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Abstract

Background Thoracic aortic dissection (TAD) is a life-threatening disease caused by an intimal tear in the aorta. The
histological characteristics differ significantly between the tear area (TA) and the distant area. Previous studies have
emphasized that certain specific genes tend to cluster at the TA. Obtaining a thorough understanding of the precise
molecular signatures near the TA will assist in discovering therapeutic strategies for TAD.

Methods We performed a paired comparison of the pathological patterns in the TA with that in the remote area (RA).
We used Tomo-seq, genome-wide transcriptional profiling with spatial resolution, to obtain gene expression signa-
tures spanning from the TA to the RA. Samples from multiple sporadic TAD patients and animal models were used

to validate our findings.

Results Pathological examination revealed that the TA of TAD exhibited more pronounced intimal hyperpla-

sia, media degeneration, and inflammatory infiltration compared to the RA. The TA also had more apoptotic cells

and CD31%a-SMA™ cells. Tomo-seq revealed four distinct gene expression patterns from the TA to the RA, which were
inflammation, collagen catabolism, extracellular matrix remodeling, and cell stress, respectively. The spatial distribution
of genes allowed us to identify genes that were potentially relevant with TAD. NINJ1 encoded the protein-mediated
cytoplasmic membrane rupture, regulated tissue remodeling, showed high expression levels in the tear area, and co-
expressed within the inflammatory pattern. The use of short hairpin RNA to reduce NINJ1 expression in the beta-ami-
nopropionitrile-induced TAD model led to a significant decrease in TAD formation. Additionally, it resulted in reduced
infiltration of inflammatory cells and a decrease in the number of CD31*a-SMA* cells. The NINJ1-neutralizing antibody
also demonstrated comparable therapeutic effects and can effectively impede the formation of TAD.

Conclusions Our study showed that Tomo-seq had the advantage of obtaining spatial expression information of TAD
across the TA and the RA. We pointed out that NINJ1 may be involved in inflammation and tissue remodeling, which
played an important role in the formation of TAD. NINJ1 may serve as a potential therapeutic target for TAD.
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Background

Thoracic aortic dissection (TAD) is a fatal cardiovascu-
lar disease with rapid progression, high mortality, poor
prognosis, and increasing incidence rate [1]. TAD is char-
acterized by the rapid development of the intimal flap,
which can extend both forward and backward from the
site where the intima tears up [1]. Aortic remodeling,
which involves alterations in the structure and function
of blood vessels, is a histological characteristic of TAD
that exhibits regional and heterogeneous variations [1-
4]. The spatial expression distribution and function of
genes associated with aortic remodeling are crucial for
understanding the pathophysiology of TAD [5]. Studies
have suggested that the spatial distribution of inflamma-
tory-related markers tends to gradually increase from the
intact area to the border area and the tear area (TA) [6].
Intimal tear has been suggested as the initiating event in
TAD [1], but the underlying molecular changes of the site
of the tearing up remain poorly characterized. It is cru-
cial to elucidate the initiating mechanisms that trigger
the tearing or rupture of the aorta.

Previous studies have consistently relied on tissues
extracted from various individuals, resulting in discern-
ible individual variations. Meanwhile, traditional tran-
scriptomes from whole-tissue homogenates mix varying
levels of lesion information and lack the spatial resolu-
tion to accurately reflect the true situation [7, 8]. Tomog-
raphy RNA sequencing (Tomo-seq), a spatial resolution
transcription method proposed in 2014, provides con-
tinuous changes in gene expression from diseased areas
to relatively normal areas based on continuous cryosec-
tions of specific regions [9—12]. Our histology examina-
tion confirmed the pathological differences along the
tear and remote area in TAD. We performed Tomo-seq
to identify the spatial gene expression signatures along
the tear and remote area in TAD. For the first time, spa-
tial distribution patterns in gene expression along the
tear and remote area have been observed. NINJ1, encod-
ing Ninjurin 1, had expression peaks in the TA. NINJ1
is a homophilic transmembrane adhesion molecule
involved in various processes of tissue remodeling such
as inflammation and cell death [13-15]. In our study,
NINJ1 exhibited a similar trend to the genes associated
with inflammatory responses. Moreover, we also noticed
that NINJ1 co-localized with various cell death markers,
including GSDMD, HMGBI, and TUNEL. Inhibition of
NINJ1 by short hairpin RNA (shRNA) and neutralizing
antibody delayed the development of beta-aminopro-
pionitrile (BAPN)-induced TAD and reduced overall

mortality. Our results indicated that NINJ1 may be asso-
ciated with the formation of TAD. Tomo-seq could be
used to increase our understanding of the mechanisms
of vascular remodeling, which could help facilitate the
development of effective therapeutics for TAD.

Methods

Patient specimens collection

The aorta tissues of TAD were obtained from eight
patients diagnosed with sporadic TAD who underwent
the aortic repair surgery operated within 24 h of onset.
The study was approved by the Human Ethics Commit-
tee of Guangzhou First People’s Hospital (K-2019-156-
02). Written informed consent was obtained from each
patient. Patients with aortic disease triggered by gene
mutation, such as Marfan’s syndrome, or associated
with bicuspid aortic valves were excluded based on clini-
cal diagnosis. All samples were collected within 30 min
after aorta excision. Samples were repeatedly flushed
with saline at 4 °C to remove blood and mural thrombus
adhering to the aortic wall, and photographs recorded
the tear boundary. Afterward, these samples were cut
according to the needs of the study (Additional file 1: Fig.
S1).

Tomo-seq

Tomo-seq is a spatial resolution transcription method
based on continuous sections of the target area of fro-
zen tissues, followed by RNA extraction and sequencing
from individual sections [9, 10, 16]. In short, 4-mm wide
portions of human TAD tissue spanning from the tear
to the remote area were embedded in a tissue-freezing
medium, frozen on dry ice, and cryosectioned into 20
continuous slices of 5 um thickness into an Eppendorf
tube, 30 tubes in total. After the total RNA extraction
from continuous cryosections in an individual Eppen-
dorf tube and DNase treatment, magnetic beads with
Oligo (dT) were used to isolate mRNA. The mRNA was
fragmented into short fragments. Then cDNA is synthe-
sized using the mRNA fragments as templates. Short
fragments were purified and resolved with EB buffer for
end reparation and single nucleotide A (adenine) addi-
tion. After that, the short fragments were connected
with adapters. During the QC steps, Agilent 2100 Bio-
analyzer and ABI StepOnePlus Real-Time PCR System
were used to quantify and qualify the sample library. At
last, the library could be sequenced using BGISEQ-500.
Tomo-seq data analysis was referred to as reported
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by Wu et al. [11]. Fastq data were aligned to human
genome hg38 using STAR (v2.5.3a), and then gene
expression TPM (transcript per million) was calculated
using RSEM (v1.2.31). We used GENCODE v31 as gene
annotation. Genes expressed in at least three sections
were selected for downstream analysis. We performed
Tomo-seq data analysis using R and Bioconductor
package tomoda (https://doi.org/doi:10.18129/B9.bioc.
tomoda). The procedures of analysis were adapted from
Wu et al. [16]. In brief, we scale the TPM of all genes
across sections to obtain Z scores (i.e., the TPM of a
gene in all sections minus the mean value divided by the
standard deviation). For correlation analysis, Pearson
correlation coefficients between any two sections were
calculated based on the Z score of all genes. Next, we
performed hierarchical clustering of sections using the
TPM of all genes to find the borders of different zones.
We found highly expressed (Z score > 1) genes in at least
four consecutive sections and calculated the statistical
significance using permutation tests to identify locally
expressed genes. Almost all (337 out of 339) identified
locally expressed genes are significant at p-value <0.05.
Then we analyzed the expression pattern in sections
of identified locally expressed genes. The similarity of
expression patterns among genes was measured using
both dimensional reductions with t-SNE and correlation
analysis. Both methods showed four groups of genes
that were locally expressed in different sections. The
plots of gene TPM changes across sections were locally
smoothed with LOESS.

Statistical analysis

Values are presented as mean*standard error of the
mean (SEM). Statistical analyses between two groups
were conducted using the two-tailed unpaired or paired
Student’s t-test. Comparison among>two groups was
performed using one-way ANOVA analysis. For classified
data, the chi-square test was used. Pearson’s correlation
coefficients were used to calculate gene pair correlation
based on gene expression in human samples. Gene ontol-
ogy (GO)-term analysis on ranked lists was performed
using the online database Metascape. P value<0.05 was
interpreted to denote statistical significance. All the sta-
tistical analysis methods were indicated in the corre-
sponding figure legends. GraphPad Prism 8.0.1 software
(San Diego, CA, USA) was used for statistical analyses.

