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DISEASES AND DISORDERS

Fibrillin-1-enriched microenvironment drives
endothelial injury and vascular rarefaction in chronic

kidney disease
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Endothelial cell injury leading to microvascular rarefaction is a characteristic feature of chronic kidney disease
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(CKD). However, the mechanism underlying endothelial cell dropout is poorly defined. Here, we show a central
role of the extracellular microenvironment in controlling endothelial cell survival and proliferation in CKD. When
cultured on a decellularized kidney tissue scaffold (KTS) from fibrotic kidney, endothelial cells increased the expres-
sion of proapoptotic proteins. Proteomics profiling identified fibrillin-1 (FBN1) as a key component of the fibrotic
KTS, which was up-regulated in animal models and patients with CKD. FBN1 induced apoptosis of endothelial
cells and inhibited their proliferation in vitro. RNA sequencing uncovered activated integrin ayfe¢/transforming
growth factor-p signaling, and blocking this pathway abolished FBN1-triggered endothelial injury. In a mouse
model of CKD, depletion of FBN1 ameliorated renal fibrotic lesions and mitigated vascular rarefaction. These
studies illustrate that FBN1 plays a role in mediating vascular rarefaction by orchestrating a hostile microenviron-

ment for endothelial cells.

INTRODUCTION

Chronic kidney disease (CKD) has become a major public health
problem worldwide. The prevalence of CKD is high, ranging from
10 to 13% in the adult population (1, 2). A considerable number of
patients with CKD will eventually progress to end-stage renal dis-
ease, a devastating condition that needs renal replacement therapy.
Irrespective of the initial causes, CKD progression is characterized
by unresolved inflammation, tubular atrophy, interstitial fibrosis, and
peritubular capillary rarefaction (3-6). Microvascular rarefaction, as
defined by a decreased capillary density, presumably results from
endothelial cell apoptosis, detachment, or dysfunction (7, 8). However,
the cause and underlying mechanism of endothelial cell dropout in
the setting of CKD is poorly understood.

Vascular endothelial cells are a layer of flat cells located between
the blood vessel wall and the bloodstream (9). They can not only
sense information such as inflammatory signals, hormones, shear
stress, and pressure in the blood but also play an important role in
maintaining vascular tone and normal blood flow and regulating
inflammation and angiogenesis (9). Not unexpectedly, vascular rare-
faction impairs capillary function and reduces blood supply, leading
to ischemic and hypoxic conditions, and accelerates CKD progres-
sion (10, 11). Extensive studies have shown that vascular rarefaction
is closely associated with the development, progression, and severity
of CKD in patients (11, 12). Despite the intense investigation during
the past several decades, relatively little is known about the cues that
cause endothelial cell loss in CKD. Many earlier studies are focused
on the dysregulation of angiogenic factors such as vascular endo-
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thelial growth factor (VEGF) (13-15). However, interventional ma-
nipulations of these factors for treatment of CKD often results in
inconsistent outcomes (13, 16, 17). These perplexing findings prompt
us to search for a new regulatory system and rethink the biology and
pathology underlying vascular rarefaction.

The sites of vascular rarefaction are not evenly distributed through-
out renal parenchyma in CKD, suggesting that local tissue micro-
environment may play a decisive role in this process. We recently
showed that kidney injury induces marked changes in the makeup
and nature of the extracellular matrix (ECM), leading to the forma-
tion of unique fibrogenic niche (18). Using a decellularized kidney
tissue scaffold (KTS), we demonstrate that fibroblasts and tubular
epithelial cells inoculated on KTS from normal and fibrotic kidneys
behave quite differently (18, 19). These observations make us spec-
ulate that tissue microenvironment may also play a role in determin-
ing endothelial cell fate after kidney injury. However, the identity of
such an element in the fibrotic niche responsible for causing endo-
thelial cell injury in CKD remains to be determined.

In this study, we report that fibrillin-1 (FBN1), a large ECM glyco-
protein, is up-regulated in various CKDs and orchestrates a hostile
microenvironment for endothelial cells, leading to vascular rarefac-
tion. FBN1 induces endothelial cell apoptosis and inhibits mitogen-
triggered proliferation. Our findings establish that an FBN1-enriched
microenvironment plays a crucial role in driving endothelial cell
injury and vascular rarefaction in CKD.

RESULTS

Fibrotic kidney matrix scaffold is a hostile environment

for endothelial cells

We first investigated the effect of kidney tissue microenvironment
on the biology of endothelial cells using an ex vivo model system.
To this end, decellularized KTS was prepared from the contralateral
(Ctrl) and obstructed kidneys at 3 weeks after unilateral ureteral ob-
struction (UUO) in pigs (fig. S1A), by using an established protocol
described previously (18). As shown in fig. S1B, hematoxylin and
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eosin staining confirmed that all renal cells were completely removed
from the KTS of Ctrl and UUO kidneys, with no nuclear staining.
Morphologically, the KTS from the Ctrl kidney showed a continu-
ous and well-organized matrix network (fig. S1B), whereas KTS from
the UUO kidney displayed a disordered appearance with scattered
scarring foci.

