The profibrotic transition of vascular smooth muscle cells-derived resident vascular adventitial progenitor cells
contributes to Angiotensin ll-induced cardiac fibrosis.
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vy

g
o
I
w
]

g
o
1

N
a
1
N
1

N
o
1

Fold RNA Expression
©
(3,1
]

Fold RNA Expression
Fold RNA Expression
Fold RNA Expression

“f‘-.'{‘

o
o

Veh_Solv
Veh_TGFb
Sim _Solv
Sim _TGFb

N
o
]

N
=)
1

&
Veh_Solv
Sim_Solv
Veh_TGFb
Sim_TGFb

-
o
1

Fold RNA Expression

o
a
1

o
o
|

©

o @®

Fraction of cells
in group (%)

o N N
vy

adj.P.Val = 7.01E-113 KLF4 CD34 SCARA5 MEG3

20 40 60 80100 6000 I

Mean expression
in group

o

o]

(=

o
|

Tadj.P.Val = 4.16E-13 “ladj.P.Val = 1.18E-09

—

adj.P.val = 1.48E-10

adj.P.Val = 8.39E-09
—

—

002020000
00-0000

®o
09 - 2000

00 0000
0000000
0000000

°@@®- © ©

(<2}
(=4
o
1
[<2]
o
o
1

5
4
3
2
1
0

Y
(=
(=]
o
1

Kif4

2

Lyba

Cd
Counts per million (CPM)
Counts per million (CPM)

Counts per million (CPM)
S
o
|
Counts per million (CPM)
H
o
o
|
Counts per million (CPM)

1N
o
[=
o
1
H
o
[=4
o
1

H

(=4

(=3

o

1
(=2} o]
o (=4
o o
1 1

N
(=4
o
o
1

Counts per million (CPM

Counts per million (CPM)
Counts per million (CPM)
Counts per million (CPM)
Counts per million (CPM)

o
|
o
|
o
|
o
|

spatial2
spatial2

spatiall

W

-
(3]
]

-
o
1

spatial2
spatial2

| AdvSca1-sm

o
o
1

IP%Input Acta2 Promoter

CD31-PE

. . : * Gli1-CreERT2.ROSA26-YFP reporter mice (Gli1-CreERT-YFP) were injected with 1 ' | e 07 RO Ker s o ra i RS (A). Significantly up and down-
t_hat ?ha_raCtenze?‘_ most cardloyascular diseases. Althou_gh mg tamoxifen daily for 12 consecutive days to induce YFP reporter knockin. After e | el U YN S o otametosons oROK9188521 oo e 2604 LTS;E:%(’(E%Z?Z g%tyvsgpecﬁisetg ra?; and
fibrotic -tISSUG faC|I-|t_ates the maintenance of o_rgan |ntegr|t_y, a 5-.day waghoujc peri.od, the mice received Angiotensin Il (Angll; 1 pg/kg./min) or . e BT i vocaremcs BRI <7Sobeazl [ouad ol -1.5784 input for Connectivity map analysis
excessjve deposmon of extracellular matrix (ECM) in yehlcle (gallne) |nfu.3|on.for 14 or 28 days through subgutanequs osmotic pump . W | | Ly6a cd pite  (hitps://clue.io/) to predict perturbagens
cardiac tissue sianificantlv disrupts normal function of the implantation. Cardiac tissues were harvested and fixed with 4% PFA and | ** e ey  [hatinhibit the transition of AdvSca1-

. g y up u embedded in OCT for imaging studies or enzymatically digested into single cell T e 0 SM cells to myofibroblasts. Top
heart. suspension for subsequent analysis. candidates are shown with normalized
_ _ _ _ _ i ) i i connectivity scores (norm_cs, the more
Activated cardiac myoflbroblasts are the major contributors > gec(;).nd tharmomct_genirat'og (ISH?AZ 'nrla?'n% 4 mi abelled with EITC negative, the stronger its predicted
g . . . . ° ardlac ltissue sections 1from oailine/Angii treated mice were lapeliea wi - activity in preventing the myofibroblast
to ECM deposition Ir_] pathologl_cal fibrosis. Howie\./er, due to conjugated anti-GFP antibody and processed for label-free second harmonic RIS B i, sEeb e e S e B e e e R | 4 saline 2w . B differentiation of AdvSca1-SM cells).
potential heterogeneity of myofibroblasts, the origin of these generation (SHG) imaging at the Advanced Light Microscopy core to examine e ORI R IEECPNEERE T TN G | eangiow | - veh s - (BI)I- ex vivo CtU'LU;FehOBAdVdStcatsg/' o
. . " b LG R TP R AR 5 R 3 R o & e g T cells were established and treated wi
cells remains controversial. collagen deposition and AdvSca1-SM cells. gt . i : > 1uM simvastatin (Sim) for 48 hour
> Single cell RNA-sequencing (scRNA-seq) UM simvastatin (Sim) fo o,