Histological analysis

The aortas were fixed in 10% formalin, embedded in par-
affin, and cut into 5-um-thick sections. The hematoxylin
and eosin (H&E), Verhoeff’s Van Gieson (EVG) stain-
ing (G1597, Solarbio), and Masson’s trichrome stain-
ing (G1340, Solarbio) were performed on the paraffin
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sections of the aorta according to the kit instructions
and finally observed with a pathologic scanner (Zeiss,
Oberkochen, Germany). The elastin degradation was
graded on a scale of 1-4, where 1 for<25% degradation,
2 for 25-50% degradation, 3 for 50-75% degradation,
and 4 for>75% degradation, dissection, or rupture [17].
Quantitative analysis of related positive area and number
of cells in tissues (the ratio of a total number of positive
points /the area of the entire section) using Image-Fiji.

Immunohistochemistry (IHC)

Antigen retrieval was performed on the paraffin sections
using ethylenediaminetetraacetic acid (EDTA) solution
(pH 9.0, ZLI-9068, ZSBG-BIO, China). The endogenous
peroxidase activity was blocked by 3% hydrogen perox-
ide for 15 min after being washed in PBS, and nonspe-
cific binding was blocked using goat serum (ZLI-9056,
ZSBG-BIO, China) for 45 min at room temperature.
Sections were stained with the primary antibodies over-
night at 4 °C. After washing 3 times with PBS, the slides
were incubated with appropriate HRP-labeled secondary
antibodies for 20 min at room temperature and then per-
formed chromogenic DAB staining. The positive area (%)
of NINJ1 was determined utilizing the Image ] IHC Tool-
box plugin. In short, the overall area of NINJ1-positive
pixels is computed and divided by the overall area of the
tissue contained within the section to acquire the NINJ1
area ratio.

Multiple immunostaining

The Opal 7 multiplexed assay (PerkinElmer, MA, USA)
was used to generate multiple immunostainings. The
best concentration of antibodies was determined before
multiple immunostainings, according to the instruc-
tions. The primary antibodies used were as follows: anti-
CD45 (1:200, ab10558, Abcam), anti-a-SMA (1:2000,
ab12964, Abcam), anti-VIM (1:150, ab8978, Abcam),
anti-CD31  (1:50,ab9498,Abcam), anti-NINJ1 (1:200,
GTX31596, GeneTex), anti-TPPP3 (1:200, GTX33554,
GeneTex), anti-CD3 (1:200, 17,617—-1-PThermo), anti-
MMP9 (1:1000, ab74003,Abcam), anti-CD11b (1:3000,
ab133357, Abcam), anti-CD31 (1:50, ab28364,Abcam),
anti-GSDMD  (1:800, 36,425, Cell signaling), anti-
HMGB1(1:500, ab79823, Abcam). The stained slides were
analyzed by Vectra Polaris Quantitative Pathology Imag-
ing Systems (PerkinElmer).

TUNEL apoptosis assay

Paraffin-embedded aortic sections were stained with the
One Step TUNEL Apoptosis Assay Kit A (C1090, Beyo-
time) and counterstained with hematoxylin according to
the manufacturer’s recommendation.
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Mouse TAA/TAD model

Wildtype male C57BL/6] were used for this study. Ani-
mals were purchased from the Charles River Laborato-
ries (Beijing, China) and approved by the Animal Ethics
Committee at Fuwai Hospital (FW-2022-0015). Animal
experiments were designed according to The ARRIVE
guidelines 2.0 (Additional file 2) [18]. All mice were
maintained in IVCs at the density of 3—5 mice per cage
in an SPF animal room with temperature-controlled
(23 £2 °C), humidity of 50 + 5%, and a dark/light cycle of
12 h. Age- and weight-matched mice were randomized
into different groups by random number table method.
Three-week-old male C57BL/6 mice were fed a normal
diet and administered freshly prepared BAPN (Sigma-
Aldrich, USA) solution dissolved in the drinking water
(1g/kg/day) for consecutive 4 weeks to establish the
TAA (Thoracic aortic aneurysm)/TAD model as previ-
ously described [19-21]. The same-aged mice fed with
a regular diet and drinking water were served as con-
trols. All mice that died before the expected end time
of the experiment were autopsied immediately to con-
firm whether they died of aortic rupture, we excluded
mice that did not die from TAD. The aorta of mice was
examined by ultrasonic examination at 3 weeks after
BAPN induction. Mice that survived for 4 weeks were
sacrificed using an overdose of sodium pentobarbital,
and their thoracic aortic tissue was collected for fur-
ther analysis. TAA is defined as arterial dilation to more
than 50% of the normal diameter. TAD is characterized
by the formation of a false lumen with the blood in the
medial layer, or massive blood clots in the thoracic cav-
ity. Mouse feeding, conduction of the TAA/TAD model,
and phenotype identification are handled by different
individuals, and the person responsible for phenotype
identification is not aware of the group information in
advance. The minimum number of mice in each group
was not less than six.

Adeno-associated virus (AAV) and NINJ1 knockdown

Ninj1 shRNA fragment was cloned into adeno-associated
virus 9 (AAV9) vector (pAV-U6-shRNA-CMV-GFP) (WZ
Biosciences Inc.) to construct AAV9-shNinjl. Three-
week-old male C57BL/6 mice were injected with 20 pl of
either 5.0x 10" v.g AAV-shNinj1(Ninjl-shRNA group,
n=10) and with AAV-NC (Vehicle group, n=10) via
retrobulbar vein. Seven days after the pretreatment, we
constructed the BAPN-induced TAA/TAD mice model.
Mice given the same dose of BPAN alone at the same
time were used as the model group (n=12) and the same
aged mice fed with regular diet and drinking water for 4
weeks were served as controls (n=6). The above experi-
ments were all conducted on mice of the same age and
subjected to different treatments during the same period.

Page 4 of 19

NINJ1-neutralization antibody treatment

Three-week-old male C57BL/6 mice were adminis-
tered NINJ1-neutralizing antibody (2.5 pg/20 pL, BD
Biosciences) (anti-NINJ1 group, n=12) or with mouse
IgG antibody (IgG group, n=10) as control by retrob-
ulbar vein injection at 4 days before the onset of TAA/
TAD induction. Mice given the same dose of BPAN alone
at the same time were used as the model group (n=12)
and the same aged mice fed with regular diet and drink-
ing water for 4 weeks were served as controls (n=6). The
above experiments were all conducted on mice of the
same age and subjected to different treatments during
the same period.

Phenyl-B-d-glucopyranoside (PDG) treatment

PDG (292,710, Sigma; CAS number: 24857607) was pur-
chased from Merck. Forty-three-week-old male C57BL/6
mice were randomized into three groups: the normal
group (n=6), the model group (n=24) received freshly
prepared BAPN (Sigma-Aldrich, USA) solution dissolved
in the drinking water (1 g/kg/day) for 4 weeks, and the
PDG group (n=10) that received BAPN with the same
way as the model mice and daily injected intraperitoneally
with PDG (100 mg/kg/day) for 3 weeks. The above experi-
ments were all conducted on mice of the same age and
subjected to different treatments during the same period.

Quantitative RT-PCR

Total RNA was extracted from tissues using TRIzol rea-
gent (Thermo Fisher Scientific, Carlsbad, CA), followed
by isopropyl alcohol precipitation. Quantitative RT-PCR
was performed using the Q5 Real-Time PCR System
(Applied Biosystems, Foster City, CA) with SYBR Green
Master Mix (Takara). The expression levels of the target
genes were normalized against GAPDH by 2A(- /A /ACt)
method.

Western blot (WB)

Aorta tissue was ground into fine powder under liquid
nitrogen freezing, and proteins were extracted by RPIA
containing PMSE. Primary antibodies against NINJ1
(1:200, sc-136295, Santa Cruz) and GAPDH (1:10,000,
KC5G5, Aksomics) were utilized and left to incubate
overnight at 4°C. Bands were observed using Pierce"
ECL peroxidase substrate (Thermo Scientific, 32,209),
and then images were taken using the Tanon chemilumi-
nescent imaging system.

Results

Gradient pathological changes in TAD

The clinical statistics of patients with TAD were listed
in Additional file 3: Table S1. We obtained the TAD
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tissues from the patients undergoing aorta replace-
ment surgery, as is shown in Fig. 1A, B. We performed
a paired comparison of the pathological patterns in the
TA and the remote area (RA) (Fig. 1C, D, Additional
file 1: Fig. S2). H&E stain showed parts of the aortic
wall had been exfoliated in the TA (Fig. 1C). Detailed
observations clarified that significant tissue remodeling
occurred in both the tunica intima and tunica media
(Fig. 1C). Severe neointimal hyperplasia was present in
the TA (Fig. 1C1). Disorganization of vascular smooth
muscle cells and fracture of elastic fibers were observed
in the tunica media (Fig. 1C2-3). In contrast, the RA
had mild remodeling, characterized by a thin intima
layer (Fig. 1D1) and relatively intact media with parallel
fibers (Fig. 1D2-3).

