater than 0.9 (Fig. 5d, Supplementary
Data S3). This finding, unsurprisingly, correlated with the presence of the mitotically-active cells along the wound
margin of the regenerating endothelial monolayer. In agreement with an enhancement of CD45-positive cells
observed in immunohistochemistry (Suppl. Fig. S3), genes relating to the immune system process had a promi-
nent enrichment at 72 hours. Immune system process genes exhibiting a greater than 2-fold change included Prg2,
Ltf, Len2, Clqb, Lgals3, Clqa, Ccl9, Adgrel, Csflr, Anxal, Unc93b1, and Cfh (Fig. 5b and c). Similar to cell cycle
genes, these genes demonstrated pronounced fold changes in expression levels. However, proteins encoded by
these genes showed loose clustering in protein-protein interaction network analysis with confidence scores rang-
ing from 0.44 to 0.85 with the exception of the C1qA-C1qgB interaction which demonstrated a 0.99 confidence
score (Supplementary Data S3) (Fig. 5d). Validation of the transcriptional data is shown for Ki67 and Smc2. Both
proteins are poorly expressed in the area of the aorta far from the injury and drastically increased in cells adjacent
to the wound area (Fig. 5e,f).

Transcripts for extracellular matrix and inflammatory cell adherence characterize the acclima-
tion stage of wound repair. Differential gene expression of aortas 1 week following injury identified 526
DEGs, 400 of which were upregulated and 126 of which were downregulated. Gene ontology enrichment of this
gene cohort highlighted 238 distinct biological processes (p < 0.05, Supplementary Data S4). The 10 most signif-
icant GOs are shown in Fig. 6a and included 199 of the 526 DEGs, which were further filtered by read count and
p-value to select the top 50 DEGs. Cell adhesion, positive cell migration, and immune system process were the top
three GOs represented by the top 50 genes with 16, 12 and 11 genes, respectively.

Cell adhesion genes exhibiting a greater than 2-fold increase included Mmp14, Col18al, Cd44, Itgh2, Lambl,
Col5al, Corola, Itgb3, Mcam and Nid1. Genes belonging to the positive regulation of cell migration GO with greater
than 2-fold increases included Csfr1, Myolf, Collal, Mmp14, Col18al, Igfl, Lambl, Itgh3, Mmp2, Mcam and Dab2
(Fig. 6b). All of these genes, with the exception of Dab2, showed protein-protein interaction scores greater than
0.9 (Fig. 6d, Supplementary Data S4). Col18al, Lambl, Col5al, Collal, Lamb2, Mmp14, Mmp2, Itgh3, Nidl, IgfI,
and Cd44 formed a tight cluster within this network, stressing the importance of the establishment of the basement
membrane and reorganization of endothelial cells as they acclimate following wound closure. Nevertheless, some
of the top genes that are differentially expressed at 1 week included those that belong to the immune system pro-
cess, emphasizing the significant contribution of immune cells at this time point. The cohort of genes within the
immune system process that had the largest fold increase were Lcn2, Ltf, S100a8, Csflr, H2-Abl, H2-Ebl, Cd74,
H2-Aa, and Unc93b1 compared to the non-injured aorta (Fig. 6b). With the exception of H2-Ab1, H2-Eb1, Cd74,
and H2-Aa, genes involved in production of MHC Class II subunits, the remaining genes encoded for proteins with
loose clustering via protein-protein interactions and low confidence scores less than 0.75 (Supplementary Data S4).
Interestingly, Itgb2, Corola, and Myolf, genes involved in the function and regulation of inflammatory cells, were
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p-value) organized by fold change. (c) Heat map showing differences in normalized counts of the top 50
differentially expressed genes between no injury (n=>5) and 72 hours (n=6). (d) Protein-protein interaction
network of top 50 differentially expressed genes via STRING analysis identified protein clusters specific to
proliferation and inflammation. (e) Ki67 expression 72 hours following injury (green) by immunohistochemistry.
VE-cadherin and DAPI denote endothelial junctions (red) and nuclei (blue), respectively. Scale bar: 60 um (f)
Immunohistochemistry reveals Smc2 expression 72 hours following injury (green). VE-cadherin and DAPI reveal
endothelial junctions (red) and nuclei (blue), respectively. Scale bar: 60 pm.