We then inoculated human umbilical vein endothelial cells
(HUVECsS) onto the KTS prepared from either control or fibrotic
kidneys. We found that compared with the Ctrl-KTS, UUO-KTS ren-
dered endothelial cells to apparently undergo apoptotic cell death
after 2 days of incubation. As shown in fig. S1 (C to I), Western
blotting showed that UUO-KTS induced the expression of various
apoptosis-related proteins such as cleaved caspase-3, poly [ADP
(adenosine 5’-diphosphate)-ribose] polymerase 1 (PARP-1), Fas, Fas
ligand (FasL), Fas-associated death domain protein (FADD), and
p53. Furthermore, KTS from fibrotic kidney also promoted the ex-
pression of endothelin 1 (ET-1) (fig. S1, C and J), a marker of endo-
thelial cell injury (20).

We also assessed the ability of endothelial cells to proliferate in
response to mitogen stimulation when cultured on KTS. As shown
in fig. S1 (K to M), UUO-KTS inhibited the expression of c-Fos and
cyclin D1, two proliferation-related proteins, in HUVEC:s in response
to mitogen stimulation. Together, these results unambiguously demon-
strate that the KTS from the fibrotic kidney is a hostile environment
for endothelial cells by inhibiting their survival and proliferation.

FBN1 is a major component of the fibrotic tissue
microenvironment

To identify the component of the fibrotic KTS that is responsible for
endothelial cell injury, we analyzed the composition and differences
of the KTS proteins from normal and fibrotic kidneys by using an
unbiased, mass spectrometry (MS) proteomics approach (Fig. 1A).
As shown in the Venn diagram (Fig. 1B), there were 843 proteins
that were present commonly in the KT of both normal (sham) and
CKD [unilateral ischemic-reperfusion injury (UIRI)] kidneys. How-
ever, 89 proteins were expressed only in sham KTS, while 325 pro-
teins were present only in CKD KTS (Fig. 1B). The differentially
expressed proteins are further plotted on the volcano map (Fig. 1C).
FBN1, a large ECM glycoprotein (21), was identified as one of the
most up-regulated proteins (Fig. 1C). Western blot analyses confirmed
an up-regulated FBN1 protein in the KTS prepared from CKD kidney,
compared with that from control kidney (Fig. 1D).

To investigate FBN1 regulation after kidney injury in vivo, we
examined its expression in three well-characterized models of renal
fibrosis induced by UIRI, UUO, and 5/6 nephrectomy (5/6NX). As
shown in Fig. 1 (E to J), little FBN1 protein was detected in sham
control kidney by Western blot analyses. However, marked induc-
tion of FBN1 was found in the fibrotic kidneys after UIRI, UUO, or
5/6NX, respectively, suggesting an induction of FBN1 expression
commonly in different models of CKD in vivo. Similar results were
obtained when renal mRNA level of FBN1 was assessed by quanti-
tative real-time reverse transcription polymerase chain reaction
(qRT-PCR) (Fig. 1, K to M).

We further examined the expression and localization of FBN1 in
the fibrotic kidney by immunohistochemical staining. As shown in
Fig. 1N, FBNI1 was virtually undetectable in sham-operated normal
kidney, but induced in the fibrotic kidneys after UIRI, UUO, and
5/6NX. FBN1 protein was predominantly localized in the renal tu-
bular epithelium of diseased kidneys (Fig. IN and fig. S2A). Staining
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for FBN1 and endomucin (EMCN), an endothelial marker, revealed
an inverse relationship between FBN1 level and endothelial density
in kidney parenchyma (fig. S2, B and C), implying that FBN1-
enriched microenvironment plays a role in vascular rarefaction.

FBN1 promotes endothelial cell apoptosis in vitro

To test whether FBN1 is directly responsible for mediating endothelial
cell injury, we next examined its effect on endothelial cell apoptosis
in vitro. To this end, HUVECs were incubated with recombinant
human FBNI1 protein for 2 days, and cell apoptosis was assessed by
flow cytometry. As shown in Fig. 2 (A and B), compared with the
control group, FBNI1 triggered substantial apoptosis in cultured
HUVEC:s as illustrated by flow cytometry-based apoptosis detection.
Terminal deoxynucleotidyl transferase-mediated deoxyuridine tri-
phosphate nick end labeling (TUNEL) staining also showed a marked
increase in apoptosis of HUVECs after FBN1 treatment (Fig. 2, C
and D).

We further examined the expression of various apoptosis-related
proteins in endothelial cells after FBN1 treatment. As shown in
Fig. 2 (E and F), Western blotting revealed that FBN1 induced the
expression of Fas, FasL, FADD, cleaved caspase-3, PARP-1, and
p53 in HUVEC:s. In addition, ET-1 protein was also induced by FBN1
(Fig. 2, E and F). Furthermore, when FBN1 was coated on culture
plates, it also induced the expression of proapoptotic proteins such
as Fas, FADD, and cleaved caspase-3 in HUVECs (fig. S3, A to D).
These results suggest that FBN1 embedded in the fibrotic KTS is
sufficient to cause apoptotic death of endothelial cells.

We also examined the effect of FBN1 on human renal glomeru-
lar endothelial cells (HRGECs). As shown in Fig. 2 (G and H), FBN1
also induced HRGEC apoptosis as detected by flow cytometry. Like-
wise, incubation of HRGECs with FBN1 promoted Fas, FADD, cleaved
caspase-3, and ET-1 expression (Fig. 2I and fig. S3, E to H). FBN1
also increased HRGEC detachment (fig. S3, I and J). However, incu-
bation of human kidney proximal tubular epithelial cells (HK-2)
with FBN1 did not affect their apoptosis and survival (fig. S3, K to
N), suggesting that the proapoptotic effect of FBNI1 is specific to
endothelial cells.