We performed Masson staining to clarify the gra-
dient difference of TAD pathologies. Figure 2A1-2
showed that fibrosis was typically observed in the
neointima and the outer media. Quantitative analy-
ses revealed that the ratio of tissue fibrosis was sig-
nificantly greater in the TA when compared to the RA
(TA vs RA, 32.70£14.96% vs 12.16 £ 2.90%, p =0.0047,
Fig. 2A3). To assess the differences in vascular smooth
muscle cells, immune cells, fibroblasts, and endothelial
cells between TA and RA. Multilabel immunofluores-
cence was performed to detect a-smooth muscle actin
(a-SMA), CD45, Vimentin (VIM), and CD31, which
correspond to the classical markers of these four cell
types (Fig. 2B). We observed that a-SMA, CD45, VIM,
and CD31 were positive in the neointima of both the
TA and RA, but the severity was greater in TA. We also
found the co-staining of CD31 and a-SMA in TAD,
which is indicative of the endothelial-to-mesenchymal
transition (EndMT) phenomenon (Fig. 2B). EndMT has
been identified as a critical driver of vascular inflam-
mation and fibrosis [22, 23]. The above suggested that
EndMT may also be associated with TAD. IHC results
also showed a-SMA, CD45, VIM, and CD31 were accu-
mulated in the neointima region of the TA. The area
ratio of CD45" immune cells was enriched in the TA
(TA vs RA, 9.33+3.81% vs 1.29+0.34%, p=0.0001,
Fig. 2C, D). These indicated that the pathologic changes
in TA included focal smooth muscle cell hyperplasia,
inflammation, and abnormal proliferation of endothe-
lial cells, respectively. Moreover, Tunel staining showed
that the TA had more apoptotic cells compared to RA
(p=0.0178, Fig. 2E, F). These results confirmed a lon-
gitudinal gradient of aortic pathologies from TA to RA.

Tomo-seq on the aorta with dissection lesions

Intimal flaps are communication sites between the true
lumen and the false lumen [1] (Fig. 3A). To obtain pre-
cise spatial information molecular signatures, we applied
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Tomo-seq from TA to RA of intimal flaps. For this pur-
pose, we obtained the frozen aorta (4.0 mm wide and 1.0
cm long) perpendicular to the tear boundary and pro-
cessed it into ~#3000 pm continuous cryosections span-
ning from the TA to the RA (Fig. 3A). Additional file 1:
Fig. S3A described the protocol for frozen tissue section
tissue cryosectioning and how to optimize the frozen sec-
tion parameters to obtain higher-quality RNA (Additional
file 1: Fig. S3B). The results are shown in Additional file 3:
Table S2—S4. Twenty consecutive sections with a thickness
of 5um were collected into an individual centrifuge tube.
A total of 30 tubes were collected and labeled sequentially
as AD1, AD2 up to AD30. RNA extracted from each tube
was subsequently sequenced (Fig. 3A, Additional file 3:
Table S5). The sections AD5, AD16, AD 28, and AD 30 had
low RNA concentrations, which were excluded.

Genes expressed in at least 3 sections (TPM >0)
were selected for subsequent analysis, and a total of
26,417 genes were included (Additional file 3: Table S6,
Additional file 4). We performed Pearson’s correlation
analysis on the Z score of all genes for each pairwise
combination of sections. We found three significant
boundaries, including AD4, AD11, and AD19, sug-
gesting a spatial division of gene expression (Fig. 3B).
We next performed a hierarchical clustering analysis
to analyze the correlation of gene expression in con-
tiguous sections. The dendrogram showed at least 4
zones with specific molecular profiles from TA to RA,
among which the highest correlation for AD1-AD4
and showed a clear separation from other sections
(Fig. 3C). To further identify such regions, we followed
the criteria (Z score>1 in>4 consecutive sections,
could identify highly reliable locally expressed genes)
used by Wu et al. [11]. The ranked lists of 339 spatially
upregulated genes were generated (Additional file 5).
In addition, we used permutation tests to determine
the statistical significance of locally expressed genes.
Z score>1 in>4 consecutive sections guarantees that
337 out of 339 genes had adjusted p-values <0.05. The
spatial separation of gene expression patterns became
significantly more pronounced (Fig. 3D). The heatmap
confirmed that these 339 locally expressed genes were
roughly subdivided into 4 distinct clusters (Fig. 3E).
AD1-AD?25 indicated the section number starting with
genes that show a clear expression peak (Z score>1
in >4 consecutive sections) in the local area. Cluster
I (AD1-AD2) means~48 genes with a clear expres-
sion peak in the section AD1~AD4 or AD2~AD6
range. Cluster II (AD3-AD10) means~ 62 genes with
a clear expression peak in the section AD3~AD7
or AD4~AD8 or AD6~AD9 or AD7~ADI10 or
AD8~ADI11 or AD9~ADI12 or AD10~AD13 range.
Cluster III (AD12-AD19) means~ 160 genes with a
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Fig. 1 Histological examination of the TA and the RA from human TAD tissues. A Schematic diagram of obtaining human TAD tissue. B Schematic
diagram of obtaining the TA and the RA from human TAD tissues. C H&E staining for the TA. D H&E staining for the RA. TA, tear area; RA, remote
area. |, intimal layer; M, media layer; (1) the histological characteristics of the neointima; (2) the histological characteristics of the middle media; (3)
the histological characteristics of the outer media layers
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clear expression peak in the section AD12~ADI15
or AD13~AD17 or AD14~AD18 or AD15~AD19
or AD17~AD20 or AD18~AD21 or AD19~AD22
range. Cluster IV (AD20-AD25) means ~ 69 genes with
a clear expression peak in the section AD20~AD23
or AD21 ~AD24 or AD22~AD25 or AD23 ~ AD26 or
AD24 ~ AD27, AD25 ~ AD29 range (Fig. 3E, Additional
file 5). Dimensionality reduction of Z values of these
locally expressed genes using t-SNE showed a similar
result (Additional file 1: Fig. S4).

Tomo-seq revealed localized remodeling responses

within the dissection aorta

We further analyze the locally expressed genes in detail.
We visualized the trajectories of these gene expression
patterns using line plots (Fig. 4).

T cell marker gene, CD3E, was more abundantly
expressed in cluster 1. The gene in cluster I also contained
genes associated with immune infiltrates like NINJ1 and
TPPP3 (Fig. 4A). The matrix metalloproteinases (MMPs),
specifically MMP9 and MMP7, were found to be more
abundantly expressed near the TA. Furthermore, cathepsin
L (CTSL), a lysosomal protease, exhibited a similar expres-
sion pattern and also clustered within Cluster II (Fig. 4B).
MMPs and cathepsin were crucial in extracellular matrix
degradation and elastin degradation [24, 25]. Collagens,
including COL3A1 and COL6A3, were found to be more
abundantly expressed in the region between TA and RA
(Cluster III). Notably, TGFB1 displayed similar expression
patterns in this area (Fig. 4C). Overactivation of TGF-f sign-
aling and collagen deposition were typical features in TAD
[26]. JUN and FOS, which could form a dimeric transcrip-
tion factor called AP-1, showed more abundantly expressed
in RA (Cluster IV) (Fig. 4D). The upregulation of AP-1 sign-
aling has been reported to have a beneficial effect on the
prevention of TAD, including reducing monocyte graft infil-
tration and maintaining the integrity of elastin [27].

GO-term analysis revealed that genes in cluster I were
associated with the “immune system process,” “metabolic
process,” and “cellular process” (Fig. 4E). Genes in clus-
ter II were associated with the “collagen catabolic pro-
cess,” “regulation of blood pressure,” and “skeletal system

(See figure on next page.)
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development” (Fig. 4F). Interestingly, genes with expres-
sion peaks in cluster III were linked to “positive regula-
tion of cytokine production,” “innate immune response,’
“extracellular matrix organization,” and “response to
wounding,” (Fig. 4G). Genes in cluster IV were associated
with “cellular response to the metal ion,” and “response
to wounding” (Fig. 4H). The results above indicated that
TAD exhibited distinctive remodeling features across TA
to RA.

Tomo-seq identified potential new players in the formation
of TAD

To validate local expression patterns of in the TA
identified by Tomo-seq, we tested the expression of
the top-ranked genes NINJ1 and TPPP3 in cluster L
Immunostaining showed that NINJ1 and TPPP3 were
co-expressed in TAD tissues (Fig. 5A). NINJ1 was
intensive in the neointima and the outer disorganized
medial layers, but weak in the regular middle media
(Fig. 5A). TPPP3 expression in TAD tissues showed the
same expression pattern as NINJ1 (Fig. 5A). We fur-
ther validated their local expression trends from the
TA to the RA. The results confirmed that the positive
area of NINJ1 in the TA was significantly higher than
that in the RA, and NINJ1 was relatively lowly detect-
able in the RA (TA vs RA, 11.37 +2.51% vs 4.12 + 0.97%,
p<0.0001, Fig. 5B). For TPPP3, we found that its posi-
tive area in the TA was significantly higher than the RA
(Additional file 1: Fig. S5A). These results confirmed
the spatial difference of NINJ1 and TPPP3 obtained by
Tomo-seq.