' it ' 3 == I —>=4) _ expression of stemness genes were
Resident vascular adventitial progenitor C.e||.S expr-e.ss the - Saline/Angll treated mice were euthanized and the heart tissues were harvested IR Y S S g T R examined by gPCR. (C). AdvSca1-SM
stem cell marker Scal (AdvSca1l), exhibit multilineage for single cell suspension preparation. Cells were labelled with APC conjugated cells were treated with 5ng/mL

: ] : : : i i i - - i 2 P S TGFB/Solv in th f 1uM
differentiation poten“al and play an |mportant role in anti CD.31 antibody and 9D31+ endothelial c_ells and CD3'.] non-endothelial AGE-EGEsignaungpathwayindiabeummp.icaﬁons. — . Sim/{3/ehOf2/)rlr:18 r?oz:-e:?gr:(cieossign .
vascular iniurv and remodelin population were sorted using fluorescence activated cell sorting (FACS) at the BE v N o K164 and «SMA were 'exaraine d by

Jury 9. CU Cancer Center Flow Cytometry Shared Resource core facility. Sorted cell 7 ‘% =

: : . : : _ . _ s prop il Carcer gPCR and western blot. The results
Using highly specific smooth muscle cell lineage-tracing populations were counted with a hemocytometer and the endothelial cell GG aalveie of indicate the anti-fibrotic effect
mouse models, our laboratory discovered the smooth populations were mixed with non-endothelial at 1:9 ratio for scRNA-seq library 7 DN > — s gg;;‘;g‘;;t‘:é j;,‘u‘;'t‘g%*gm | e - — S observed with statins may be due to
muscle cell origin of a unique subbobulation of AdvSca“ preparation and sequencing at the Genomics Shared Resource at the University e e Tecey SEvaled oty , its function in maintaining the

_ 9 g POp of Colorado Cancer Center. A total of 5000 cells per treatment condition were N N S S ) ——— < (actin /\0VSCa1-SM stem cell phenotype.

cells, which we termed AdvSca1-SM cells. captured and sequenced at the depth of 5000 reads per cell using the 10x = A S
Our recent published bulk RNA-Seq data identified a Genomics platform. S
specific agene sianature of active hedaehoa/WNT/beta Sequencing data were processed through the Cell Ranger pipeline with custom

p _ 9 _ 9 _ u_ 9 9 build reference genome (Ensembl GRCm39 release 104) containing eYFP ORF
catenin/KLF4 signaling in AdvSca1-SM cells. sequence. Scanpy and scVelo were used for the analysis of scRNA-seq data. gt
Leveraging the specific expression of Gli1T gene by > ‘é's'(‘j{m st'_Pat'a' ?e"eAEX!:T/eSSSI!O“t o en g e |

_ . g ERT2_ _ * ardlac lissues 1from ANng dline treated mice were fresn 1irozen empedded In i _ ] i i ] .. i _ . .
AdvScal-SM Ce”S, we validated a Gli1-Cre ROSA26 OCT. 10 um sections were collected on Visium spatial tissue optimization slide Figure 3. scRNA-seq analysis reveals profibrotic differentiation trajectory of AdvScal-SM : :
. - - e T , T cells in response to Angll treatment. scRNA-seq experiment was performed with cardiac cells 3 *
YFP reporter mouse model to be a faithful Imeage traCIng for permeabilization optimization. 12 min of permeabilization gave the strongest sorted from Saline/Angll treated Gli1-CreERT-YFP mice as described in the Materials and Methods. . . . . . . o . T e o
System for AdvSca1-SM cells. fluorescence signal with the lowest signal diffusion and was therefore used for (A). Uniform Manifold Approximation and Projection (UMAP) visualization of the scRNA-seq data o e ¥ ¥ < ¥ Q0&°Q Q0&°Q
: . : : experiments. Cardiac tissue sections captured on Visium spatial gene set. (B). eYFP* AdvSca1-SM cells were selectively visualized. (C). AdvSca1-SM cluster (yellow in A) >
> USlng the GliT Imeage traClng SyStem, We reported that expression slide were fixed in methanol at -20 ° C for 30 min and labelled with was selected for sub-clustering. (D). Cells from Saline (blue) and Angll (orange) treated samples POSTN COL1A1
: - : _ _ _ _ _ _ _ i “(E). i i _ IR COL3A1 CTGF
AdvSca1-SM cells lose their progenitor phenotype, rapidly anti-aSMA-Cy3 antibody for 30 min. Stained slide was imaged with Keyence BZ- e voctor Tenrasents RNA velouity sl o seautiotime tatecton and the width is proporional PVITIOER oS ITER2 oY 122E10 Y- s a1E 1
pr0|ifel’ate and adopt myOfibrOblaSt phenotype IN response X710 ﬂu_orescen(}e r_n|Cr03C0pe at 10x on DAPI and CY3 charmels. T"?d |mag?5 to the number of cells at a given position. (F). KEGG pathway enrichment was performed with the -
to acute vascular iniu were stitched with imagedJ to create the complete tissue image with fiducial genes up-regulated in cluster 0 compared to cluster 3. Pathways related to fibrosis (orange arrows)