FBN1 inhibits endothelial cell proliferation in response

to mitogen in vitro

We next examined the effect of FBN1 on the proliferation of endo-
thelial cells. To this end, we incubated HUVECs with different con-
centrations of recombinant human FBN1 protein for 48 hours.
As shown in Fig. 3A, by using a quantitative colorimetric 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
assay, we found that FBN1 substantially decreased the number of
HUVECs in a dose-dependent manner, indicating that FBN1 hin-
ders HUVEC proliferation. Further cell cycle analysis using flow
cytometry revealed that the percentage of cells in the S-phase was
increased in HUVEC:s in response to mitogen stimulation with fetal
bovine serum (FBS), whereas incubation with FBN1 reduced the
S-phase cell population (Fig. 3, B to E). Similar results were obtained
by 5-ethynyl-2’-deoxyuridine (EdU) incorporation assay, a sensitive
method to detect and quantify DNA synthesis and cell proliferation.
As shown in Fig. 3 (F and G), FBN1 inhibited EdU incorporation in
endothelial cells in response to mitogen stimulation, indicating its
ability to inhibit cell cycle entry and subsequent DNA synthesis.
Consistently, Western blotting also demonstrated that FBN1 sup-
pressed the expression of multiple proliferation-related proteins in
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Fig. 1. MS proteomics analysis identifies FBN1 as a major component of fibrotic KTS. (A) Diagram shows using the MS proteomics approach to identify the different
composition of the KTS from sham and CKD kidneys. (B) The Venn diagram shows the differentially expressed proteins in sham and CKD KTS. (C) The volcano diagram
displays the differentially expressed proteins in the KTS of the two groups. FBN1 was highlighted as one of the most up-regulated proteins in CKD KTS. The red dots rep-
resent the proteins up-regulated in CKD KTS, while green dots show proteins down-regulated. The black dots denote proteins with no change in abundance between the
two groups. (D) KTS prepared from CKD kidney is rich in FBN1 protein. Western blot analysis shows the level of FBN1 in different groups as indicated. (E and F) FBN1 ex-
pression is induced in the kidney after UIRI. Western blot analyses show the levels of FBN1 in different groups as indicated. Representative Western blot (E) and quantitative
data (F) are shown. (G and H) Renal FBN1 expression is induced after UUO. Western blot analyses show the levels of FBN1 in different groups as indicated. Representative
Western blot (G) and quantitative data (H) are shown. (Iand J) FBN1 protein is induced in the kidney after 5/6NX. Representative Western blot (I) and quantitative data (J)
are shown. **P < 0.01 and ***P <0.001 versus sham. (K to M) gRT-PCR analyses show renal mRNA levels of FBN1 after UIRI (K), UUO (L), and 5/6NX (M), respectively.
*P<0.05, **P<0.01, and ***P <0.001 versus sham (n=6). (N) Representative micrographs show renal expression and localization of FBN1 protein in different groups as

indicated. FBN1 was detected by immunohistochemical staining. Arrows indicate positive staining. Scale bar, 50 um.

HUVECs, such as proliferating cell nuclear antigen (PCNA), cyclin
D1, c-Fos, and c-Myc (Fig. 3, H to L). Together, these results indi-
cate that FBN1 inhibits the expression of a host of proliferation-
related genes and hinders endothelial cell proliferation in response
to mitogen.

FBN1 activates integrin a,B¢/transforming growth

factor-p signaling

To delineate the mechanism by which fibrotic KTS drives endothelial
cell injury, we investigated the gene expression profile of endothelial
cells cultured on different KTS from control and UUO kidneys by
using an unbiased RNA sequencing (RNA-seq) transcriptome pro-
filing approach. As shown in Fig. 4A, the mRNA clustering displayed
substantial differences in gene expression between endothelial cells
cultured on Ctrl-KTS versus UUO-KTS. By analyzing the differentially
expressed genes in two groups, we found a total of 3340 differentially
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expressed mRNA. Among them, 2128 mRNAs were up-regulated in
HUVECs cultured on UUO-KTS, whereas 1212 were down-regulated,
compared with Ctrl-KTS (Fig. 4B). In particular, the expression of
key apoptosis-related genes including CASP3 and FADD was up-
regulated in HUVECs cultured on UUO-KTS. Integrin genes such
as ITGAV and ITGB6 and TGFBI were also induced in endothelial
cells cultured on UUO-KTS (Fig. 4B).

