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Abstract :

Abnormal ECM caused serious body wide diseases and elastin is one of the
important ECM components. But its systemic function still has not yet been
thoroughly illustrated due to limitations related to novel research technologies. To
uncover the functions of elastin, a new method for body-wide organ transcriptome
profiling, combined with single-cell mass cytometry of the blood, was developed. A
body-wide organ transcriptomic (BOT) map was created by performing RNA-seq of
17 organs from both Lox/1 knockout (KO) and wide type (WT) mice. The BOT results
showed a systematic up-regulation of genes related to immune response and
proliferation process in multiple tissues of the KO mice; histological and immune
staining also confirmed the hyperplasia and infiltration of local immune cells in the
vagina, small intestine, and liver tissues of KO mice. Furthermore, using 32 markers,
CYTOF mass cytometry analysis of the immune cell subpopulations from the
peripheral blood revealed apparent systemic immune changes in the KO mice; data
showed an activated NK cells and T cells with a higher expression of CD44 and CD38,
and a suppressed B cells, macrophages and neutrophils with lower expressions of
CD62L, CD44 and IL6. More interestingly, these findings also correlated well with
the data obtained from cancer patient databases; tumor patients had higher mutation
frequency of Loxl1, and the Loxl1-mutant tumor patients had up-regulated immune
process, cell proliferation and decreased survival rate. Thus, this research provided a
powerful strategy to screen body-wide organ functions of a particular gene; the
findings also illustrated the important biological roles of elastin on multiple organ cells
and systemic immunity. These strategy and discoveries are both of important value for

the understanding of ECM biology and multi-organ cancer pathology.

Keywords: body-wide organ transcriptomic (BOT) map; CYTOF; Lox/I knockout
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Introduction

The extracellular matrix (ECM) provides an essential microenvironment
ingredients to support the integrity of tissues and maintain tissue homeostasis'. Various
components of ECM such as hyaluronic acid, tenascin-C, fibronectin, and agrin could
differentially regulate cells’ fate and functions (DNA synthesis, proliferation, migration,
and differentiation) during regeneration and homeostasis 2. Additionally, the ECM
physical properties such as mechanical strain, substrate stiffness, shear stress and
topography can also affect stem cell fate determination °.

Disrupted ECM homeostasis or dysregulated ECM remodeling is correlated with
pathological conditions and can worsen disease progression. ECM disruption (collagen,
elastin, hyaluronic acid) can lead to alternations in junctional integrity, and influence
vascular permeability and the release of inflammatory factors °; thus, these processes
are related to diverse body-wide pathological conditions and diseases including
embryonic lethality ’, inflammatory response and fibrosis ®, aging’, and cancer'®.

Elastin is one of the key ECM protein in connective tissues that provides elasticity
and reversible deformability !!. The loss of elastic tissue (elastin) could lead to serious

organ deformities such as cutis laxa 2

, Supravalvar aortic stenosis, Williams
syndrome'®, and bullae'¥, highlighting the importance of elastin on organ morphology
maintenance; however, the biological functions of elastin in body-wide organ cell
activities have not yet been well-characterized.

The current strategy involving the use of gene knockout mice to investigate the
biological functions of a particular gene is mainly focused on the visible phenotype of
limited organs. By using Loxl1 (an enzyme responsible for elastin synthesis and cross-
linking) '>!¢ knockout mice (KO mice), previous studies illustrated that LoxIl
deficiency led to abnormal elastin regulation, and subsequently resulting in pelvic
organ prolapse (POP), flabby skin, and bullae '*. However, because of the body-wide
expression of elastin ECM, its biological effects and clinical relevance in other organs
were always ignored.

Due to significant advances in high-throughput sequencing technologies,

biological functions of a single gene could be deciphered at whole genome and single
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cell resolution '7. Thus, in this study, we developed an efficient body-wide organ
transcriptomic profiling method combined with single-cell mass cytometry to evaluate
biological functions of abnormal elastin regulation through single-cell mass cytometry
and RNA-seq of 17 organs from both abnormal (Loxl1 knockout (KO)) and normal

(wide type (WT)) elastin mice.