identified in the analysis of the cell adhesion and positive cell migration ontological processes, suggesting the pres-
ence of immune cell binding upon wound closure as endothelial cells reorganize. Protein validation was performed

for several of these transcripts, including type III collagen and laminin betal (Fig. 6e,f).
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Figure 6. Acclimation is characterized by enhancement of cell adhesion and inflammatory transcripts. (a) Gene
ontology enrichment identified immune system process, positive cell migration and cell adhesion among the top

ten most significant biological processes at 1 week following injury. (b) The top 50 differentially expressed genes
(identified by lowest p-value) organized by fold change. (c) Heat map showing differences in normalized counts of
the top 50 differentially expressed genes between no injury (n=>5) and 1 week (n=6). (d) Protein-protein interaction
network of top 50 differentially expressed genes via STRING analysis identified a cluster specific to basement
membrane and extracellular matrix deposition. (e) Enhanced type III collagen expression 1 week following injury
(green) as visualized by immunocytochemistry. VE-cadherin and DAPI denote endothelial junctions (red) and nuclei
(blue), respectively. Scale bar: 60 pm (f) Immunocytochemistry for Lamininf31 expression 1 week following injury
(green). VE-cadherin and ERG denote endothelial junctions (red) and nuclei (blue), respectively. Scale bar: 60 pm.

Injury - 1 week

Of note, while the transcriptome at this time point predominantly highlights the relevance of cell adhesion,
migration and inflammation, cell cycle remained among the top 10 most significant ontological processes. Mki67
exhibited the largest fold increase of 2.9 with average read counts increasing from 116 & 19.6 in non-injured
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aortas to 959 + 42.6 at 1 week following injury (Fig. 6b and ¢, Supplementary Data S1). Inmunohistochemistry at
this time point demonstrated complete wound closure with small foci of EdU-positive cells within aggregates of
disorganized endothelial cells (Fig. 2f and f’), suggesting continued endothelial cell turnover despite the presence
of a fully repaired endothelial cell monolayer. Furthermore, these foci of endothelial cell proliferation exhibited
adherent CD45-positive cells (Suppl. Fig. S3g).

Regeneration ceases with extracellular matrix remodeling and vessel maturation. Differential
gene expression of aortas at 2 and 4 weeks following injury identified 131 DEGs, of which 83 were upregulated
and 48 downregulated. Gene ontology enrichment of this cohort of DEGs was associated with 39 biological
processes (p <0.05, Supplementary Data S5). The top 10 GOs were identified after filtering for redundant genes
and included 42 distinct genes (Fig. 7a). Among these genes, the three activities with the most number of genes
were cell adhesion, extracellular matrix organization and angiogenesis, with 10, 8, and 8 genes, respectively. Cell
adhesion genes exhibiting a greater than 1.5-fold increase in gene expression included Col8al, Sele, Col18al,
Mcam, Cd44, and Col5al. Similarly, genes with a 1.5-fold increase in gene expression within the extracellular
matrix organization process include Pxdn, Col18al, Lambl, Eln, Fbln5, Lama4, and Nidl. Finally, angiogene-
sis genes exhibiting the same increase in gene expression include Col8al, Col18al, Mmp14, Mmp2, and Mcam
(Fig. 7b and c). Col18al, Col5al, Col8al, Mmp14, Mmp2, Sele, Cd44, Nid1, Eln, and Fbln5 encode for proteins
that form interactions with strong confidence scores greater than 0.9 (Fig. 7d, Supplementary Data S5). These
protein interactions suggest ongoing cell matrix and basement membrane remodeling leading to vessel matura-
tion. Nevertheless, the low number of DEGs and the low fold change difference in gene expression of this stage
compared to other stages suggest that the brunt of vascular regeneration has ceased and only small adjustments
in matrix remodeling were still occurring. Unlike other stages, however, the final two-time points were princi-
pally focused on remodeling of cell matrix and basement membrane without the contribution of other cellular
processes. Immunocytochemistry validated robust expression of elastin and endoglin during this stage (Fig. 7e,f).

Validation and analysis reveals four stages in vascular regeneration and repair. To further
confirm the findings from RNAseq, we also performed validation using multiplexed gene expression analysis
(NanoString) (Fig. 8a and Supplementary Data S6). The approach enabled the concurrent evaluation of 169 genes
identified in the RNAseq and 14 control genes in a single reaction with high sensitivity. The technology has been
used recently in several publications with reproducibility and high linearity across a wide range of expression
levels®**-**, Information from these evaluations on a total of 93 cohort of animals supported the RNAseq data and
further supported the stages in the process of vascular regeneration and repair (Fig. 8b).