Kyoto Encyclopedia of Gene and Genomes (KEGG) enrichment
analysis of the differentially expressed genes revealed that several
signaling pathways were enriched, including apoptosis, cell cycle,
ECM-integrin interaction, transforming growth factor-B (TGF-B)
signaling, ubiquitin-mediated proteolysis, and estrogen signaling
(Fig. 4C). In addition, we performed gene set enrichment analysis
(GSEA) of the differentially expressed genes in two groups and iden-
tified an enriched TGEF- signaling in endothelial cells cultured on
UUO-KTS (Fig. 4D). Gene interaction network analysis also indicated
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Fig. 2. FBN1 induces endothelial cell apoptosis in vitro. (A and B) Flow cytometry shows HUVEC apoptosis after incubation with recombinant human FBN1 protein
(50 ng/ml) for 2 days. Representative flow cytometry histograms (A) and quantitative data (B) are shown. Both attached and detached cells were collected for flow cyto-
metric analysis. **P < 0.01 versus control group. (C and D) TUNEL staining shows an increased apoptosis of HUVECs after incubation with FBN1. Representative micro-
graphs of TUNEL staining (C) and quantitative data (D) are presented. Scale bar, 50 um. **P <0.01 versus control group. (E and F) Western blot analyses show that FBN1
induced the expression of many apoptosis-related proteins in HUVECs. HUVECs were incubated in the absence or presence of FBN1 (50 ng/ml) for 2 days, and cell lysates
were then subjected to Western blot analyses for Fas, FasL, FADD, cleaved caspase-3, PARP-1, p53, ET-1, and a-tubulin. Representative Western blot (E) and quantitative
data (F) are shown. *P < 0.05 versus controls. (G and H) Flow cytometry shows human renal glomerular endothelial cell (HRGEC) apoptosis after incubation with recombi-
nant human FBN1 protein (50 ng/ml) for 2 days. Representative flow cytometry histograms (G) and quantitative data (H) are shown. Both attached and detached cells
were collected for flow cytometric analysis. ***P < 0.001 versus control group. (1) Representative Western blot analyses show that FBN1 induced the expression of Fas,
FADD, cleaved caspase-3, and ET-1 proteins in HRGECs. HRGECs were incubated in the absence or presence of FBN1 (50 ng/ml) for 2 days.

that the TGF-B pathway was at the central position in the network
connecting FBN1, integrin a,Bs, Smad3, and various regulators of
apoptosis and proliferation (Fig. 4E).

To experimentally confirm these bioinformatics findings, we
further studied the integrins and TGF- signaling in HUVECs after
FBNI1 treatment in vitro. As shown in Fig. 4 (F to H), FBNI rapidly
induced integrin ay, and B¢ expression in HUVECs. FBN1 also in-
duced activation of TGF-B1 and Smad3 phosphorylation, although
it did not affect TGF-B1 and Smad3 abundances (Fig. 4, I to K).

Lietal., Sci. Adv. 2021; 7 : eabc7170 27 January 2021

Integrin a,B¢/TGF-f signaling is required for FBN1-induced
endothelial cell injury

To assess whether integrin o,s and TGF- signaling is required for
mediating FBN1-triggered endothelial cell injury, we carried out ex-
periments by preincubating HUVECs with 10D5, a specific mono-
clonal antibody that functionally inhibits integrin o,Bs (22). As
shown in Fig. 4L and fig. S4 (A and B), blockade of integrin o,
activation by 10D5 abolished FBN1-triggered TGF-B1 and Smad3
activation. Furthermore, 10D5 also inhibited FBN1-induced Fas,
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Fig. 3. FBN1 inhibits endothelial cell proliferative response to mitogen in vitro. (A) Quantitative colorimetric MTT assay shows that FBN1 inhibited HUVEC prolif-
eration in a dose-dependent manner. OD, optical density. HUVECs were incubated with different concentrations of FBN1 protein as indicated for 2 days. *P < 0.05 versus
controls. (B to E) Flow cytometry shows the distribution of different phases in cell cycle in HUVECs after incubation with 10% FBS in the absence or presence of FBN1
(50 ng/ml) for 2 days. Representative flow cytometry histograms (B to D) and quantitative data (E) are shown. *P < 0.05 versus control group (n = 3), P < 0.05 versus 10%
FBS group (n=3). (F and G) EdU incorporation assay shows that FBN1 (50 ng/ml) inhibited mitogen-mediated DNA synthesis by reducing EdU incorporation in HUVECs.
Representative EdU incorporation assay (F) and quantitative data (G) are shown. *P < 0.05 versus control (n = 3), P < 0.05 versus 10% FBS group (n = 3). (H) Representative
Western blot analyses show that FBN1 inhibited the expression of numerous proliferation-related proteins in endothelial cells. HUVECs were incubated with FBN1 (50 ng/ml)
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controls (n=3).

FADD, and cleaved caspase-3 expression in HUVECs (Fig. 4M and
fig. S4, Cto E).

We found that TGF-B1 activation was required for FBN1-induced
endothelial cell apoptosis. As shown in fig. S4 (F and G), a neutral-
izing TGF-B1 antibody (aTGF-B) effectively blocked Smad3 phos-
phorylation induced by FBN1 in HUVECs. Moreover, blockade of
TGF-B1 signaling by o TGF-f inhibited FBN1-induced Fas, FADD,
and cleaved caspase-3 expression in HUVECs (Fig. 4N and fig. 54,
H to J). Similarly, blockade of either integrin o,f¢ or TGF-f signal-
ing by 10D5 or o TGF-B also abolished the FBN1-induced HUVEC
apoptosis, as demonstrated by flow cytometry (Fig. 40 and fig. S4K).
Collectively, these results indicate that FBN1 causes endothelial apop-
tosis by activating integrin o,B¢/TGF-B1 signaling.

We also investigated the potential role of other integrins in me-
diating FBN1-induced endothelial cell injury. As shown in fig. S5
(A to D), FBN1 did not affect integrin B; and B3 expression and only
slightly induced Bs in HUVECs. Furthermore, blocking 0,3 and 0,5
signaling by corresponding antibodies neither affected FBN1-induced

Lietal., Sci. Adv. 2021; 7 : eabc7170 27 January 2021

Fas, FADD, and cleaved caspase-3 expression nor inhibited TGF-$1
activation (fig. S5, E to P). These results suggest that o,Bs plays a
major role in mediating FBN1-induced TGF-f activation and endo-
thelial cell apoptosis.