Results

1. Abnormal elastin-associated phenotype and other systemic changes in KO

mice
Because Loxl1 is the key enzyme for the synthesis and assembly of elastin, the
KO mice displayed phenotypes associated with abnormal elastic fibers, including
obvious POP (figurelA) and loose skin (figurelB); POP is characterized by the
enlarged perineal body and a bulge of rectum and vagina. In human, the molecular
mechanism of POP is widely considered to be related to the theory of “imbalance of
elastin” '¥; thus, LoxI1 knockout mice are always used as the animal model for studies
of POP. In order to observe changes of elastic fibers in KO mice, we performed weigarts’
staining specific for elastic fibers on vaginal tissues (figurelC) and skin (figurelD). In
the KO mice, elastic fibers in the lamina propria of vagina and skin appeared to have a
thin and short rod-shaped structure; additionally, we also observed that the deposition
of elastic fibers near the basement membrane decreased in the KO mice model. On the
contrary, elastic fibers were polarized and arranged neatly in the vagina tissues of WT
mice, confirming the reduction of synthesis and failure of crosslinking process of elastic
fibers in KO mice. Moreover, the length and volume of the spleen were significantly
increased in the KO mice group when compared with the WT group (figurelE). The
body weight of the KO mice was also measured where results revealed a significant
weight decrease when compared to the WT group with increasing age (figure1F). These
additional phenotypic changes suggested that the impact of Loxl1 deficiency on mice
was not limited only to the reproductive tracts, but also on spleen and other parts of the

body.
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vagina

Figurel Abnormal elastin-associated phenotype and other systemic changes in KO
mice. A. Overview of phenotype of pelvic floor in the Loxl1 knockout (left) and wild
type mice (right). B. Overview of the loose skin in KO mice. C, D. Weigarts’ staining
for elastic fiber in vagina (C) and skin (D), scale bar, 50 um. E. Left: overview of the
spleen. Right: quantitation of the length of spleen, the data represent mean + s.d. of four
samples. ***P<0.001. F. The body weight of the Loxl1 knockout and wild type mice,

the line represent data of each mouse. **P<0.01, *P<0.05.

2. Up-regulated transcriptomic level of inflammation and proliferation in KO
mice through body-wide organ RNA-seq
In order to assess the systemic effect of abnormal elastin on body-wide organs and
tissues with the use of Loxl1 KO mice, we performed RNA-seq of 17 tissues (heart,
liver, spleen, lung, kidney, skin, brain, aorta, abdominal fat, small intestine, bladder,
rectum, vagina, skeleton muscle, bone, cartilage, and tail tendon) isolated from WT and
KO mice with biological triplicate in each group (figure2A). We first employed a
correlation analysis of gene expression across all different samples in the WT group;

data showed that there were high correlation between the expression profiles of the
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same tissue types. The closely-related tissues such as rectum and small intestine,
cartilage and bone, and skeleton muscle and skin can also be clustered together
respectively according to the gene expression, indicating good repeatability in
sequencing results (figure2B). The principle components analysis was also performed;
figure 2C shows a tSNE of this data demonstrating clear separation in gene expression
profiles between the KO and WT mice group, implying the differential characteristics
of the two groups (figure2C).

To further compare the differentially expressed genes from the two groups in

various tissues, we used the DESeq2 in R (http://www.R-project.org) for downstream

analyses (figure2D). Data revealed that the spleen had the largest number of
significantly differentially expressed (DE) genes (P value< 0.05), followed by vagina
and skeleton muscle, thus suggesting that LoxI1 deficiency has the greatest effect on
spleen. According to the generated heatmap of all DE genes in all tissues (figure2E),
we found that most DE genes were unique to each tissue, possibly implying that LoxI1

deficiency has tissue-specific effects; gene ontology analysis (https://david.ncifcrf.gov/)

of DE genes in different tissues also further verified their tissue-specific changes after
Loxl11 knockout. For example, the up-regulated DE genes in the spleen were enriched
with genes related to cell cycle and cell division after LoxI1 knockout, while the down-
regulated DE genes were involved in immune system process (figure2F). In contrast,
genes related to the biological processes of keratinization and keratinocyte
differentiation were up-regulated, while sarcomere organization and response to
estradiol were down-regulated in the vagina (supplementary figurelA). In skeletal
muscles, the up-regulated GO terms included mitotic nuclear division and mitotic cell
cycle, and the down-regulated GO terms comprised of immune system process and
antigen processing and presentation (supplementary figurelB). Alterations of
biological processes in other tissues were presented in supplementary figure?2.