To further validate the gene correlation of NINJ1 in
TA, we examined genes which were in proximity with
NINJ1. CD3E and NINJ1(upregulated in cluster I) had an
expression peak within AD1-AD4, and MMP9 (upregu-
lated in cluster II) also had an expression peak near the
TA. Activation of T cells in AD could exacerbate disease
progression by producing cytokines and MMPs and pro-
moting aortic inflammation and destruction [28]. Other
studies also demonstrated that MMP-9 showed increased
expression in the TA [6]. Multiple labeling staining
showed that CD3, NINJ1, and MMP9 were co-expressed
and abundantly aggregated in TAD tissues (Additional

Fig. 2 Validation of pathological features of tissue remodeling in TAD. A Representative photographs of Masson staining for the TA (1) and the RA
(2), and quantitative analysis of aortic fibrosis area (3). B Representative images of immunostaining for a-SMA co-localized with CD45, VIM, and CD31
in the TA and the RA. C Representative images of immunostaining for a-SMA, CD45, VIM, and CD31 in the TA and the RA. D The quantitative analysis
of CD45 infiltration in the TA and the RA. E Tunel staining of TA and RA of TAD. 1, the tunel stain in the neointima; 2, the tunel staining in the outer
media. F Comparison of tunnel positive area ratio between TA and RA. TA, tear area; RA, remote area; inset in A, B, C, and E shows an enlarged

local image, scale bar indicates 100 um; N=8 for each group in A, D, and F; *P < 0.05, **P < 0.01, ***P < 0.001; quantitative analysis was calculated

as the ratio of positive area /total area of tissue section; quantitative data were shown as mean + SEM; statistical analysis was performed

with Student's t test (A, D, F)
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file 1: Fig. S5B). The quantification of CD3, NINJ1, and NINJ1 could mediate plasma membrane rupture
MMP9 showed higher expression in the TA than that in  during lytic cell death [13]. NINJ1 also could mediate
the RA (Additional file 1: Fig. S5C, D). tissue remodeling and inflammation by regulating leu-

kocyte entry, adhesion, activation, and movement [15].
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Cell death and inflammation are inextricably linked to
the development of aortic remodeling [29]. Our results
also showed that the TA region had more apoptotic
cells and immune cells. A recent study showed that
inhibiting membrane rupture with NINJ1 antibod-
ies could limit tissue injury [30]. The role of NINJ1 in
TAD had not been illustrated. We further characterized
the expression of NINJ1 in TA and RA by qPCR and
WB, and the results suggested that NINJ1 was highly
expressed in TA both at the transcriptome (p =0.0292)
(Fig. 5C) and protein level (p=0.0462) (Fig. 5D, Addi-
tional file 1: Fig. S6). Multilabel immunofluorescence
showed NINJ1 was co-localized with cell death marker
such as GSDMD and Tunel, and proinflammatory
marker HMGBI1, both in the neointima and the outer
disorganized medial layers (Fig. 5E). We consequently
proposed the novel hypothesis that NINJ1 may be a
new player in the formation of TAD.
We next performed multilabel
cence to identify which types of cells highly expressed
NINJ1 in the aorta of TAD. The results suggested that
NINJ1 was predominantly expressed in macrophages, T
cells, and CD31Ta-SMA™ double-positive cells. About
35.83+9.02% of CD3" T cells in the TA expressed
NINJ1, while only 13.67+6.57% of T cells in the RA
expressed NINJ1 (p <0.0001, Fig. 6A, B). 56.98 +9.98%
of CD11b* macrophages in the TA area expressed
NINJ1, only 32.61+5.89% of macrophages in the RA
area expressed NINJ1 (p<0.0001, Fig. 6C, D). These
NIN]J1-positive immune cells also co-localized with
GSDMD and HMGBL. NINJ1 was expressed at a higher
ratio in CD31% a-SMA™ double positive cells, regard-
less of TA or RA. However, TA contained more NINJ1*
CD31%" a-SMA™' cells (TA vs RA, 412.38+121.87 vs
171.18 +42.09 per mm?, p=0.001, Fig. 6E, F). The above
results suggested that NINJ1 was associated with both
inflammation, intima, and media remodeling in TAD.

immunofluores-

Knockdown of NINJ1 attenuated TAD formation

To further demonstrate the relationship between NINJ1
and TAD. In this study, 3-week-old male C57BL/6]
mice were injected with adeno-associated virus (AAV)

(See figure on next page.)
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9-shRNA-Ninjl or AAV9-shRNA-vehicle via post-glo-
mus venous, respectively (Fig. 7A). The expression of
NINJ1 could be decreased to 50.6% of normal by AAV9-
shRNA-Ninjl after 4 weeks (4.25+0.60 vs 2.10+0.25,
p=0.0003, Additional file 1: Fig. S7A, B). 7 days after
the AAV9 injection, we began to construct the BAPN-
induced TAD mice model, as shown in the flow chart in
Fig. 7A. On day 21 after constructing the model, we per-
formed ultrasonographic examination of the thoracic
aorta diameter in each group. The results suggested that
the Ninjl-shRNA substantially reduced the mean diam-
eter of the thoracic aorta (1.42+0.07 mm) compared
with that in model mice (1.61+0.11 mm, p=0.0031)
and vehicle mice (1.57 £0.14 mm, p=0.0263) (Fig. 7B).
On day 28 after constructing the model, the mice in
each group were sacrificed. Gross pathology showed
that Ninjl-shRNA significantly reduced the incidence
of TAA/TAD (20%) and mortality (20%) compared
with those in model mice (incidence of 70%, mortal-
ity of 50%, respectively, both p<0.0001) and vehicle
mice (incidence of 70%, mortality of 40%, respectively,
both p<0.0001) (Fig. 7C, D). We further evaluated the
pathological changes by H&E, Masson, and EVG stain-
ing, respectively (Fig. 7E). The results suggested that
Ninj1-shRNA significantly reduced the level of fibro-
sis (Model vs Ninjl-shRNA vs Vehicle, 42.34 +8.62%
vs 12.14+4.07% vs 34.70+6.67%, p<0.0001, Fig. 7F)
and elastic fiber disruption and degeneration (p<0.01,
Fig. 7G) of the aortic wall in the TAD model. The above
suggested that NINJ1 was closely associated with the
formation of TAD.

Ninjl-shRNA significantly decreased both the infil-
tration of T cells (Model vs Ninjl-shRNA vs Vehicle,
1142.97 +304.66 vs 348.58£65.44 vs 841.32+133.60
per mm?, p<0.0001 and p=0.0073) and macrophages
(Model vs Ninj1-shRNA vs Vehicle, 1096.63 +286.34 vs
249.63 +51.54 vs 810.64+203.18 per mm? p<0.0001
and p=0.0006) within the aorta compared with that
in model mice and vehicle mice (Additional file 1: Fig.
S7C, D), suggesting that NINJ1 was associated with the
inflammation during the formation of TAD. Meanwhile,
we also observed the co-expression of NINJ1, CD31,

Fig. 3 High-resolution gene expression atlas of the TAD tissue by Tomo-seq. A We obtained the TAD tissue and cut it perpendicular to the tear

to approximately 4 mm wide and 1 cm long as the region of interest. And the schematic diagram of Tomo-seq. B Heatmap showing the pairwise
correlation of gene expression profiles between sections. Red indicated a high correlation, and blue indicated a low correlation. C Dendrogram
showing the hierarchical clustering of sections by gene expression profiles. Sections AD1~AD4 showed a clear separation from other sections.

D Heatmap showing the spatially restricted expression of genes that were highly expressed in at least 4 consecutive sections. Rows were genes,
and columns were sections. Yellow indicates high expression, and purple indicated low expression. E Heatmap showing the pairwise correlation
of expression pattern in sections between identified locally expressed genes. Red indicates a high correlation, and blue indicates a low correlation.
The left bar shows the beginning of the high-expression peak among sections. Cluster |-V indicates hierarchical clustering of expression traces

for all genes that were found to be differentially expressed in D
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sion pattern of genes in cluster |, such as CD3,

NINJ1, and TPPP3. B Spatial expression pattern of genes in cluster Il, such as MMP9, MMP7, and CTSL. C Spatial expression pattern of genes in cluster
Ill, such as COL3A1, TGFB1, and COL6A3. D Spatial expression pattern of genes in cluster IV, such as JUNB, JUN, and FOS. E Results of GO-term
analysis using metascape for genes with spatially restricted expression in cluster I. F Results of GO-term analysis using metascape for genes

with spatially restricted expression in cluster Il. G Results of GO-term analysis using metascape for genes with spatially restricted expression

in cluster lll. H Results of GO-term analysis using metascape for genes with spatially restricted expression in cluster IV

and a-SMA in the aorta of the TAD model (Additional
file 1: Fig. S7E). Furthermore, we found that the CD31
signaling exhibited greater integrity within the endothe-
lial monolayer of the Normal and Ninj1-shRNA groups.
Conversely, in the model and vehicle groups, a-SMA
signaling demonstrated significant proliferation and
expression within the endothelial layer, accompanied by
reduced CD31 signaling in the endothelial monolayer
and notable proliferation in the medial layers (Addi-
tional file 1: Fig. S7F). The number of CD31Ta-SMA™
cells was significantly decreased by Ninjl-shRNA
(Additional file 1: Fig. S7F). Tunel™ cells were also
diminished by Ninjl-shRNA as observed in Additional
file 1: Fig. S7G, H. The above suggested that inhibition
of NINJ1 may have a role in suppressing inflammation

infiltration, cell death, and EndMT-related vascular
remodeling in TAD.