Depletion of FBN1 ameliorates kidney injury and fibrosis
invivo
To investigate the role of FBN1 in the pathogenesis of CKD, we sought
to knock down FBNI1 expression by short hairpin RNA (shRNA)-
mediated strategy in vivo. Specifically, mice were injected intrave-
nously with either control-shRNA or FBN1-shRNA plasmid vectors
at 4 days after UIRI (Fig. 5A). As illustrated in Fig. 5 (B and C), renal
expression of FBN1 protein was abolished in UIRI mice after intra-
venous injection of FBN1 shRNA. Immunostaining for FBN1 pro-
tein expression demonstrated similar results (Fig. 5D).

We next assessed the effects of FBN1 depletion on renal function
and fibrotic lesions after UIRI. As shown in Fig. 5E, serum creati-
nine was increased at 11 days after UIRI, but FBN1 depletion reduced
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analysis reveals that several signaling pathways as indicated were enriched. (D) GSEA enrichment analysis shows that TGF-p signaling was enriched in HUVECs cultured
on UUO-KTS. NES, normalized enrichment score; FDR, false discovery rate. (E) Protein interaction network analysis shows strong interaction and intricate connection among
FBNT, ITGAV, ITGB6, TGFB1, and other effectors involved in apoptosis and proliferation. ITGAV, integrin ay; ITGB6, integrin Bg; TGFB1, TGF-B1. (F to H) FBN1 induces integ-
rin o, B¢ expression in vitro. HUVECs were treated with FBN1 (50 ng/ml). Western blots (F) and quantitative data (G and H) are presented. *P <0.05 (n=3). (I to K) FBN1 in-
duces TGF-B1 and Smad3 activation in vitro. HUVECs were treated with FBN1 (50 ng/ml). Western blots (I) and quantitative data (J and K) are presented. **P <0.01
(n=3). (L) Blockade of integrin o,,B¢ abolishes TGF-B/Smad3 activation. HUVECs were preincubated with neutralizing antibody (10D5; 100 ng/ml) for 1 hour, followed by
treatment with FBN1 for 0.5 hour. (M) Blocking of integrin o, Bs signaling abolishes FBN1-induced apoptotic proteins. HUVECs were preincubated with 10D5 (100 ug/ml)
for 1 hour, followed by FBN1 for 2 days. (N) Blockade of TGF-B1 signaling abolishes FBN1-induced apoptotic proteins. HUVECs were preincubated with TGF-B1 anti-
body (aTGF-B; 50 ug/ml) for 1 hour, followed by treatment with FBN1 for 2 days. (0) Blockade of either integrin a,fs or TGF-B1 ameliorates endothelial cell apoptosis. Flow
cytometry assay showed the percentage of cell apoptosis in different groups. *P < 0.05 versus controls; tP < 0.05 versus FBN1 (n = 3).
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its levels. We further assessed the effects of FBN1 on the expression
of several fibrosis-related proteins and kidney pathology (Fig. 5, F
to I). Immunohistochemical staining and Western blotting showed
that knockdown of FBN1 inhibited renal expression of fibronectin,
o-smooth muscle actin (a-SMA), and collagen I in UIRI mice (Fig. 5,
Fand G, and fig. S6, A to C). Similar results were obtained when the
mRNA abundance of renal fibronectin, a-SMA, and collagen I was
assessed by qRT-PCR (fig. S6, D to F). As a result, FBN1 depletion
also ameliorated collagen accumulation and fibrotic lesions in the
kidney, as shown by Masson’s trichrome staining (MTS) (Fig. 5,
F and H) and Sirius red staining (fig. S6, G and H). Therefore, these
data indicate that FBN1 acts as a pathogenic mediator that pro-
motes renal fibrosis.

Depletion of FBN1 inhibits integrin o,$¢/TGF-p1 signaling
and mitigates microvascular rarefaction

To delineate the underlying mechanism of FBN1 action in vivo, we
examined the role of integrin a,B¢/TGF-B1/Smad3 signal cascade in
the pathogenesis of CKD. As shown in Fig. 5] and fig. S7 (A and B),
renal expression of integrin o, and Bs was up-regulated in UIRI mice,
whereas depletion of FBN1 abolished their induction. Similarly, both
TGF-B1 and Smad3 were activated in the kidney after UIRI, which
was abolished after FBN1 depletion (Fig. 5] and fig. S7, C and D).
Depletion of FBN1 did not significantly affect integrin By, B3, and Bs
expression in vivo (fig. S7, E to H).

We next investigated the effects of FBN1 on renal endothelial in-
jury in vivo. As shown in Fig. 5 (F to ]) and fig. S71, the expression
of endothelial marker EMCN was inhibited in the kidney after UIRI,
whereas knockdown of FBNI1 largely restored its expression. Con-
sistently, renal expression of ET-1 was induced in UIRI mice, and it
was obliterated by FBN1 depletion (Fig. 5] and fig. S7J). Immuno-
histochemical staining revealed that compared with sham controls,
EMCN-positive capillary endothelium was reduced in the kidney
after UIRI (Fig. 5, F and I), illustrating microvascular rarefaction.
Depletion of FBN1 largely restored EMCN expression and mitigated
microvascular rarefaction (Fig. 5, I and J).