Discussion

Transcriptional profiling is a powerful tool to understand regulatory interactions and molecular requirements
associated with complex biological processes. Here we sought to identify the molecular changes associated with
vascular regeneration following mechanical injury in vivo. Although previous studies have evaluated transcrip-
tome changes in injured vessels in response to catheter deployment, carotid ligation and atherosclerosis, these
evaluations included the entire vessel, largely diluting transcriptional alterations experienced by endothelial
cells*-%7. Using principal component analysis of transcriptomes at defined time points, we showed clustering
of samples that departed from the non-injured aorta immediately following injury and then slowly shifted back
toward the non-injured aorta (homeostatic point) with time (Fig. 3a). These unique clusters and shifting tran-
scriptional signatures correlated with endothelial proliferation driving wound closure and with subsequent reor-
ganization and remodeling as the events that immediately preceded return to homeostasis. While some of the
findings could be anticipated from our understanding of epithelial wound repair, several surprising aspects were
also noted. First, the healthy endothelium adjacent to the injury reacted quickly (as fast as 2 hours) to a breach
in continuity, likely sensed by tensional forces at cell-cell junctions. Second, there was a rapid, almost synchroni-
cally abrupt entry into cell cycle that was not immediately suppressed when endothelial continuity was regained.
Third, the signatures noted during repair were distinct from those found during the angiogenic cascade and
fourth, active remodeling of the extracellular matrix was the last needed step to regain endothelial vasoregulatory
compliance.

Data mining revealed that endothelial repair is a step-wise process that follows four major stages: shock, pro-
liferation, acclimation and maturation (Fig. 8). The first stage, or shock, is characterized by a significant increase
in transcripts encoding for acute stressor proteins and integrins as quickly as 2hours post-injury. Acute stressor
transcripts identified included Fos, Fosb, Fosl1, Fosl2, Junb, and Jund, all of which encode for proteins that form a
dimeric complex, AP-1 (activator protein-1), and act as transcriptional regulators involved in transduction of sig-
nals for proliferation, survival, differentiation and transformation of cells**. AP-1 has been found to play a role in
mechanical stretch of human osteoblasts and has also been implicated as a mediator between transcriptional reg-
ulation and mechanotransduction of shear stress and cyclic strain in aortic endothelial cells**-*2 Thus, it is likely
that in a functional artery AP-1 acts as a central hub for information between junctional tension and proliferative
responses. Junctional proteins, particularly but not exclusively VE-cadherin, act as tension sensors and transduce
environmental stimuli, such as fluid shear stress, to the cell via cytoskeletal rearrangements“. The loss of cell-cell
contact following denudation injury, resulting in decreased intensity of VE-cadherin staining along the leading
edge of endothelial cells, likely results in changes in mechanical tension and destabilizes cytoskeletal arrange-
ments within the leading edge of cells following injury. Interestingly, both c-Fos and JunB have been implicated
in transduction of environmental physical cues in epidermal cells, with upregulation of Junb expression following
actin depolymerization*%. As such, loss of tension and junctional integrity along the leading edge of cells may be
the trigger that induces expression of these acute stressor transcripts.
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Figure 7. The final stage is marked by elevations in extracellular matrix transcripts. (a) Gene ontology
enrichment identified cell adhesion and extracellular matrix organization as the top two biological processes

at 2 and 4 weeks following injury. (b) The top 50 differentially expressed genes (identified by lowest p-value)
organized by fold change. (c) Heat map showing differences in normalized counts of the top 50 differentially
expressed genes between no injury (n=>5), 2 weeks (n =6), and 4 weeks (n=6). (d) Protein-protein interaction
network of top 50 differentially expressed genes via STRING analysis showing clustering of extracellular
matrix proteins. (¢) Immunohistochemistry demonstrates elastin expression 2 weeks following injury (green).
VE-cadherin and DAPI reveal endothelial junctions (red) and nuclei (blue), respectively. Scale bar: 60 pm

(f) Enhanced endoglin expression 4 weeks following injury (green) detected by immunohistochemistry. VE-
cadherin and ERG indicate endothelial junctions (red) and nuclei (blue), respectively. Scale bar: 60 pm.