In addition to the tissue-specific changes in different tissues, we identified 38
common DE genes in more than 5 tissues (figure2G); GO enrichment of cell component
analysis showed that the common up-regulated genes were mainly associated with

extracellular exosomes (20/38) (e.g., COL1A1, COL6A3, COL1A2,H2-K1, ACTB,
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IFITM3, and FBNI), cytoplasmic components (23/38) (e.g., ZFP36, TXNIP. EGRI,
ACTB, CRIPI1, IFITM3, MNDAL, SNCA, and NFKBIA), nucleus components (17/38)
(e.g., ZFP36, TXNIP. EGRI, IFITM3, SNCA, MNDAL, and SUN2), and basement
membranes (4/38) (e.g., ALB, FBNI, SPARC, and LOXLI). Addition, the GO term of
biological process analysis also revealed that these DE genes were enriched in “immune

2 13

system process”, “response to bacterium”, and “cell proliferation” (figure2H); thus,
these indicated that multiple tissues had common significant changes in the immune

process and cell proliferation at the transcriptomic level.
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through body wide organ RNA-seq. A. scheme of the body wide organ RNA-seq,
there were three animals in KO and WT groups and 17 organs were isolated in each
animal. B. Heatmap of the pairwise correlation between all 17 tissues from WT group

based on transcript expression levels of 46,814 genes. C. tSNE clustering analysis of
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the body wide organ mRNA profiles for KO and WT groups. D. Scatter plot of number
of significantly differently expressed (DE) genes in 17 tissues. E. Heatmap of the DE
genes in all tissues ordered by hierarchical clustering. Shown are log2(foldchange)
values relative to compartment in WT group (P value< 0.05). F. Biological process gene
ontology (GO) analysis of DE genes in spleen using DAVID software. The GO terms
in blue color were up-regulated gene sets in KO group compared to WT group and the
terms in orange color were down-regulated ones. The six most significant gene sets per
condition were shown. G. Heatmap of the common DE genes (shared in > 5 tissues)
ordered by hierarchical clustering. Shown are log2(foldchange) values relative to
compartment in WT group (P value< 0.05). H. Biological process GO analysis of

common DE genes using DAVID software.

Sog101p value) log10(F value)
vagina © 1 ¢ & & m 2 .

heratiniziven

o s
Skeleton muscle .
micotc ruciesr Grisn =

-log10(P value)
o 2 4

Hog0(p value)

o 1 o2 3

o dat S rectum
" cellular response to insulin stimulus .
itive from RNA.. jm—
| kappad kinase/NF-kappa signaling sl
call ifferentistion jmm
regulation of adaptive immune response |
negative regulation of transcription from RNA...|
tanseription, DNAtemplated |
circadian regulation of gene expression |
regulation of transcription, DNA-templated |
thythenic procass |
circadian rhythm |

Iog10(P value) og10(F value)

P bladder © 1 ¢ i ¢ = ¢

o1 vaive)

5 5 1 15 W -log10(P value)
8 o 2 @

-1og10{P value)
-log10(P value) bone e 1 2 3 4 8 brain -logiPvalue)
o 1 )
g 012 s - : -log10 (P value)
------ oo — antheocyts matwaion. J— arota 2 4 8 & 10204060 80100
N Pl
. i recutaton of neurens celilar oxidant detoxificatio
pihesc proc . positive regulation of release
replication NEN. . oxygen wansport
— - reguiation of ransciption, ONAtemplated
J— J— focal adhesion assemoly
fr— intracellutar signal transduct

porsitive regulation of oxid
blood v

celular response to fibroblas
" response 10 interleu kin-1
negative regulation of ranseription rom RKA..| DNA replication

i ONArecombination DNA repair
metabols process | skeletal system morphogenesis | ONA repile DNA recombination



https://doi.org/10.1101/353169

bioRxiv preprint doi: https://doi.org/10.1101/353169; this version posted June 21, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplement figurel Biological process gene ontology (GO) analysis of DE genes in
16 tissues using DAVID software. The GO terms in blue color were up-regulated gene
sets in KO group compared to WT group and the terms in orange color were down-

regulated ones.

3. Tissues hyperplasia and local immune cells infiltration in KO mice.

To verify that changes of cell proliferation occurred in the KO mice, histological
staining was performed to further analyze all tissue samples. Haemotoxylin and
Eosin(H&E) staining demonstrated that the vaginal epithelium appeared to be thicker,
and the villi of the small intestine were longer when compared to the WT group
(figure3A); on the contrary, other tissues including the skin, rectum, and liver showed
no apparent changes when compared between the two groups.