Serum FBN1 levels are associated with kidney injury
and dysfunction in human CKD
To study the relevance of FBN1 in human CKD, we examined the
expression of FBN1 protein in human kidney biopsies of various CKD
by immunostaining. As shown in Fig. 6A, FBN1 was undetectable
in the nontumor, normal kidney region adjacent to renal cell carci-
noma. However, it was induced in renal biopsies of patients with
various CKDs including immunoglobulin A nephropathy (IgAN)
and membranous nephritis (MN) (Fig. 6A). FBN1 protein was pre-
dominantly localized in the tubular epithelium of diseased kidneys.

We next quantitatively measured serum FBN1 levels in 22 healthy
participants and a cohort of 113 patients with CKD using a specific
enzyme-linked immunosorbent assay (ELISA). The demographic
and clinical data of the patients are presented in table S1. As shown
in Fig. 6B, serum FBNI1 levels were elevated in patients with CKD,
compared with healthy participants. Furthermore, serum level of
FBN1 was closely associated with the severity and stages of CKD
(Fig. 6C). Moreover, the circulating level of FBN1 was also correlated
positively with its renal expression in 18 patients with CKD whose
biopsies were available (Fig. 6D).

We further analyzed the relationship between serum FBN1 and
kidney function. As shown in Fig. 6E, serum FBN1 levels were in-
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versely associated with estimated glomerular filtration rate (eGFR)
but positively correlated with serum creatinine (Fig. 6F), blood urea
nitrogen (BUN) (Fig. 6G), cystatin C (Fig. 6H), and soluble urokinase-
type plasminogen activator receptor (suPAR) (Fig. 6I). These results
indicate the clinical relevance of FBN1 to human CKD as well.

DISCUSSION

Microvascular rarefaction is considered as one of the hallmarks of
progressive CKD; however, its underlying mechanism remains largely
elusive. In this study, we have demonstrated that extracellular FBN1
plays a crucial role in driving endothelial cell injury and vascular
rarefaction in the setting of CKD. This conclusion is supported by
several lines of evidence. First, we show that FBN1-enriched KTS is
a hostile environment for endothelial cells, leading to their apopto-
sis and inhibiting their proliferation. Second, FBN1 is up-regulated
in renal tubular epithelium in animal models of CKD induced by
UIRI, UUO, and 5/6NX, as well as in kidney biopsies of human
CKD. Third, FBN1 triggers endothelial cell injury and apoptosis
through a cascade of events involving integrin o,B¢/TGF-B/Smad3
signaling in vitro. Last, targeted depletion of FBN1 ameliorates kidney
injury and mitigates vascular rarefaction in vivo. These studies for
the first time establish a fundamental role for extracellular micro-
environment, rather than angiogenesis-regulatory soluble factors,
in dictating endothelial cell fate after kidney injury. Our findings
provide a conceptual advance in understanding the pathomechanism
underlying vascular rarefaction and will have broad implication in
developing future strategies to mitigate capillary loss in CKD.

FBNI1 is a large, cysteine-rich ECM glycoprotein with size of ap-
proximately 350 kDa and serves as a major component of the calcium-
binding microfibrils, which provide mechanical support in elastic
and nonelastic connective tissues (21). Structurally, FBN1 contains
multiple epidermal growth factor (EGF)-like motifs that are arranged
in tandem, several domains homologous with the latent TGF-
binding protein (LTBP), and a proline-rich region (23). FBN1 is ex-
pressed in the wall of the aorta and is involved in vascular remodeling
and hereditary diseases. Its structural and functional abnormalities
are associated with the etiology of Marfan syndrome and aortic an-
eurysm (24). By using an unbiased proteomics profiling of the ECM
proteins between normal and fibrotic kidneys, we have identified
FBNI1 as one of the most up-regulated proteins in the fibrotic KTS
(Fig. 1), suggesting that it is a major component of the fibrotic niche
in diseased kidney. It is worthwhile to point out that FBN1 is pro-
duced and secreted by injured kidney tubular epithelial cells in var-
ious animal models of CKD (Fig. 1) and in human biopsies from
patients with CKD (Fig. 6). These results highlight that tubule-
derived FBN1 participates in the formation of fibrotic niche, which,
in turn, provides a hostile environment for endothelial cells. In es-
sence, FBN1 mediates the cross-talk between injured tubules and
peritubular capillary endothelium via building a unique extracellular
microenvironment during CKD progression.