NINJ1-neutralization antibody limited TAD formation

To investigate the potential therapeutic effect of NINJ1-
neutralizing antibody on TAD. In this study, 3-week-old
male C57BL/6] mice were pretreated with a single shot
of NINJ1-neutralizing antibody (#=12) or control IgG
antibody (n=10) via post-glomus venous injection. Four
days after the pretreatment, we constructed the BAPN-
induced TAA/TAD mice model, as depicted in the flow
chart shown in Fig. 8A. On day 21 after constructing
the model, we conducted an ultrasonographic examina-
tion of the thoracic aorta diameter in each group. The
results indicated that the NINJ1-neutralizing antibody
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B Representative images of immunostaining for NINJ1 in the TA and the RA, and quantification of the NINJ1 positive area (n=8/group). Scale
bar indicates 100 um. C Validate high expression of NINJ1 in TA by gPCR (n=8/group). D Validate high expression of NINJ1 in TA by WB. E Multilabel
immunofluorescence showed NINJ1 was co-localized with cell death marker Tunel and GSDMD, and inflammation marker HMGB1, both in the
neointima and media. *P < 0.05, **P<0.01, ***P<0.001, ****P < 0.0001; quantitative analysis of NINJ1 positive area was calculated as the ratio

of positive area/total area of tissue section; quantitative data were shown as mean + SEM; statistical analysis was performed with Student’s t test (C,
B,D)

significantly reduced the mean diameter of the thoracic = constructing the TAD model, the mice in each group
aorta (1.48 £0.10 mm) compared with that in model mice ~ were sacrificed. The results demonstrated that inhibi-
(1.61£0.06 mm, p=0.0025) and mice treated with IgG  tion of NINJ1 significantly reduced the incidence of
(1.59+£0.06 mm, p=0.0183) (Fig. 8B). On day 28 after TAA/TAD (33%) and mortality (17%) compared with
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those in model mice (incidence of 75%, mortality of
42%, respectively, p=0.0047 and p<0.0001) and treated
with IgG (incidence of 70%, mortality of 40%, respec-
tively, p=0.012 and p<0.0001) (Fig. 8C, D). We further
evaluated the pathological changes using H&E, Mas-
son, and EVG staining, respectively (Fig. 8E). The results
suggested that the NINJl-neutralizing antibody sig-
nificantly reduced the level of fibrosis (Model vs Anti-
NINJ1 antibody vs IgG, 28.05 +12.13% vs 11.54 +3.29% vs
27.93 £9.40%, p=0.0021 and p=0.0035, Fig. 8F) and elas-
tic fiber disruption and degeneration of the aortic wall

(See figure on next page.)

(p<0.01, Fig. 8G) in the TAD model. Overall, these find-
ings indicate that the NINJ1-neutralizing antibody had a
therapeutic effect on TAD.

The TAD model exhibited a notable decrease in NINJ1
expression following treatment with NINJ1-neutral-
izing antibody (Additional file 1: Fig. S8A, B). Addi-
tionally, the presence of T cells (Model vs Anti-NINJ1
antibody vs IgG, 1061.94+199.66 vs 386.62+83.91 vs
923.03+136.51 per mm? both p<0.0001) and mac-
rophages (model vs Anti-NINJ1 antibody vs IgG,
1352.90 £363.26 vs 291.74 + 50.96 vs 1170.86 +312.71 per

Fig. 7 Knockdown of NINJ1 attenuated TAD formation. A Workflow for in vivo AAV9-Ninj1-shRNA knockdown experiments. B Ultrasonographic
examination of the thoracic aorta mean diameter in each group of surviving mice after 3 weeks (n1=6, 8,9, and 8, respectively). C Representative
photographs of aortas in each group. D The incidence and mortality of TAA/TAD in each group at the end time of the experiment. E Representative
H&E, Masson, and EVG staining of the mouse thoracic aortas in each group. Arrows indicate the elastin disruption. F Quantitative analysis of thoracic
aortic fibrosis area in each group (n=6, 5, 8, and 6, respectively). G Grade of the elastin degradation in the aortic wall (=6, 5, 8, and 6, respectively).
*P<0.05,**P<0.01, **P<0.001, ****P <0.0001; quantitative data were shown as mean + SEM,; statistical analysis in B, F, and G was performed

with one-way ANOVA with Tukey’s tests, and chi-square test in D, respectively
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mm?, both p<0.0001) within the aorta was significantly
diminished upon administration of NINJ1-neutralizing
antibody compared to model mice and mice treated with
IgG (Additional file 1: Fig. S8A, B). The administration of
NINJ1 neutralizing antibody resulted in a reduction in
the population of CD31"a-SMA™ cells (Additional file 1:
Fig. S8C). Tunel® cells were also diminished by NINJ1-
neutralizing antibody as observed in Additional file 1:
Fig. S8D, E. These results indicated that NINJ1-neutrali-
zation antibody limited inflammation, tissue remodeling,

and cell death.

Small molecule drugs limited TAD formation

The above results showed that inhibition of NINJ1 may
be a potential strategy to limit the development of TAD.
Phenyl-p-D-glucopyranoside (PDG) is a recently isolated
small molecule component of Phellodendri amurensis,
a traditional medicine for anti-inflammatory, which has
been shown to attenuate NINJ1 expression and down-
regulate MMP activity under lipopolysaccharide-stim-
ulated inflammatory conditions [31, 32]. Thus, we also
used PDG to treat the mice TAA/TAD model (Additional
file 1: Fig. S9A). After 3 weeks, PDG significantly reduced
the severity of TAA/TAD, including reducing fibrosis, the
fracture of elastic fiber fractures, and the infiltration of T
cells and macrophages (Additional file 1: Fig. S9B—H).

Discussion

Our study has demonstrated the following: (1) Significant
neointima formation, tissue fibrosis, media degeneration,
and inflammatory infiltration were observed in the TA.
(2) Tomo-seq analysis revealed a spatial partitioning in
gene expression between the TA and the RA. Further-
more, it identified NINJ1 as a key molecule involved in
inflammation and tissue remodeling of TAD. (3) In the
human aorta, NINJ1 co-localized with macrophages, T
cells, and CD31%a-SMA™ cells, primarily showing clus-
tering at the TA. (4) Inhibition of NINJ1 significantly
reduced the morbidity and mortality associated with
BAPN-induced TAD in mice. Previous studies found
lesions of TAD are regional and transmural specific,
with the outer media of the ascending aorta being a sus-
ceptible site [26]. The present study demonstrated that

(See figure on next page.)
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neointima formation accompanied by inflammatory infil-
tration and fibrosis was also an essential feature of TAD,
especially in the TA.

We utilized Tomo-seq to capture the continuous
change trajectory of genes in human TAD tissue, span-
ning from the TA to the RA, and accurately identified
genes associated with TAD remodeling. Following the
Tomo-seq protocol [12, 16, 33], we employed a sin-
gle-cryosection thickness of<10 pum and consecutive
mixed slices to analyze specific localized information for
sequencing. GO-term analysis of the genes expressed
locally emphasized the typical steps in the complex
process of TAD: inflammation and extracellular matrix
organization [34]. Searching for genes that exhibit simi-
lar transcription patterns to these classic markers holds
the promise of discovering novel key genes closely associ-
ated with TAD. Cluster I was at the edge of the TA and
contained the well-known T cell marker CD3E and was
enriched in the immune system process. T-cell activation
plays a vital role in neointima formation in response to
arterial injury [35]. Some studies have reached the con-
clusion that Thl immune responses are positively cor-
related with vascular remodeling and intimal expansion
of TAD [35, 36]. Our data showed novel genes associated
with intimal inflammation in cluster I, including NINJ1
and TPPP3. Recent studies have shown that NINJ1 regu-
lated the tissue remodeling and inflammation in vascu-
lar [15, 37]. Immunostaining analyses demonstrated that
the co-location of NINJ1 with T cells and macrophages
trended toward aggregation at the TA in human tissue.
TPPP3, a member of tubulin polymerization-promoting
proteins, which was involved in palmitic acid-induced
endothelial oxidative injury [38, 39]. We verified that
TPPP3 was also abundantly enriched in the neointima of
TA.