In addition to loss of junctional integrity, endothelial denudation injury impacts the integrity of the basement
membrane along the wound edge, affecting integrins and focal adhesions. At 2 hours following injury, we found
a pronounced transcriptional increase in Itga6, Itga5 and Itgb3. Interestingly, there appears to be an emerging
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Figure 8. Vascular regeneration can be divided into four distinct transcriptional stages defined by unique
changes in cellular processes. (a) Differential expression heatmap of a group of genes identified in the RNAseq
and now validated using NanoString in post injury intima-enriched aortic samples across multiple time

points during wound regeneration (n =17 [uninjured], n =30 [2 hr post-injury], n=17 [72 hr post-injury],

n =13 [1wk post-injury], n =20 [2wk post-injury]). For each time point, the number of animals were divided
into three independent pools for statistical analysis per time point. Statistics included a two-tailed t-test on the
log-transformed normalized data assuming unequal variance. Red indicates upregulation in comparison to
uninjured intima-enriched aortic samples; blue indicates downregulation. (b) Schematic representation of the
contribution of stress and immune response, cell signaling, cell migration, cell proliferation, extracellular matrix
reorganization and vessel maturation to each transcriptional stage. Cellular processes were categorized based

on the top ten GOs identified in each stage. The larger outer circle represented the percentage of all statistically
significant DEGs within that category and the darker inner circle represented the proportion of genes within the
defined process that are highly expression (base mean > 200 counts). The sum of the inner and outer circle is the
percentage of that specific category’s contribution to the total DEG in the top 10 GO categories. The summation
of all circles across each row represented all the DEGs in the top 10 categories.

link between AP-1 activity, integrin subunit expression and tension during cell migration, suggesting a potential
relationship between AP-1 and focal adhesion remodeling. Matrix stiffness was found to upregulate expression
of o integrin by activation of AP-1 in lung myofibroblasts**. Yet, contrary to our finding of increased (3; integrin
and AP-1 transcripts, in vitro studies in HUVECs demonstrated repression of o, and (3; integrin transcription by
dimerization of FOSL1 and JunD in the setting of increased cell adhesion and decreased cell motility*S.
Following cell shock, endothelial cells were found to quickly enter the cell cycle and proliferate to close the area
of denudation. Interestingly, proliferation was isolated to zones along the wound margin rather than be diffusely
spread throughout the aorta, suggesting these cells are experiencing a unique stimulus driving cell cycle entry.
As previously eluded to, tension may serve as this stimulus acting through junctional proteins. Furthermore,
loss of endothelial contact inhibition promotes translocation of 3-catenin to the nucleus driving transcription of
cell-cycle genes Myc, cyclins D1/E2 and VEGF**, In fact, 3-catenin has been shown to regulate transcriptional
activation of Smc2, a DNA-binding ATPase that is essential for maintenance of chromosomal integrity during
cell division, and a gene that was found to be significantly upregulated in our differential expression analysis and
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validated by evaluation of protein expression by immunohistochemistry*”. Smc2 was found to interact with
several other transcripts involved in mitosis and cell division, including Ncapd2, a non-SMC subunit of condensin
I, as well as Mcm5, Incenp, Cenpe, Aspm, Prcl, and Kifl 1. These transcripts, in addition to those involving nucle-
osome assembly, such as H2afx, Hist1h1, Hist1hla, Hist1h1b, Hist1h1d, and Hist2h2bb, were identified as the most
significant DEGs by p-value and with fold changes ranging from 4-fold to 64-fold increases in gene expression.
This signature illustrates a remarkably robust program that drives the cell cycle machinery, promoting cell divi-
sion and driving wound closure. Nevertheless, while the top 50 DEGs were discussed previously, the proliferative
stage exhibited an impressive 2046 total DEGs compromising a host of ontological biological processes, including
cell migration, regulation of cell proliferation, positive regulation of transcription, and actin cytoskeletal organ-
ization, highlighting the coordination of diverse cellular processes that act concomitantly to repair the denuded
area.