Next, we performed immunofluorescence staining with a proliferation marker
KI67. Results showed that the vaginal basal lamina, liver, and crypts of small intestine
of the KO mice had increased expression of KI67 when compared with the WT mice
(figure3B, C); these results were consistent to the previous transcriptomic data which
showed an up-regulation of GO terms related to cell proliferation (figure3D) including
keratinization, epidermal cell differentiation, and positive regulation of mesenchymal
cell proliferation. Immunofluorescence staining of KI67 was also repeated in other
remaining tissues; however, no differences were observed between the two groups.

Subsequently, immunofluorescent staining of anti-CD45, anti-CD19, and anti-
F4/80 was also performed to detect local infiltration of immune cells. In the KO mice
group, the number of CD45 positive cells, CD19 positive cells, and F4/80 positive cells
increased in the vagina and small intestine (figure3E), indicating the local infiltration
of immune cells (leukocyte, B cells, and macrophage). These results could match the
transcriptomic data with an up-regulated GO terms which were enriched in immune
process (figure3F). According to above results, it can be concluded that LoxI1

deficiency would cause hyperplasia and local immune cell infiltration in some tissues.
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skin, rectum and liver. B. Immunofluorescence staining of KI67 in tissues of vagina,
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K167 positive cells per mm? in tissues of intestine, skin, rectum and liver. The data
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D. Cell proliferation related gene ontology (GO) of up-regulated DE genes in tissues of

vagina, small intestine and liver of KO mice. E. Immunofluorescence staining of

immune cell makers in tissues of vagina, small intestine. F. Upregulated immune

process related gene ontology (GO) in tissues of vagina and small intestine of KO mice.
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4. Systematic immune changes in KO mice detected by CYTOF

Due to the up-regulation of immune-related GO terms detected in RNA-seq, we
predicted that there would also be changes in the systemic immunity in KO mice.
Therefore, to evaluate this point, we applied CYTOF mass cytometry to characterize
the immune populations of the peripheral blood from WT and KO mice using 32 cell
markers, in order to assess the impact of Loxl1 inefficiency on systemic immunity. The
antibody panel contained major innate and adaptive immune cell subset markers,
including cell surface markers, function makers, and cytokines. The CYTOF data was

processed with Cytobank (www.cytobank.org) and SPADE, tools that were developed

for visualization of complex cell composition and proportion in the peripheral blood
(figure4A).

Well-recognized cell surface markers were utilized to identify specific cell subsets
in the peripheral blood (figure4B). We first gated to obtain CD45+ cells in the
peripheral blood (supplement figure2A); SPADE showed that the gated cells were all
CD45 positive (supplement figure2B). We then identified major cell subpopulations
within the CD45+ cell population (figure4B, C); among the CD3+ cell, we identified
cells that highly expressed CD4, CD8 and gdTCR as CD4+ T cells (CD3+CD4+),
CD8+T cells (CD3+CD8+), and gd T cells (CD3+gdTCR+), respectively. We also
identified B cells (CD45+1gM+) and four subsets of highly-expressed CD11b cells,
including neutrophils (CD45+CD11b+Ly6G+), monocytes (CD45+CD11b+Ly6C+),
macrophages (CD45+CD11b+F4/80+), and NK cells (CD45+CD11b+CD49b+).

The proportion of each immune cell subset to the whole CD45+ cells of WT and
KO group was then compared to assess the effect of Lox// knockout on the immune
system (figure4D). The WT and KO groups had the same proportion of CD3+ T cells
(WT, 13.47%; KO, 13.51) and monocytes (WT, 6.65%; KO, 6.07%) while the ratio of
CD4+ T cells (WT, 5.00%; KO, 3.87%) and B cells (WT, 19.03%; KO, 11%) showed a
slight decrease in the KO group. Moreover, CD8 T cells (WT, 7.67%; KO, 9.05%), gd
T cells (WT, 0.24%; KO, 0.39%), neutrophil (WT, 43.11%; KO, 50.76%), macrophage
(WT, 4.75%; KO, 8.11%), and NK cells (WT, 8.65%; KO, 11.11%) had a relatively


http://www.cytobank.org/
https://doi.org/10.1101/353169

bioRxiv preprint doi: https://doi.org/10.1101/353169; this version posted June 21, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

higher proportion in the KO compartment when compared to the peripheral blood of
WT mice. These results illustrated that Loxl11 deficiency influenced the immune system
in mice as evidenced by alterations in the proportion of immune cell subsets, including
the increased ratios of neutrophil, NK cells, macrophage, and CD8 T cells, and the
decreased ratios of B and CD4 T cells.