One notable finding in the present study is that FBN1 impairs
endothelial cell survival by inducing apoptosis, leading to destruc-
tion of capillary integrity and microvascular rarefaction as seen in
diseased kidney. When cultured on FBN1-enriched KTS or incu-
bated with recombinant FBN1 protein or seeded on FBN1-coated
plates, endothelial cells spontaneously express various proapoptotic
proteins such as cleaved caspase-3, PARP-1, Fas, FasL, FADD, and
p53 (figs. S1 and S3) and undergo apoptosis (Fig. 2). Meanwhile,
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Fig. 5. Knockdown of FBN1 ameliorates kidney injury and fibrosis after UIRI. (A) Experimental design. Green arrow indicates the timing of injecting Ctrl-shR or
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FBNI1 renders endothelial cells to lose their ability to proliferate in
response to mitogen stimulation (Fig. 3). The combined effects of
FBNI1 on endothelial cell survival and proliferation make it an un-
receptive foe that destructs the integrity of microvasculature. The det-
rimental effect of FBN1 appears to be specific to endothelial cells, as
it only induces HUVEC and HRGEC apoptosis, but it does not in-
jure HK-2 cells. Many previous studies have postulated numerous
pathways that could contribute to the development of vascular rare-
faction in CKD, including deficiency in angiogenic factors including
VEGEF, migration and loss of pericytes, and endothelial-mesenchymal
transition (15, 25-27). The present study identifies a completely new
mechanism by which changes in ECM composition and integrity
orchestrate a hostile environment for endothelial cell survival and
renewal, leading to vascular rarefaction. It should be noted that re-
duced peritubular capillary density will result in local hypoxia, hy-
poperfusion, and oxidative stress (28, 29), leading to secondary tubular
injury and overproduction of FBN1 in the surrounding area. This
scenario will create a vicious cycle between tubular injury and vas-
cular rarefaction in CKD.
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The present study also delineates the mechanism by which FBN1
impairs endothelial cells in great detail. Using an unbiased, tran-
scriptomic profiling approach, we identify the changes in gene ex-
pression landscape of endothelial cells when cultured on Ctrl- and
UUO-KTS (Fig. 4). Analyses of the differentially expressed genes
uncover that several signal pathways implicated in apoptosis, cell
cycle, integrin signaling, and TGF-p signaling are enriched (Fig. 4).
These results not only confirm the imperative role of FBN1-enriched
microenvironment in regulating endothelial cell apoptosis and pro-
liferation but also suggest the potential involvement of integrin and
TGF-B signaling. Incubation of endothelial cells with FBN1 rapidly
induces integrin o, B¢ and TGF-B/Smad activation (Fig. 4), and block-
ade of either integrin a,fs or TGF-B abolishes FBN1-mediated en-
dothelial cell apoptosis (Fig. 4). These data are supported by previous
observations that FBNI1 interacts with a variety of integrins (0sf;,
05P6, a3, 0vBe, and agPy) (30, 31), of which a3, ayBe, and asp; are
expressed in endothelial cells (32, 33). FBN1 does not affect integrin
B1 and B; expression in HUVECs, and blockade of a3 and ayfs
signaling fails to inhibit FBN1-mediated TGF-p activation and
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endothelial cell apoptosis (fig. S5), suggesting that o, ¢ plays a pre-
dominant role in mediating FBN1 actions.

The signal cascade of FBN1/integrin a,f¢/TGF-B/Smad3 identi-
fied in the present study well explains for the intrinsic connection
among FBNI, integrin o, Be, TGF-p/Smad, and various effector mol-
ecules that are crucial for regulating endothelial cell apoptosis and
proliferation. Protein interaction network analysis via the STRING
database (https://string-db.org/) illustrates an intricate connection
that links FBN1 to various effector proteins that regulate endothelial
cell apoptosis and proliferation, including Fas, FasL, FADD, caspase-3,
PARP-1, p53, PCNA, cyclin D1, c-Fos, and c-Myc (Fig. 4). Through
interacting with integrin o,f¢, FBN1 is able to control the bioavail-
ability and activation of TGF-f stored in extracellular space (34), with-
out affecting TGF-B expression (Figs. 4 and 5). It is important to
point out that because FBN1 is an ECM protein, the activation of
TGF-B/Smad3 signaling triggered by FBN1 is spatially and precisely
confined to a particular location in situ, which could be a critical step
for attainment of signaling thresholds to trigger vascular rarefaction.

The significance and relevance of FBN1 in regulating vascular
rarefaction are corroborated by depletion of FBN1 by shRNA-
mediated strategy in vivo. In a mouse model of CKD induced by
UIRI, knocking down the expression of FBN1 inhibits the expression
of fibrosis-related proteins such as fibronectin, a-SMA, and collagen I
and alleviates fibrotic lesions. This is accompanied by restoration
of peritubular capillary density and mitigation of endothelial dam-
age marker ET-1. FBN1 depletion also inhibits integrin o, and B
and blocks TGF-B1 and Smad3 activation in diseased kidney, de-
spite no effect on TGF-B1 and Smad3 expression (Fig. 5). These re-
sults suggest that endogenous FBNI is a pathogenic mediator that
activates integrin o,Be/TGF-B1/Smad3 signaling and causes vascu-
lar rarefaction in CKD. Integrin o, and e expression in vivo (Fig. 5
and fig. S7) represents their levels in total kidney, which also include
their expression in injured tubular epithelium. Consistent with the
animal model, FBN1 is also induced in kidney biopsies of patients
with various CKDs, and serum FBN1 levels are correlated with the
stages and severity of CKD (Fig. 6). Furthermore, serum FBN1 is
also correlated with several independent risk factors that predict
kidney failure, such as serum creatinine, BUN, cystatin C, and
suPAR (35, 36). Although more studies are needed, these observa-
tions imply that circulating FBN1 may be used as a new biomarker
for vascular injury in CKD and for monitoring the progression of
kidney disorders.

The present study has some limitations. In our ex vivo model, it
remains uncertain whether endothelial cells are growing in the cor-
rect tissue compartment when seeded on the KTS. Furthermore, while
FBN1 induces HUVEC and HRGEC apoptosis in vitro, its role in
mediating vascular rarefaction in vivo needs to be further delineated.
Although we propose the integrin 0,B¢/TGF-B/Smad cascade as a
principal pathway leading to endothelial cell injury, we cannot ex-
clude the possibility that FBN1 may promote vascular rarefaction
in vivo by other mechanisms as well. More studies are warranted in
the future to address these issues.