The third stage of vascular regeneration is characterized by a robust inflammatory response as well as base-
ment membrane and extracellular matrix remodeling. Along with significant fold increases in Itgh2 and Itgam,
suggesting increased inflammatory cell adherence, we observed tight clustering of collagens, laminins, and inte-
grins in the protein interaction network analysis highlighting the importance of basement membrane and ECM
deposition during this stage. Gene ontological enrichment also identified the significant contribution of cell cycle
genes 1 week following injury, underscoring persistent endothelial cell proliferation among clusters of disorgan-
ized endothelium that have lost their polarity. Note that at this time the endothelial wound has been fully closed,
and yet proliferation continues. Interestingly, these areas of persistent proliferation and disorganization exhibited
preferential and focal adherence of inflammatory cells. The potential homing of inflammatory cells to areas of
proliferation might relate to poor junctional integrity as these cells undergo rearrangements in their cell-cell
interactions. In fact the adherence of patrolling monocytes to the endothelium was noted in atherosclerotic areas,
with the number of monocytes correlating with the level of endothelial cell damage®'.

As endothelial cells continue to reorganize and polarize in the direction of flow during the final maturation
stage (2—4 weeks following injury), we found the predominant processes to include extracellular matrix organi-
zation and vessel maturation. These were represented by small fold increases in Col5a1, Col5a2, Col8al, Coll8al,
Nidl, and Lamc3, all of which encode for proteins involved in the maintenance of basement membrane, as well
as Mmp14 and Mmp2, highlighting the persistent extracellular matrix remodeling. However, the low number of
DEGs at this stage compared to other stages suggests that at this point the regenerated endothelium is function-
ally recovered and behaving similarly to non-injured endothelium. In fact, further examining genes essential
for endothelial cell function, such as Vegfrl, Tie2, eNOS, and Notchl, demonstrated a significant decrease in
transcript levels at 72hours and 1 week, both of which have varying but significant levels of proliferation, and a
return to non-injured aortic transcript levels by 2 weeks following injury. This was found among all growth factor
receptors and vasoregulatory proteins.

It is important to emphasize that our results, although elucidating the biological processes involved in vas-
cular regeneration, reflect transcriptional read outs of the aortic intima and all its components. As such, enrich-
ment was found in both endothelial and inflammatory cells and produced transcriptomes reflective of both cell
types. Given their shared hematopoetic lineage, tracing the origin cell of specific transcripts may be problematic.
However, the small number of cells involved in regenerating the denudation injury, likely on the order of 50,000
to 100,000, preclude the use of FACS sorting for specific intima-specific cell types. Finally, while our results
provide insight into the transcriptional activity of the aortic intima during regeneration, we use protein network
analysis to infer potential interactions based on available evidence with established systems for determining con-
fidence of these interactions™.

In summary, we defined four transcriptionally unique stages of vascular regeneration following in situ injury
of large arteries in vivo that are functionally distinct from those identified during angiogenesis. We performed
deep transcriptomic sequencing and validated the data through immunohistochemistry and an independent
Nanostring technology using a large cohort of biological replicates. The combined information allowed us to
better define the molecular mechanisms surrounding repair of large arteries. This work provides insight into
how regeneration is carried out in the absence of pathological conditions. As such, this study provides baseline
information of vascular regeneration and offers the opportunity to significantly build upon our understanding of
endothelial functionality in the context of cardiovascular disease.

Methods

Animals. Wild type (C57BL/6) mice were obtained from Taconic Biosciences (Hudson, NY). All animals were
housed at the University of California, Los Angeles (UCLA) Animal Care Facility and received food and water
ad libitum. All animal use protocols, mouse handling, and surgical and experimental procedures were reviewed
and approved by the UCLA Institutional Animal Care and Use Committee (IACUC), and these protocols were
conducted in accordance with federal regulations as outlined in the “Guide for the Care and Use of Laboratory
Animals” prepared by the National Academy of Sciences.