The applied antibody panels also included various other functional makers:

antigen presentation and costimulation (major histocompatibility complex, MHC-II),

cell activation and cell phenotype (CD44, IgM, Argl), cell migration (CD62L), cell

signaling transduction (CD38) and cytokine (IL-4, IL-6, IL-10, GM-CSF), tumor
necrosis factor a(TNF-a), and interferon y (IFN-y) and immunosuppressive factor

(CTLA-4, PD-1). A visualization technique, the heatmap, was then used to display the

fold changes of functional markers in different cell subsets of the KO mice relative to
those in the WT group (figure4E). The heatmap showed that while CD4+ T cells had
higher expressions of Argl, PD-1, and CD44, CD8+ T cells had higher expressions of
CD44 and CD38 and the NK cells had a higher expression of CD38 (fold change>2).
Meanwhile, fold changes of CTLA-4 in CD8+ T cells, CD62L in B cells, CD62L, CD44,
MHCII, IL10, IL6 in macrophages, and CD44 and IL6 in neutrophil were decreased
(fold change <0.5). However, we discovered that the magnitude of the difference in the
expression level was quite small for most genes between the two groups. Nevertheless,
these results showed that T cells and NK cells were activated in the Loxl1 KO mice,
whereas B cells, macrophages, and neutrophils showed a reduction in migration and

secretion acitivities in the KO mice group.
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using CyTOF machine and immune cell populations were identified using SPADE and

in standard dot plots. B. SPADE analysis for characterizing the immune cell populations
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by using the canonical markers, including CD3, CD4, CDS8, gdTCR, IgM, CD11b,
Ly6G, Ly6C, F4/80 and CD49b. In SPADE, node size correlates with the number of
cells, and the colored gradient corresponds to the arcsinh-transformed expression of the
marker’s median. Dot plots demonstrated the marker labeling on CD45 positive cells
and the proportion of each cell population in WT and KO groups were shown. C.
SPADE diagram of the identified immune cell populations in WT and KO group. D.
The relative abundance of identified immune cell populations in WT and KO group. E.
Heatmap of the functional markers expression of immune cells. Values were foldchange

of marker expression of immune cells in KO group compared to compartment in WT

group.
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Supplement figure2 characterization of the immune cell populations by using the
canonical markers CD45. A Dot plots demonstrated the marker labeling on live single
cells and the proportion of CD45 positive cells in live single cells. B SPADE analysis

for characterizing the overall expression of CD45 in immune cells.

5. Clinical relevance between LOXL I mutation and cancer
Due to the fact that LOXL1 deficiency could induce changes in the immune system
and hyper-proliferation in tissues, which are the two hallmarks often observed in tumors

19 we hypothesized that LOXLI mutation may be correlated with the progression of
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cancer. To test this hypothesis, we first collected data from The Exome Aggregation

Consortium  (ExAC, http://exac.broadinstitute.org/gene/ENSG00000129038) to
identify LOXL I mutation in the common human population. According to the database,
there were many forms of variations (including missense mutation, frameshift mutation,
large fragment deletion, large fragment insertion, early termination, etc.) in the LOXLI
gene in the population; missense mutation accounted for approximately 86% of the
variations (Figure5A), leading to the disruption of polypeptide chain functions.

As the data set provided on ExAC spans 60,706,000 unrelated individuals, and can
serve as a useful reference set of allele frequencies for severe disease studies, we next
used the data set from EXAC as a control group representing the general population and
collected  gene  mutation data set from TCGA and  CanVar

(https://canvar.icr.ac.uk/gene/ENSG00000129038) (two ontology database) as tumor

patient groups. There were four common mutation loci of LOXLI in EXAC in the
general population when compared with patients from TCGA and CanVar (figure5B).
Additionally, the mutation frequency of the eight loci in tumor patients were
significantly higher than the mutation frequency in the general population data set
(figure5C, D), thus suggesting that higher frequency of LOXL I mutation may be related
to tumor.