NIN]J1 was involved in multiple diseases and played
various roles. Ninjl could stimulate the inflamma-
tory response of macrophages and thus promote the
development of pulmonary fibrosis [40]. Leukocyte
upregulation of Ninjl could increase cell adhesion and
transport in the inflammation of the central nervous
system [37, 41]. NINJ1 was involved in endothelial
dysfunction and inhibition of NINJ1 expression was a

Fig. 8 NINJ1-neutralization antibody limited TAD formation. A Workflow for NINJ1-neutralization antibody treatment experiments. B
Ultrasonographic examination of the thoracic aorta mean diameter in each group of surviving mice after 3 weeks (n=6, 10, 11, and 8, respectively).
C Representative photographs of aortas in each group. D The incidence and mortality of TAD in each group at the end time of the experiment. E
Representative H&E, Masson, and EVG staining of the mouse thoracic aortas in each group. Arrows indicate the elastin disruption. F Quantitative
analysis of thoracic aortic fibrosis area in each group (n=6, 7, 10, and 6, respectively). G Grade of the elastin degradation in the aortic wall (n=6,
7,10, and 6, respectively). *P<0.05, **P<0.01, ***P < 0.001, ****P < 0.0001; quantitative data were shown as mean + SEM; statistical analysis in B, F,
and G was performed with one-way ANOVA with Tukey’s tests, and chi-square test in D, respectively
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potential therapeutic strategy to prevent endothelial
dysfunction in diabetes [42]. NIN]J1 also could mediate
plasma membrane rupture during lytic cell death [13].
The role of NINJ1 in TAD has not been explored. In
our study, we observed that NINJ1 was enriched at the
TA of TAD and co-localized with cell death markers,
such as GSDMD and Tunel, and inflammation marker
HMGBI1. Therefore, we hypothesized that NINJ1 is
closely associated with TAD.

We then utilized shRNA to downregulate NINJ1
expression in the BAPN-induced TAD model, which
resulted in a notable reduction in TAD formation.
Moreover, this approach also led to diminished infil-
tration of inflammatory cells and a decrease in the
number of CD31Ta-SMA™ cells. The NINJ1-neutral-
izing antibody also demonstrated comparable thera-
peutic effects and can effectively impede the formation
of TAD. Inflammation can induce the generation of
EndMT, and EndMT can in turn exacerbate inflam-
mation, forming a vicious cycle [23, 43]. Our results
showed inhibition of NINJ1 could reduce inflamma-
tion and EndMT, which is the potentially effective
approach for treating TAD. On the other hand, we
used PDG to treat BAPN-induced TAD models and
found that it has an effect of delaying the development
of TAD.

Our study also suggested that Tomo-seq would be
suitable for various cardiovascular diseases. For exam-
ple, Studies have shown that plaques associated with
acute coronary syndrome exhibit more significant lon-
gitudinal heterogeneity. Therefore, at every single point
in time, various parts of the same plaque may show dif-
ferent stages and trajectories [44, 45]. Tomo-seq can
potentially facilitate the analysis of arterial remodeling
mechanisms in plaque development. In valvular heart
disease, continuous calcium deposition is the primary
cause that leads to the gradual narrowing of the aortic
valve [46]. Stenotic aortic valves existed in non-calci-
fied regions and calcified regions [47]. Tomo-seq will
help to understand the pathological progress of vascu-
lar diseases.

The limitation of this study is that we did not knock
down NINJ1 in specific types of cells. The main reason
for this is that we observed NINJ1 was expressed in mul-
tiple cell types associated with TAD progression, such
as macrophages, T cells, and CD311a-SMA™ cells. As a
result, we chose to employ a broad NIN]J1 inhibition to
investigate the association between NINJ1 and TAD.

Conclusions

For this study, we applied Tomo-seq to focus on the genes
highly expressed in the TA and identified NINJ1 as a novel
player in the inflammation of TAD. We demonstrated
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that NINJ1 was mainly enriched in the neointima and
the media of the TA. Targeted NINJ1 may attenuate the
development of TAD. We also emphasized that TAD
lesions are regional and provided a new technical verifi-
cation for studying the heterogeneity of vascular diseases.

Abbreviations
AAV Adeno-associated virus

BAPN Beta-aminopropionitrile
EndMT Endothelial-to-mesenchymal transition
EVG Verhoeff's Van Gieson
GO-term Gene ontology-term

H&E Hematoxylin and eosin

MMP Matrix metalloproteinases
NINJ1 Ninjurin 1

PDG Phenyl-3-D-glucopyranoside
RA Remote area

SEM Standard error of the mean
ShRNA Short hairpin RNA

TA Tear area

TAA Thoracic aortic aneurysm
TAD Thoracic aortic dissection
Tomo-seq  Tomography RNA sequencing
WB Western blot

a-SMA Alpha smooth muscle actin

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-023-03077-1.

Additional file 1: Fig. S1. The schematic diagram of patient specimen
collection. Fig. S2. Representative pictures of H&E staining of the TA and
the RA of each patient. Fig.S3. Protocol for Tomo-seq on the human TAD
tissue. Fig. S4. t-SNE plot of locally expressed genes. Fig. S5. Validation of
the trend of gene expression similar to NINJ1 provided by Tomo-seq. Fig.
S6. WB analysis for NINJ1 in TA and RA of human TAD tissue. Fig. S7. AAV9-
Ninj1-shRNA limited inflammation, tissue remodeling, and cell death. Fig.
S8. NINJ1-neutralization antibody limited inflammation, tissue remod-
eling, and cell death. Fig. S9. PDG inhibited BAPN-induced TAD formation.

Additional file 2. The ARRIVE guidelines 2.0: author checklist.

Additional file 3: Table S1. Main clinical characteristics of patients with
TAD. Table S2. RNA concentration of different total slices thickness.
Table S3. RNA concentration of ten consecutive sections with a thickness
of 10um. Table S4. RNA concentration of twenty consecutive sections
with a thickness of 5um. Table S5. Reads statistics results of TAD Cryosec-
tioning. Table S6. Mapping of TAD Cryosectioning.

Additional file 4. Genes expressed in at least 3 sections (TPM > 0).

Additional file 5. The ranked lists of 339 spatially upregulated genes (Z
score > 11in > 4 consecutive sections).

Acknowledgements
Not applicable.

Authors’ contributions

JPS and HSC designed and supervised the study. YXS, LYW, and YC performed
Tomo-seq experiments and wrote the manuscript. WDL participated in data
analysis. MHT was responsible for animal experiments. XC and NNZ assisted
with pathological staining. CXZ, DLZ, BL, XZ, DTY, HSZ, and AJC participated in
the surgical operation and sample collection. All authors read and approved
the final manuscript.

Funding
This work was supported by the Chinese Academy of Medical Sciences for
CAMS Innovation Fund for Medical Sciences (Grant No.2021-12M-1-064), the


https://doi.org/10.1186/s12916-023-03077-1
https://doi.org/10.1186/s12916-023-03077-1

Sheng et al. BMC Medicine (2023) 21:396

National Natural Science Foundation of China (Grant No. 82125004), the
Guangzhou Science and Technology Project (2023A03J0055), the Shenzhen
Fundamental Research Program (JCYJ20210324130408023), and the Shenzhen
Key Medical Discipline Construction Fund (No. SZXK080).

Availability of data and materials

Data are available on reasonable request. All data relevant to the study are.
included in the article or uploaded as supplementary information. The
datasets generated during the current study are available in the NCBI,
https://dataview.ncbi.nim.nih.gov/object/PRINA811693?reviewer=csb73
hfTrp4vtrh5tg3jen064c.

Declarations

Ethics approval and consent to participate

The study was approved by the Human Ethics Committee of Guangzhou First
People’s Hospital (K-2019-156-02). Written informed consent was obtained
from each patient. Animal experiments were approved by the Ethics Commit-
tee of Fuwai Hospital, Chinese Academy of Medical Sciences (FW-2022-0015).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Cardiovascular Surgery, Guangzhou First People’s Hospital,
School of Medicine, South China University of Technology, Guangzhou, China.
2State Key Laboratory of Cardiovascular Disease, Fuwai Hospital, National
Centre for Cardiovascular Diseases, Chinese Academy of Medical Sciences,
Peking Union Medical College, Beijing, China. First Clinical Medical College,
Guangzhou University of Chinese Medicine, Guangzhou, China. “Present
Address: Beijing Key Laboratory of Preclinical Research and Evaluation for Car-
diovascular Implant Materials, Animal Experimental Centre, Fuwai Hospital,
National Centre for Cardiovascular Disease, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing 100037, China. >Shenzhen
Key Laboratory of Cardiovascular Disease, Fuwai Hospital Chinese Academy
of Medical Sciences, Shenzhen 518057, China.

Received: 23 January 2023 Accepted: 11 September 2023
Published online: 20 October 2023

References

1. Nienaber CA, Clough RE, Sakalihasan N, Suzuki T, Gibbs R, Mussa F, et al.
Aortic dissection. Nat Rev Dis Primers. 2016;2:16053. https://doi.org/10.
1038/nrdp.2016.53.

2. Milewicz DM, Ramirez F. Therapies for thoracic aortic aneurysms and
acute aortic dissections. Arterioscler Thromb Vasc Biol. 2019;39(2):126-36.
https://doi.org/10.1161/atvbaha.118.310956.

3. Brown IAM, Diederich L, Good ME, DeLalio LJ, Murphy SA, Cortese-

Krott MM, et al. Vascular smooth muscle remodeling in conductive
and resistance arteries in hypertension. Arterioscler Thromb Vasc Biol.
2018,;38(9):1969-85. https://doi.org/10.1161/atvbaha.118.311229.

4. van Kuijk K, Kuppe C, Betsholtz C, Vanlandewijck M, Kramann R,
Sluimer JC. Heterogeneity and plasticity in healthy and atheroscle-
rotic vasculature explored by single-cell sequencing. Cardiovasc Res.
2019;115(12):1705-15. https://doi.org/10.1093/cvr/cvz185.