Denudation Injury. Aortic cross clamping was utilized to produce an arterial denudation injury as
described™. Briefly, mice were anesthetized with 2.5% isoflurane via nose cone. Laparotomy was performed under
a dissecting microscope to expose the infrarenal abdominal aorta. A vascular clamp (Schwartz Micro Serrefines
— Sharp Bend Cat# 18052-03, Fine Science Tools, Foster City, CA) was used to cross clamp the aorta for two
minutes just proximal to the iliac bifurcation and was sequentially placed proximally to a level just distal to the
renal arteries, each time for two minutes. Non-injured mice received a sham surgery involving laparotomy and
dissection to the infrarenal abdominal aorta without aortic cross clamping. After injury, mice were housed in a
chamber and received carprofen (5 mg/kg, SQ; Norbrook Laboratories, Overland Park, KS) every 24 hours for two
days, if appropriate for time point.
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Aorta preparation, EdU staining, immunostaining, and confocal microscopy. Mice were sacri-
ficed after injury at the following time points: 2 hours, 72 hours, 1 week, 2 weeks and 4 weeks. Non-injured mice,
which underwent a sham surgery, were also sacrificed. Euthanasia involved isoflurane inhalation and subse-
quent injection of 5mg methacholine chloride prepared in phosphate-buffered saline (MP Biochemicals, Santa
Ana, CA). Upon confirmation of death by respiratory cessation, mice were perfused with 4% paraformalde-
hyde in phosphate-buffered saline at a perfusion pressure of 100 mmHg via the left heart for 10 minutes. The
intact infrarenal abdominal aorta was subsequently separated from surrounding tissue and transected longi-
tudinally along the dorsal surface. The longitudinally-cut aorta was then incubated in 4% paraformaldehyde in
phosphate-buffered saline for at least one hour and pinned on a 35 mm silicone dish with the luminal side up for
subsequent en face whole-mount immunohistochemistry.

For EdU (5-ethynyl-2’-deoxyuridine) experiments, mice were injected intraperitoneally with 25 mg/kg
EdU (Fisher Scientific, Hampton, NH) 2 hours prior to sacrifice and harvest. Following the harvest procedure
described above, the remainder of the staining procedure was performed using the Click-iT® Plus EdU Alexa
Fluor® 647 Imaging Kit (ThermoFisher Scientific, Waltham, MA) per manufacturer’s protocol. Aortas were sub-
sequently blocked in 1X Hank’s Balanced Salt Solution (HBSS), 3% normal donkey serum, 0.3% Triton-X 100
(Sigma Aldrich, St, Louis, MO), and 0.05% Tween20 (Sigma Aldrich, St, Louis, MO) for one hour. Primary anti-
bodies were applied for at least 60 minutes. Anti-mouse VE-cadherin (sc-6458) was purchased from Santa Cruz
Biotechnology. Anti-mouse type III collagen (ab7778), anti-mouse type IV collagen (ab6586), anti-mouse elastin
(ab21610), anti-mouse endoglin (ab107595), anti-mouse ERG (ab92513), anti-mouse fibrinogen (ab118533),
anti-mouse JunB(ab128878), anti-mouse JunD(ab181615), anti-mouse Ki67 (ab15580), anti-mouse Laminin
beta-1 (ab44941) and anti-mouse Smc2 (ab10399) were purchased from Abcam. Anti-mouse CD45 (550539) was
purchased from BD). Anti-mouse alpha-smooth muscle actin (F3777) was purchased from Sigma. Anti-mouse
CD31 (DIA310) was purchased from Dianova. DAPI (Invitrogen, Carlsbad, CA) was used to stain nuclei when
appropriate. A subset of antibodies (CD31, ERG and type IV collagen) were amplified using Tyramide signal
amplification kits (T20934 and T20932) purchased from ThermoScientific. Secondary antibodies used included
Alexa Fluor 568 donkey anti-goat IgG (A11057), Alexa Fluor 488 donkey anti-sheep IgG (A11015), and Alexa
Fluor 488 donkey anti-rat IgG (A21208) purchased from ThermoScientific. A confocal microscope (LSM880,
Carl Zeiss) equipped with Zeiss Plan-Apochromat 20x/0.8 M27 was used for image acquisition at room tem-
perature. For 3D reconstructions, confocal z-stacks were imported into Imaris software version 8.0.2 (Bitplane).
Multi-color 3D visualized was achieved by iso-surface rendering of each channel.