Next we compared the overall survival rate between the LOXL / non-mutant tumor
patients and LOXL ] mutant tumor patients from TCGA. In the pan-cancer patients, the
overall survival rate of LOXLI/ mutant patients (n=15) were relatively lower when
compared to the non-mutant patients (n=5780) (p=0.1438) (figure5SE).

Results obtained from GO analysis showed that in liver hepatocellular carcinoma
patients, cell cycle-related GO terms were significantly up-regulated in LOXL / mutant
patients when compared with LOXLI non-mutant patients; similar outcomes were
observed in GO terms related to mitotic cell cycle, mitotic cell cycle process, and
cellular response to DNA damage (figure5F). In lung adenocarcinoma patients, immune
activation-related GO terms including T cell proliferation, T cell migration, signal
transduction, and cytokine production were significantly up-regulated in LOXL ] mutant

patients (figure5G). Therefore, when compared with LOXLI non-mutant patients, the
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mutant patients not only had a lower survival rate but also a higher transcriptomic level
of genes related to biological processes such as cell proliferation and immune activation.
These results were consistent with the phenotype identified in Loxl1 KO mice.
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FigureS Clinical data about relationship between LOXL1 mutation and cancer A.
Variation forms of LOXL1 gene in population. B. Common mutation loci of LOXLI in
ExAC in the general population when compared with cancer patients from TCGA and
CanVar. C, D. The mutation frequency of the common mutation loci of LOXLI in EXAC
in the general population when compared with cancer patients from CanVar (C) and
TCGA (D) respectively. E. The overall survival rate of LOXL mutant patients (n=15)
when compared to the non-mutant patients (n=5780) in the pan-cancer patients. F.
Biological process GO analysis of up-regulated genes in Loxl1 mutant patients with
liver hepatocellular carcinoma using DAVID software. G. Biological process GO
analysis of up-regulated genes in LoxIl mutant patients with lung adenocarcinoma

using DAVID software.

Discussion
Our study exhibited that abnormal elastin activity induced by LoxI1 deficiency can
result in a series of tissue-specific elastin-related modifications. By utilizing high-
throughput sequencing combined with single cell CYTOF and histological evaluations,

we demonstrated that Loxl1 deficiency in mice promoted local immune responses and
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hyperplasia in multiple tissues, as well as drastic changes in systemic immunity
functions. Lastly, we also displayed the correlation between Loxll deficiency and
tumorigenesis and poor survival rate in tumor patients.

ECM remodeling contributes to the progression and development of diseases *.
Our RNA-sequencing data showed that most of the significantly up-regulated DE genes
(20/38) were related to extracellular matrix components (FBN1, COL6A3, COL1A2,
COL1A1, LOXL1), suggesting that LoxI1 deficiency can induce elastin fragmentation
and subsequent ECM remodeling. Results in our model also showed that elastin
fragmentation and ECM remodeling resulted in the activation of major chemotactic
activities, recruiting monocytes and macrophages to the local inflamed site in multiple
organs, and initiating systemic immune response in the peripheral blood. Several
publications illustrated that aberrant ECM expression and fragmentation of ECM can
impact cell activation and survival, leading to inflammation and immune response
activation 2. It was reviewed that the matrix fragments of collagen (the tripeptide N-
acetyl Pro-Gly-Pro) are important for neutrophil chemo-attractants by mimic the
chemotactic effects of CXCL8?!. Other constituents of the ECM such as hyaluronan
could induce the perpetuation of inflammatory responses through the activation of
TLR2, or TLR4, or both ?%; fibulin-5 can affect cutaneous inflammation through the
regulation of active inflammatory level of NFkB 3. Thus, the enhancement of local
immune infiltration of monocytes and macrophages in our Loxl1 KO mice may also be
mediated through chemokine- and cytokine-induced immunity.

The immune system of our body always plays a crucial role in tissue homeostasis.
For example, a large number of studies has proved that the activation of inflammatory
responses is closely associated with tissue hyperplasia. Zhong et al. also illustrated that
IL1 secreted by activated monocytes/macrophages can promote epithelial cell
proliferation and increase epithelial layer thickness through paracrine action 24,
Furthermore, in colitis, inflammatory mediators led to an increase in cell proliferation
through the PI3K/Akt/B-Catenin pathway 2>?°. The nuclear factor (NF) -kB family
members and their inhibitors can maintain cell viability and proliferation through the

IKK/IkB/NF-kB Pathway 27. Overall, these results help explain that the occurring
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hyperplasia in multiple tissues in the Loxll KO mice model may be mediated and
followed by local immune infiltration and induction of systemic immunity,