5. Lécuyer E, Yoshida H, Parthasarathy N, Alm C, Babak T, Cerovina T, et al.
Global analysis of MRNA localization reveals a prominent role in organ-
izing cellular architecture and function. Cell. 2007;131(1):174-87. https.//
doi.org/10.1016/j.cell.2007.08.003.

6. LiX LiuD, ZhaoL,Wang L, LiY,ChoK, et al. Targeted depletion of mono-
cyte/macrophage suppresses aortic dissection with the spatial regulation

of MMP-9 in the aorta. Life Sci. 2020;,254:116927. https://doi.org/10.1016/j.

[fs.2019.116927.
7. YangJ, Zou S, Liao M, Qu L. Transcriptome sequencing revealed candi-
date genes relevant to mesenchymal stem cells'role in aortic dissection

20.

21

22.

23.

24.

25.

26.

27.

Page 18 of 19

patients. Mol Med Rep. 2018;17(1):273-83. https://doi.org/10.3892/mmr.
2017.7851.

LiY,Yang N, Zhou X, Bian X, Qiu G, Zhang M, et al. LncRNA and mRNA
interaction study based on transcriptome profiles reveals potential core
genes in the pathogenesis of human thoracic aortic dissection. Mol Med
Rep. 2018;18(3):3167-76. https://doi.org/10.3892/mmr.2018.9308.
Junker JP, Noél ES, Guryev V, Peterson KA, Shah G, Huisken J, et al.
Genome-wide RNA Tomography in the zebrafish embryo. Cell.
2014;159(3):662-75. https://doi.org/10.1016/j.cell.2014.09.038.

. Lacraz GPA, Junker JP, Gladka MM, Molenaar B, Scholman KT, Vigil-Garcia

M, et al. Tomo-Seq identifies SOX9 as a key regulator of cardiac fibrosis
during ischemic injury. Circulation. 2017;136(15):1396-409. https://doi.
org/10.1161/circulationaha.117.027832.

. Wu CC, Kruse F, Vasudevarao MD, Junker JP, Zebrowski DC, Fischer K, et al.

Spatially resolved genome-wide transcriptional profiling identifies BMP
signaling as essential regulator of zebrafish cardiomyocyte regeneration.
Dev Cell. 2016;36(1):36-49. https://doi.org/10.1016/j.devcel.2015.12.010.

. Boogerd CJ, Lacraz GPA, Vértesy A, van Kampen SJ, Perini |, de Ruiter H,

et al. Spatial transcriptomics unveils ZBTB11 as a regulator of cardiomyo-
cyte degeneration in arrhythmogenic cardiomyopathy. Cardiovasc Res.
2023;119(2):477-91. https://doi.org/10.1093/cvr/cvac072.

. Kayagaki N, Kornfeld OS, Lee BL, Stowe 1B, O'Rourke K, Li Q, et al. NINJ1

mediates plasma membrane rupture during lytic cell death. Nature.
2021;591(7848):131-6. https://doi.org/10.1038/541586-021-03218-7.

. Newton K, Dixit VM, Kayagaki N. Dying cells fan the flames of inflamma-

tion. Science. 2021;374(6571):1076-80. https://doi.org/10.1126/science.
abi5934.

. Lee HJ, Ahn BJ, Shin MW, Choi JH, Kim KW. Ninjurin1: a potential adhesion

molecule and its role in inflammation and tissue remodeling. Mol Cells.
2010;29(3):223-7. https://doi.org/10.1007/510059-010-0043-x.

. Kruse F, Junker JP, van Oudenaarden A, Bakkers J. Tomo-seq: a method to

obtain genome-wide expression data with spatial resolution. Methods
Cell Biol. 2016;135:299-307. https://doi.org/10.1016/bs.mcb.2016.01.006.

. LuH, Sun J, Liang W, Chang Z, Rom O, Zhao Y, et al. Cyclodextrin prevents

abdominal aortic aneurysm via activation of vascular smooth muscle cell
transcription factor EB. Circulation. 2020;142(5):483-98. https://doi.org/
10.1161/circulationaha.119.044803.

. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al. The

ARRIVE guidelines 2.0: Updated guidelines for reporting animal research.
PLoS Biol. 2020;18(7):e3000410. https://doi.org/10.1371/journal.pbio.
3000410.

. ChenT, Jiang N, Zhang S, Chen Q, Guo Z. BAPN-induced rodent model

of aortic dissecting aneurysm and related complications. J Thorac Dis.
2021;13(6):3643-51. https://doi.org/10.21037/jtd-21-605.

RenW, LiuY, Wang X, Jia L, Piao C, Lan F, et al. B-Aminopropionitrile
monofumarate induces thoracic aortic dissection in C57BL/6 mice. Sci
Rep. 2016;6:28149. https://doi.org/10.1038/srep28149.

Liu X, Chen W, Zhu G, Yang H, Li W, Luo M, et al. Single-cell RNA sequenc-
ing identifies an 11r(+)/Trem1(+) macrophage subpopulation as a
cellular target for mitigating the progression of thoracic aortic aneurysm
and dissection. Cell Discov. 2022;8(1):11. https://doi.org/10.1038/
$41421-021-00362-2.

Zhu X, Wang Y, Soaita |, Lee HW, Bae H, Boutagy N, et al. Acetate controls
endothelial-to-mesenchymal transition. Cell Metab. 2023;35(7):1163-78.
e10. https://doi.org/10.1016/j.cmet.2023.05.010.

Liang G, Wang S, Shao J, Jin YJ, Xu L, Yan Y, et al. Tenascin-X mediates
flow-induced suppression of EndMT and atherosclerosis. Circ Res.
2022;130(11):1647-59. https://doi.org/10.1161/circresaha.121.320694.
Wu D, Shen YH, Russell L, Coselli JS, LeMaire SA. Molecular mechanisms of
thoracic aortic dissection. J Surg Res. 2013;184(2):907-24. https://doi.org/
10.1016/jj55.2013.06.007.

Ahn JM, Kim H, Kwon O, Om SY, Heo R, Lee S, et al. Differential clinical
features and long-term prognosis of acute aortic syndrome according to
disease entity. Eur Heart J. 2019;40(32):2727-36. https://doi.org/10.1093/
eurheartj/ehz153.

Sawada H, Katsumata Y, Higashi H, Zhang C, Li Y, Morgan S, et al. Second
heart field-derived cells contribute to angiotensin Il-mediated ascending
aortopathies. Circulation. 2022;145(13):987-1001. https://doi.org/10.
1161/circulationaha.121.058173.

Remes A, Arif R, Franz M, Jungmann A, Zaradzki M, Puehler T, et al.
AAV-mediated AP-1 decoy oligonucleotide expression inhibits aortic


https://dataview.ncbi.nlm.nih.gov/object/PRJNA811693?reviewer=csb73hf1rp4vtrh5tq3jen064c
https://dataview.ncbi.nlm.nih.gov/object/PRJNA811693?reviewer=csb73hf1rp4vtrh5tq3jen064c
https://doi.org/10.1038/nrdp.2016.53
https://doi.org/10.1038/nrdp.2016.53
https://doi.org/10.1161/atvbaha.118.310956
https://doi.org/10.1161/atvbaha.118.311229
https://doi.org/10.1093/cvr/cvz185
https://doi.org/10.1016/j.cell.2007.08.003
https://doi.org/10.1016/j.cell.2007.08.003
https://doi.org/10.1016/j.lfs.2019.116927
https://doi.org/10.1016/j.lfs.2019.116927
https://doi.org/10.3892/mmr.2017.7851
https://doi.org/10.3892/mmr.2017.7851
https://doi.org/10.3892/mmr.2018.9308
https://doi.org/10.1016/j.cell.2014.09.038
https://doi.org/10.1161/circulationaha.117.027832
https://doi.org/10.1161/circulationaha.117.027832
https://doi.org/10.1016/j.devcel.2015.12.010
https://doi.org/10.1093/cvr/cvac072
https://doi.org/10.1038/s41586-021-03218-7
https://doi.org/10.1126/science.abi5934
https://doi.org/10.1126/science.abi5934
https://doi.org/10.1007/s10059-010-0043-x
https://doi.org/10.1016/bs.mcb.2016.01.006
https://doi.org/10.1161/circulationaha.119.044803
https://doi.org/10.1161/circulationaha.119.044803
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.21037/jtd-21-605
https://doi.org/10.1038/srep28149
https://doi.org/10.1038/s41421-021-00362-2
https://doi.org/10.1038/s41421-021-00362-2
https://doi.org/10.1016/j.cmet.2023.05.010
https://doi.org/10.1161/circresaha.121.320694
https://doi.org/10.1016/j.jss.2013.06.007
https://doi.org/10.1016/j.jss.2013.06.007
https://doi.org/10.1093/eurheartj/ehz153
https://doi.org/10.1093/eurheartj/ehz153
https://doi.org/10.1161/circulationaha.121.058173
https://doi.org/10.1161/circulationaha.121.058173

Sheng et al. BMC Medicine

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2023) 21:396

elastolysis in a mouse model of Marfan syndrome. Cardiovasc Res.
2021;117(12):2459-73. https://doi.org/10.1093/cvr/cvab012.