o jury. o _ _ frame. Tissue permeabilization, reverse transcription and second strand and cardiac hypertrophy (red arrows) were highlighted. Expressions of stemness gene Ly6a (G) and '

» Similarly, AdvSca1-SM cell-specific genetic ablation of K/f4 synthesis & Denaturation were performed according to manufacturer protocols. myofibroblast gene Posin (H) were plotted in the sub-cluster UMAPR. (I). Additional differentially

: : C g : : cDNA samples were submitted to Genomics Shared Resource for QC. libra expressed genes between cluster 0 and cluster 3 are shown in dotplot. The scRNA-seq data
gene Induces differentiation and prOllfel‘a’[IOn of AdvSca1l- ot P 4 _ ’ y support that AdvSca1-SM cells, in response to Angll stimulation, differentiate along a B S W
T : construcltion ana sequencing. profibrotic trajectory, which is characterized by loss of expression of KIf4 and stemness ' ' & &

5 EIM cells ar;g pr?mot.es Sp?nfgegus1ag\ﬁntltlﬁl remOdeI(ljng Manual image alignment was performed with Loupe Browser. Fastq files were genes and up-regulation of a myofibroblast gene signature. o

owever, e T1unction o vocCal- cells In Ccardiac aligned to reference genome (Ensembl GRCm39 release 104 with the addition

. . . . . . . . clusters B - -
diseases and its contribution to myofibroblasts is unknown. of eYFP gene) using Space Ranger. Downstream QC, analysis and . g .y Figure 4. In  situ Figure 6. The progenitor and myofibroblasts gene signature of AdvScal1-SM cells were

visualizations were performed with Scanpy. S visualization of observed in bulk RNA-seq data of left ventricular tissue of non-hypertrophic and
> Statistics. Data were analyzed using PRISM 9 (GraphPad Software, Inc.). Coaiddias -- ﬁ‘:‘i‘;sgca“s"" sp‘;ﬁ:'asl Evpertmphi(cG?E";an subjects, respectively. Data were downloaded from the G?,r;otyge(ﬁg;g
_ , : : : - ' ‘ | | N . Xpression X) project and the samples were ranked by their Natriuretic Peptide
Column statistics ar?d D'Agostino ana PearSOr.] (.)mmbus no!’mallty tests We.re transcriptomics. expression level and 30% subjects with highest and lowest NPPB expression in each sex/age group
performed to determine the mean, standard deV|a_t'0na_anfj_Va“date the normality oo T B _ ~ W - Immunofluorescent were designated as hypertrophic and non-hypertrophic samples, respectively (A). Lima-Voom was
of the data. One-way ANOVA was used to determine significance of the overall P A N - =« 4 - imaging of aSMA and used to examine the differentially expressed genes. Genes up-regulated in non-hypertrophic group
value followed by Tukey's post-hoc to determine differences between the piE o X L X S Visium  spatial  gene exhibit significant overlap with genes selectively expressed by AdvSca1-SM progenitor cells (Cluster
groups. IR S Sned : expression  experiment 3 in Figure 3C). The normalized count data of select overlapping genes were shown in (B). Genes
g were performed with up-regulated in the hypertrophic group exhibit significant overlap with genes selectively expressed
Spatiall cardiac tissues from by myofibroblast transitioned AdvSca1-SM cluster (Cluster O in Figure 3C). The normalized count
Resurts e¥FP transeript D SYFP_transcript Angll/Saline treated data of select overlapping genes were graphed in (C). The results strongly support the
Figure 1. Cardiac YFP* cells from Gli-Cre=RT-YFP . Angll mice. The clusters of the translational relevance of the AdvSca1-SM-myofibroblast transition in human cardiac
' - - Saline (A) and Angll- hypertrophy and fibrosis.
Z mice exhibit high levels of smooth muscle cell- treated (B) cardiac
= specific H3K4Me2 epigenetic lineage mark. Heart tissues were visualized
' o tissues were harvested from tamoxifen-treated Gli7- in spatial dimensions.