Our results also revealed a close relationship between Loxl1 mutation and tumor
susceptibility, with a higher mutation frequency and lower overall survival rate in tumor
patients with Loxl1 mutations. Inflamed environment and cell cycle phase were closely
related to cancer progression and outcome 2® as the inflamed environment can disrupt
the quiescence of tumor stem cells and initiate the tumorigenesis 2°2°, which was
consistent with our results that Loxll KO caused local and systematic immune
responses as well as multiple tissue hyperplasia. Previous studies also illustrated that
increased proliferation and self-renewal also play a key role in tumorigenesis; the
increased DNA replication rate that occurs during proliferation makes it more
susceptible to errors. Among all of the cancer-related mutations, 66.1% is due to
random DNA replication errors 3!. Therefore, further studies are required to identify
whether Loxl1 knockout mice have higher random mutation rate.

In conclusion, we developed a strategy to combine single-cell mass cytometry
and body-wide organ transcriptomic (BOT) analysis to systematically evaluate the
effect of Lox11 knockout on systemic immunity and tissue hyperplasia in mice. Thus,
this research provided a powerful strategy to screen body-wide organ functions of a
particular gene; the findings also illustrated the important biological roles of elastin
on multiple organ cells and systemic immunity. These discoveries are both of

important value for the understanding of ECM biology and pathology.

Materials and Methods:
Animal model and body-wide organ collection

12-week-old LoxI1 knockout mice and C57BL/6 (both breed in National Resource
Center for Mutant Mice, Model Animal Research Center of Nanjing University) were
utilized in this study. Three animals respectively in KO mice group and WT mice group
were humanely sacrificed and the 17 tissues were collected for subsequent experiments.
Four animals in each group were humanely sacrificed and the peripheral blood were

pooled into one sample for single cell mass cytometry. All procedures were performed
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with approved protocols, in accordance with guidelines of the animal experimental

center of Zhejiang University, People’s Republic of China.

Histological examination

Specimens were immediately fixed in 4% neutral buffered paraformaldehyde,
dehydrated through an alcohol gradient, cleared, and embedded in paraffin blocks.
Histological sections (7 um) were prepared using a microtome, and subsequent lyde-
paraffinized with xylene, hydrated using decreasing concentrations of ethanol and then
subjected to hematoxylin and eosin (H&E) staining and Weigarts’ staining. Then the

sections were mounted and observed under microscopy.

RNA-seq

RNA-seq was modified from a previous method 2. Briefly, RNA was extracted from
samples by Trizol reagent (TAKARA), reverse transcription was conducted by
SuperScript II reverse transcriptase (Invitrogen), double strand cDNA was conducted
using NEBNext mRNA second strand synthesis kit (NEB), double strand DNA was
cleaned with AMPure XP beads (Beckman Coulter), sequencing library was
constructed with Nextera XT kit(Illumina) and sequenced on I[llumina X-Ten platform.
RNA-seq reads data were mapped to reference genome using TopHat and Cufflinks 33,

Expression was calculated with counts per million (CPM).

Data analysis for RNA-seq
Differential expression gene was calculated by DESeq2, differential expressed genes
were selected with P value<0.05 **. Gene ontology enrichment analysis were performed

with DAVID informatics resources (https://david.nciferf.gov/) 3.

Immunofluorecence staining
The tissues were fixed in 4% (w/v) paraformaldehyde, and then dehydrated in an
ethanol gradient, prior to embedment in paraffin and sectioning at 7um thickness.

Immunostaining were carried out as follows: The 7um paraffin sections were
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rehydrated, antigen retrieved, rinsed three times with PBS, and treated with blocking
solution (1% BSA) for 30 min, prior to incubation with primary antibodies at 4 °C
overnight. The primary antibodies: rabbit anti-mouse antibodies against KI67 (Abcam,
ab16667) and CD45 (BD Biosciences, 555483), rat anti-mouse CD19 (Biolegend,
115525) and F4/80 (Biolegend, 123121) were used to detect the cell proliferation and
immune cell infiltration. Secondary antibody: goat anti-rabbit Alexa Fluor 488
(Invitrogen, A11008), goat anti-rabbit Alexa Fluor 546 (Invitrogen, A21430-f), goat
anti-rat CY3 (Beyotime Institute of Biotechnology, A0507), and DAPI (Beyotime
Institute of Biotechnology, China) were used to visualize the respective primary
antibodies and the cell nuclei. All procedures were carried out according to the

manufacturer’s instructions.