Shen YH, LeMaire SA. Molecular pathogenesis of genetic and sporadic
aortic aneurysms and dissections. Curr Probl Surg. 2017,54(3):95-155.
https://doi.org/10.1067/j.cpsurg.2017.01.001.

Henderson EL, Geng YJ, Sukhova GK, Whittemore AD, Knox J, Libby P.
Death of smooth muscle cells and expression of mediators of apoptosis
by T lymphocytes in human abdominal aortic aneurysms. Circulation.
1999;99(1):96-104. https://doi.org/10.1161/01.cir.99.1.96.

Kayagaki N, Stowe IB, Alegre K, Deshpande |, Wu S, Lin Z, et al. Inhibiting
membrane rupture with NINJ1 antibodies limits tissue injury. Nature.
2023;618(7967):1072-7. https://doi.org/10.1038/541586-023-06191-5.
Choi YY, Kim MH, Han JM, Hong J, Lee TH, Kim SH, et al. The anti-inflam-
matory potential of Cortex Phellodendron in vivo and in vitro: down-
regulation of NO and iNOS through suppression of NF-kB and MAPK
activation. Int Immunopharmacol. 2014;19(2):214-20. https://doi.org/10.
1016/j.intimp.2014.01.020.

Hwang SJ, Lee HJ. Phenyl-3-D-glucopyranoside exhibits anti-inflamma-
tory activity in lipopolysaccharide-activated RAW 264.7 cells. Inflamma-
tion. 2015;38(3):1071-9. https://doi.org/10.1007/510753-014-0072-2.
Holler K, Junker JP. RNA Tomography for spatially resolved transcriptom-
ics (Tomo-Seq). Methods Mol Biol. 2019;1920:129-41. https://doi.org/10.
1007/978-1-4939-9009-2_9.

Cifani N, Proietta M, Tritapepe L, Di Gioia C, Ferri L, Taurino M, et al.
Stanford-A acute aortic dissection, inflammation, and metalloproteinases:
a review. Ann Med. 2015;47(6):441-6. https://doi.org/10.3109/07853890.
2015.1073346.

Tang PC, Yakimov AQ, Teesdale MA, Coady MA, Dardik A, Elefteriades JA,
et al. Transmural inflammation by interferon-gamma-producing T cells
correlates with outward vascular remodeling and intimal expansion

of ascending thoracic aortic aneurysms. Faseb J. 2005;19(11):1528-30.
https://doi.org/10.1096/f.05-36711e.

Curci JA, Thompson RW. Adaptive cellular immunity in aortic aneurysms:
cause, consequence, or context? J Clin Invest. 2004;114(2):168-71.
https://doi.org/10.1172/jci22309.

Ifergan |, Kebir H, Terouz S, Alvarez JI, Lécuyer MA, Gendron S, et al. Role
of Ninjurin-1 in the migration of myeloid cells to central nervous system
inflammatory lesions. Ann Neurol. 2011;70(5):751-63. https://doi.org/10.
1002/ana.22519.

Liu N, Li'Y, Nan W, Zhou W, Huang J, Li R, et al. Interaction of TPPP3 with
VDAC1 promotes endothelial injury through activation of reactive oxy-
gen species. Oxid Med Cell Longev. 2020;2020:5950195. https://doi.org/
10.1155/2020/5950195.

Ren Q HouY, Li X, Fan X. Silence of TPPP3 suppresses cell proliferation,
invasion and migration via inactivating NF-kB/COX2 signal pathway in
breast cancer cell. Cell Biochem Funct. 2020;38(6):773-81. https://doi.org/
10.1002/cbf.3546.

Choi S, Woo JK, Jang YS, Kang JH, Hwang JI, Seong JK, et al. Ninjurin1
plays a crucial role in pulmonary fibrosis by promoting interac-

tion between macrophages and alveolar epithelial cells. Sci Rep.
2018;8(1):17542. https://doi.org/10.1038/541598-018-35997-x.

Ahn BJ, Le H, Shin MW, Bae SJ, Lee EJ, Lee SY, et al. Ninjurin1 enhances the
basal motility and transendothelial migration of immune cells by induc-
ing protrusive membrane dynamics. J Biol Chem. 2014;289(32):21926-36.
https://doi.org/10.1074/jbc.M113.532358.

Wang X, Qin J, Zhang X, Peng Z, Ye K, Wu X, et al. Functional blocking of
Ninjurin1 as a strategy for protecting endothelial cells in diabetes mel-
litus. Clin Sci (Lond). 2018;132(2):213-29. https://doi.org/10.1042/cs201
71273.

Souilhol C, Harmsen MC, Evans PC, Krenning G. Endothelial-mesenchymal
transition in atherosclerosis. Cardiovasc Res. 2018;114(4):565-77. https://
doi.org/10.1093/cvr/cvx253.

Antoniadis AP, Papafaklis MI, Takahashi S, Shishido K, Andreou |, Chatzizisis
YS, et al. Arterial remodeling and endothelial shear stress exhibit signifi-
cant longitudinal heterogeneity along the length of coronary plaques.
JACC Cardiovasc Imaging. 2016;9(8):1007-9. https://doi.org/10.1016/j.
jcmg.2016.04.003.

Sasaki O, Nishioka T, Inoue Y, Isshiki A, Akima T, Toyama K, et al. Longitu-
dinal heterogeneity of coronary artery distensibility in plaques related to
acute coronary syndrome. Clin Res Cardiol. 2012;101(7):545-51. https://
doi.org/10.1007/500392-012-0424-6.

46.

47.

Page 19 of 19

Pawade TA, Newby DE, Dweck MR. Calcification in aortic stenosis: the
skeleton key. J Am Coll Cardiol. 2015;66(5):561-77. https://doi.org/10.
1016/jjacc.2015.05.066.

Artiach G, Carracedo M, Plunde O, Wheelock CE, Thul S, Sjovall P, et al.
Omega-3 polyunsaturated fatty acids decrease aortic valve disease
through the resolvin E1 and ChemR23 axis. Circulation. 2020;142(8):776—
89. https://doi.org/10.1161/circulationaha.119.041868.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1093/cvr/cvab012
https://doi.org/10.1067/j.cpsurg.2017.01.001
https://doi.org/10.1161/01.cir.99.1.96
https://doi.org/10.1038/s41586-023-06191-5
https://doi.org/10.1016/j.intimp.2014.01.020
https://doi.org/10.1016/j.intimp.2014.01.020
https://doi.org/10.1007/s10753-014-0072-2
https://doi.org/10.1007/978-1-4939-9009-2_9
https://doi.org/10.1007/978-1-4939-9009-2_9
https://doi.org/10.3109/07853890.2015.1073346
https://doi.org/10.3109/07853890.2015.1073346
https://doi.org/10.1096/fj.05-3671fje
https://doi.org/10.1172/jci22309
https://doi.org/10.1002/ana.22519
https://doi.org/10.1002/ana.22519
https://doi.org/10.1155/2020/5950195
https://doi.org/10.1155/2020/5950195
https://doi.org/10.1002/cbf.3546
https://doi.org/10.1002/cbf.3546
https://doi.org/10.1038/s41598-018-35997-x
https://doi.org/10.1074/jbc.M113.532358
https://doi.org/10.1042/cs20171273
https://doi.org/10.1042/cs20171273
https://doi.org/10.1093/cvr/cvx253
https://doi.org/10.1093/cvr/cvx253
https://doi.org/10.1016/j.jcmg.2016.04.003
https://doi.org/10.1016/j.jcmg.2016.04.003
https://doi.org/10.1007/s00392-012-0424-6
https://doi.org/10.1007/s00392-012-0424-6
https://doi.org/10.1016/j.jacc.2015.05.066
https://doi.org/10.1016/j.jacc.2015.05.066
https://doi.org/10.1161/circulationaha.119.041868

	Tomo-seq identifies NINJ1 as a potential target for anti-inflammatory strategy in thoracic aortic dissection
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patient specimens collection
	Tomo-seq
	Statistical analysis
	Histological analysis
	Immunohistochemistry (IHC)
	Multiple immunostaining
	TUNEL apoptosis assay
	Mouse TAATAD model
	Adeno-associated virus (AAV) and NINJ1 knockdown
	NINJ1-neutralization antibody treatment
	Phenyl-β-d-glucopyranoside (PDG) treatment
	Quantitative RT-PCR
	Western blot (WB)

	Results
	Gradient pathological changes in TAD
	Tomo-seq on the aorta with dissection lesions
	Tomo-seq revealed localized remodeling responses within the dissection aorta
	Tomo-seq identified potential new players in the formation of TAD
	Knockdown of NINJ1 attenuated TAD formation
	NINJ1-neutralization antibody limited TAD formation
	Small molecule drugs limited TAD formation

	Discussion
	Conclusions
	Anchor 32
	Acknowledgements
	References