RNA isolation, quantification, and qualification. Mice were sacrificed after injury at the following
time points: 2hours (n=5), 72hours (n =6), 1 week (n=6), 2 weeks (n=6) and 4 weeks (n=6). Non-injured
mice (n=38), which underwent a sham surgery, were also sacrificed. Thirty minutes prior to sacrifice, mice were
injected with 400 I.U. SQ heparin in phosphate-buffered saline (ThermoFisher Scientific, Waltham, MA). Mice
were perfused with 10 mL of phosphate-buffered saline via the left ventricle prior to aortic harvest. The intact
infrarenal abdominal aorta was subsequently separated from surrounding tissue and coronally transected imme-
diately distal to the renal arteries and proximal to the iliac bifurcation. Three whole non-injured aortic specimens
were further dissected and individually homogenized with lysis buffer. The remaining non-injured (n=>5) and
injured aortas at the above-mentioned time points were flushed with 100 ul of lysis buffer pre-warmed to 50 °C
through the aortic lumen proximally to distally using an 31-gauge insulin syringe. The flushed material was
collected at the iliac bifurcation. Total RNA was subsequently extracted using the RNeasy Micro Kit (Qiagen,
Germantown, MD). Contamination with genomic DNA was eliminated by incubation with DNase I (Qiagen,
Germantown, MD) for 10 minutes at room temperature. NanoDrop® 8000 (ThermoFisher Scientific, Waltham,
MA) was used to measure RNA concentration and purity and integrity was evaluated through analysis on the
Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA) was used to assess RNA integrity.

RNA Sequencing. Library preparation was performed using the SMARTer Stranded Total RNASeq Kit Pico
Input (Takara Bio USA, Mountain View, CA) according to manufacturer’s instructions. Sequencing was per-
formed on a HiSeq. 3000 instrument (Illumina, San Diego, CA) using parameters optimized for 50 bp single-end
reads at a depth of 20 million reads/sample. Raw sequencing reads were assessed for quality using FastQC**, then
mapped to mouse strain C57BL6/] genome assembly GRC38.p4”° using the HISAT2 algorithm running on the
Galaxy platform®” with default settings. ENSEMBLE annotation release 84°° was used to identify genes, tran-
scripts, protein-coding transcripts, exons, and rRNA for feature counting. Feature counts corrected for genomic
DNA contamination were obtained using SeqMonk®®*’; read counts for genes were determined as counts mapped
to the union of all exons for all transcript isoforms of a given gene.

Analysis of differential expression, gene ontology enrichment and STRING network analysis.
Differential expression analysis and generation of the corresponding data plots were performed using the DESeq.
2% package on the Bioconductor platform® using default settings, excepting that the alpha (FDR) threshold was
set to 0.01 and a fold change threshold minimum of 2 was imposed. The Bonferonni correction for multiple com-
parisons, defined by p < 0.05/m, where m is the number of genes sequenced by RNAseq, was set at 2.6898 x 10~°
for judging statistically significant differences in gene expression.

Gene ontology (GO) enrichment analysis was carried out using Database for Annotation, Visualization, and
Integrated Discovery (DAVID) 6.8 beta (2016 knowledgebase)® to identify functional classes of genes by biolog-
ical processes. Biological processes GO terms were queried and significant terms were identified as those with
p-values <0.05. The top ten biological processes for each time point were chosen after removing those processes
with greater than 75% redundancy of listed genes when compared to a more statistically significant biological
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process. The R package GOplot 1.0.2 was used to generate data plots with GO enrichment using default settings®.
Differentially expressed genes identified within the top ten most significant biological processes were subsequently
filtered by p-value and base mean greater than 200, choosing the top 50 genes with lowest p-value and average read
count greater than 200. Functional protein association networks of these differentially expressed genes were devel-
oped using STRING v10.0 and strength of protein association was determined by confidence score®?.

NanoString validation and data analysis. Validation of the data obtained from RNAseq was per-
formed using multiplexed gene expression analysis (NanoString nCounter gene expression assays) using
custom-designed gene panel that included 169 genes selected from the RNAseq cohort and 14 control genes.
Total RNA was isolated from aortas at the following time points: 2 hrs, 72 hrs, Iweek and 2 weeks post-injury to
obtain 120 ng total into 8ul. A range of 4-12 animals were pooled to generate one replicate. As three replicates
were used, each time point represented a cohort of 13 (72 hrs, 1w, 2w) to 30 (2 hrs) animals supporting this analy-
sis with a very robust number of biological replicates. Digital RNA counting and data analyses were performed by
NanoString Technologies using nSolver® analysis software. Raw RNA counting data were normalized to the mean
of the positive control probes to each assay and to the geometric mean of the 14 housekeeping genes.

Data availability. All data generated or analyzed during this study are included in this published article (and
its Supplementary Information files).
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