Single cell mass cytometry.

We pooled the blood from four mice for each group to obtain sufficient cells for a
reliable mass cytometry. After lysis of the erythrocyte by ACK lysis buffer, samples
were washed by FACS buffer and kept at 4 °C or on ice .The pooled cells were then
stained with cisplatin for live-dead cell distinction. Following blocked at room
temperature for 20 min, cells were stained with a mixture of metal-tagged antibodies
targeting the surface antigens for 30 min at room temperature (a complete list of
antibodies is provided in Supplementary Table 1). Following washed with FACS buffer

and fixed for 20 min at RT, cells were washed with Perm buffer and stained with a

mixture of intracellular antibodies (Supplementary Table 1) for 30 min at RT. Then

the cells were fixed and stained with DNA intercalator overnight at 4°C. After washed
by perm buffer, cells were incubated with barcodes at 4 °C for 30min. Following
multiple washes with FACS buffer and ultrapure H>O, cells were analyzed on a CyTOF
machine. The raw data acquired was uploaded to a Cytobank web server (Cytobank

Inc.) for further data processing and for gating out of dead cells and normalization beads.
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Supplement tablel: Antibodies used in CyTOF

List Channel Antibody Clone Brand Cat #

1 158Gd CD3 145-2C11 Biolegend 100302

2 197Gd CD4 RM4-5 Biolegend 100520

3 115In CD19 6D5 Biolegend 115502

4 153Eu gdTCR GL3 Homemade

5 198Pt CDS8 53-6.7 Biolegend 100716

6 113In CD44 IM7 Biolegend 103002

7 168Er FoxP3 FJK-16s eBioscience 14-5773-82
8 165Ho IFNy XMG1.2 Bio X Cell BEO0055

9 154Sm CD62L MEL14 Biolegend 104402
10 157Gd IL4 11B11 Biolegend 504102
11 159Tb F4/80 A3-1 Bio-rad MCA497G
12 209Bi CDl11b M1/70 Homemade

13 161Dy INOS CXNFT eBioscience 14-5920-82
14 166Er Argl Polyclone Fluidigm 3166023B
15 152Sm CDllc N418 Biolegend 117302
16 148Nd Ly6c HK1.4 Biolegend 128002
17 167Dy CD4%b DX5 Biolegend 108902
18 147Sm Ly6G 1A8 Biolegend 127602
19 162Dy TNFa MP6-XT22 Biolegend 506302
20 163Dy IL6 MP5-20F3 Biolegend 504502
21 150Nd IL10 JES5-16E3 Biolegend 505002
22 155Gd GM-CSF MP1-31G6 Biolegend 505504
23 146Nd CD38 90 Biolegend 102702
24 176Yb IgM RMM-1 Biolegend 406502
25 139La Ki-67 SolA15 eBioscience 14-5698-82
26 172YDb PD-1 29F.1A12 Biolegend 135202
27 174Yb CTLA-4 UC10-4B9 Biolegend 106302
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28 142Nd MHC II Y-3P Bio X cell BEO0178
29 141Pr CD24 M1/69 Biolegend 101802
30 175Lu Siglec-F E50-2440 BD Bioscience 552125
31 169Tm CD127 ATR34 Biolegend 135002
32 89Y CD45 30-F11 Biolegend 103102

Mass Cytometry Data analysis.
Data analysis was performed using SPADE 3¢ algorithms and scatter diagram in

Cytobank (www.cytobank.org). SPADE analyses in Cytobank were performed with the

target number of nodes set to 200. In SPADE algorithms, the color gradient represents
the median expression level of the chosen marker. The following markers were chosen
for immune-related clustering: CD45, CD3, CD4, CD8, gdTCR, IgM, CDl11b, Ly6G,
Ly6C, F4/80 and CD49b. Cell populations were then identified based on marker
expression distribution in the figure. The percentage of each immune cell population
was calculated for each defined population out of the total CD45 positive cells. Intensity
levels of markers were calculated on transformed median intensity values in each

defined cell population. Heatmaps were drawn using HemlI 1.0.3.3 Heatmap Illustrator

37

Statistical analysis
Two-tailed t-test was used to detect differences of histological results between the KO

mice and WT mice groups. The statistical significance set at p <0.05.
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