A CreERT-YFP mice. Single cell suspension was | eYFP*  AdvScal-SM C I 7

/ prepared fr(?m the tissue and_cells Iabelle.d wi.th anti- tissue regions were O n c us I o ns
| AdvScal-SM cell @ Macrophage (@ . 2° | | | CD31, anti-CD45, and anti-Mcam antibodies for highlighted in orange in
e AdvScal-SM cellderived g Macrophage — N By | | FACS. (A). YFP* AdvScal-SM cells, CD31-CD45 Saline (C) and Angll- AdvScal1-SM Myofibroblast

Zzsg:;:?;ﬁtce"‘deﬁved mgr’ss;gée N <. / = TeE 0 Mcam* SMC and CD31-CD45-Mcam- Non-SMC cell i treated (D)  cardiac

SMC (activated) S ) Yy - ' populations were gated and collected for Chromatin A spatiall tissues. (E). Ratio of
- SMC / Extracellular e /- s £ ., |mmunopreC|p|t§1t|on0 (ChIP) analysis. Sorted. cglls YFP+ ratio o clusters s YFP+ spots were
__ SMC-derived neointimal /' matrix Vi ( ‘of o m ok Were treated with 1% formaldehyde for cross-linking 041 examined across the

cells Hedgehog 7P " —Tcoseeey T and ChIP was performed with a commercial kit and _

' signaling domain @ i y” » : . : . .02 1 Noteh o clusters. (F) KEGG
@ AdvScal-MA cell Macraphage ) 1Y anti-H3K4Me2 antibody or IgG as negative control. pathway analysis of

® i / , - % = IR - £ —— o . nir ||
~= Endothelial cel chemoattractant | ' | " 18 | UK T Precipitated DNA was purified by phenol/chloroform i B B B EEEN i, genes highly expressed Contractile

° ) o - extraction and ethanol precipitation for gPCR analysis Sl il 5 genes
Central role for Kif4-dependent AdvSca1-SM cell contribution - with primers flankingp thep CArG elgment in ythe clusters qusters :)gddu:tr?g\f,g Orﬁgﬁﬁ ar}f,

vascular remodeling and fibrosis. AdvSca1-SM cells express a unique gene promoter of Acta2 (B) and Myh11 genes (C). Data are _ X " Angll pathways related to

signature that supports a role for hedgehog/WNT/beta-catenin/KLF4 signaling in —————S— L expressed as percentage of input DNA. The results zaline fibrosis and inflammation.

regulating SMC-to-AdvSca1-SM cell reprogramming and AdvSca1-SM progenitor S confirm the smooth muscle cell origin of YFP* Cluster 4 spots were Stemness
cell phenotype and survival. Injury-mediated and/or genetic downregulation of AdvScal-SM cells in the cardiac tissue. selective shown in Bl
KLF4 disrupts this local progenitor cell niche and promotes activation of AdvSca1- Angll Figure 2. Perivascular AdvSca1-SM ' " y, Saline (G) and Angll
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SM cells, as assessed by downregulation of a stemness phenotype. AdvSca1-SM cells expand and infiltrate into the tsreatfdl (H) F'Ssues%

C , . . . cardiac interstitium while patial expression O
ceII. activation promotes upregulation of a proflbrot_lc gene signature, thereby - exhibiting close association with myofibroblast gene
facilitating differentiation toward pathological myofibroblasts that contribute to L collagen content. (A). Cardiac tissue Postn (I & J) was
pathological vascular remodeling and fibrosis (created with BioRender.com). ' ¥ | sections from Saline (left) and Angll ol visualized. Background

(Weiser-Evans, Circ. Res. 2017, Lu et al. JCI Insight. 2020). r ,» e treated (right) Gli7-CreERT-YFP mice spatiall red and blue color in :
' i were immunofluorescently stained Postn J Postn panel C-D, G-J represent Time

with anti-GFP-FITC and anti-aSMA- R A\l aSMA  and DAPI

== CY3 antibodies. Representative 60x = fluorescent signal, Figure 7. The reprogramming and myofibroblast transition of AdvSca1-SM cells.
s images are shown. (B). Label free = respectively. Spatial

,, imaging was performed to . transcriptomics
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suggest YFP* AdvSca1-SM cells profibrotic  AdvScai- 1. MW Majesky, H Horita, A Ostriker, JN Regan, XR Dong, J Poczobutt, RA Nemenoff, and MCM Weiser-Evans (2017) Differentiated

Cardlac Advsca1 -SM ce"S adopt a myOflbrObIaSt | i 4 St ) : | proliferate and migrate to - > SM cells in Angll- smooth muscle cells generate a subpopulation of resident vascular progenitor cells in the adventitia regulated by Kif4. Circulation
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