In summary, by using a unique decellularized KTS ex vivo model
and MS proteomics approach, we have identified FBN1 as a key me-
diator that triggers endothelial cell apoptosis leading to vascular
rarefaction in CKD. We show that FBN1, derived from injured re-
nal tubules, orchestrates the formation of a hostile extracellular mi-
croenvironment and induces endothelial cells to commit apoptosis
via a cascade of signal events involving integrin o,B¢/TGF-B/Smad
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signaling. This study represents the first report to demonstrate a fun-
damental role of the tissue microenvironment in dictating endothelial
cell fate and vascular rarefaction and should have broad implication in
designing therapeutic strategies for the treatment of patients with CKD.

MATERIALS AND METHODS

Animal models

All animals were obtained from the Southern Medical University
Animal Center (Guangzhou, China). Male Tibet mini-pigs and male
BALB/c mice were subjected to UUO surgery (18). At 21 days after
surgery, pigs were euthanized, whereas BALB/c mice were eutha-
nized at 7 days after UUO. Kidney tissues were collected for subse-
quent analyses. Mice were also subjected to UIRI (19). At day 10 after
IR, the Ctrl intact kidney was removed. Mice were euthanized at 11 days
after IRI, and serum and kidney tissues were collected for various
analyses. In separate experiments, male CD1 mice were subjected to
5/6NX, as described previously (37). Briefly, renal ablation of the
left kidney was produced by amputation of both renal poles. One week
later, the mice were subjected to a right nephrectomy via a dorsal
lumbotomy incision. After 8 weeks, the mice were euthanized and
kidney tissues were collected. All animal studies were performed adher-
ing to the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and approved by the Experimental Animal
Committee at the Nanfang Hospital, Southern Medical University.

Preparation of KTS

KTS was prepared according to an established protocol (18). Briefly,
at 21 days after UUO, Tibet mini-pigs were euthanized. Ctrl and ob-
structed kidneys were arterially perfused in situ using phosphate-
buffered saline (PBS) to remove the blood. Each kidney was cut into
3- to 4-cm slices of same thickness along the sagittal plane. The kid-
ney slices were then subjected to multiple steps of decellularization
procedures as described (18). HUVECs were seeded on KTS and
incubated for 2 days. After then, cell lysates were prepared and sub-
jected to Western blot analyses.

MS proteomics analysis of the KTS

KTS from sham and UIRI kidneys was prepared according to the
aforementioned method. Briefly, Male BALB/c mice were subjected
to sham operation or UIRI. After euthanasia, kidneys were perfused
in situ using PBS to remove blood. Kidney tissues were then decel-
lularized as described above. Liquid chromatography-tandem MS
(LC-MS/MS) analysis was performed on a Q-Exactive mass spec-
trometer (Thermo Fisher Scientific) that was coupled to Easy nLC
(Proxeon Biosystems) for 120 min with the help provided by Shanghai
Applied Protein Technology (Shanghai, China). MS/MS spectra were
searched using MaxQuant software (version 1.5.3.17) against the
UniProt proteome database (uniprot_Mouse_84433_20180102.fasta),
and the label-free quantitation algorithm was performed for quantita-
tive analysis. Quantifiable proteins were defined as those identified
atleast twice in the three biological replicates. Proteins with an adjusted
P value <0.05 and abundance fold change >2 were assigned as dif-
ferentially expressed between the KTS of sham and UIRI kidney (38).

Cell culture and treatment

HUVECs and human kidney proximal tubular epithelial cells (HK-2)
were obtained from the American Type Culture Collection (Manassas,
VA). HRGECs were obtained from Procell Life Science & Technology
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Co. Ltd. (Wuhan, China). HUVECs were treated with recombinant
human FBN1 protein (R&D Systems, Minneapolis, MN) at differ-
ent concentrations for various periods of time as indicated. In some
experiments, HUVECs were pretreated with anti-integrin o, anti-
body (10D5), anti-integrin o,f; antibody, anti-integrin 0,5 antibody,
or anti-TGF-p antibody (o TGF-B) for 1 hour, followed by incubat-
ing with vehicle or FBN1 (50 ng/ml). HK-2 cells and HRGECs were
treated with recombinant human FBN1 protein at 50 ng/ml for 2 days.
The cells were then subjected to Western blot analyses.

FBN1-coating procedure

Cell culture plates were incubated with recombinant human FBN1
protein at a concentration of 50 ng/ml for 3 hours at 37°C. They
were then washed with PBS, blocked for 1 hour with a solution of
heat-denatured bovine serum albumin (1 mg/ml), and washed again.
Uncoated wells were used as controls.

Cell proliferation assay

Cell mass was assessed by the MTT assay (39). MTT was added at
the final concentration of 0.5 mg/ml to individual cultures for 4 hours
at the end of the experiments. Tetrazolium was released by dimethyl
sulfoxide, and the optical density was determined with an ELx800
Absorbance Reader (BioTek Instruments, Winooski, VT) at 570 nm.

EdU incorporation assay

EdU incorporation assay was performed according to an established
protocol (40). Briefly, cells were seeded onto six-well plates and
treated as indicated, and then, they were incubated with EQU (10 uM)
for 48 hours. At the end of incubation, cells were fixed after remov-
ing the labeling medium, followed by incubating with the EAU reac-
tion mixture for 30 min at room temperature. Hoechst reaction solution
was then added to each well. Stained samples were viewed under an
Eclipse E600 epifluorescence microscope equipped with a digital
camera (Nikon, Tokyo, Japan).

Flow cytometry analysis
HUVECs were washed with cold PBS and then stained with the
Cycletest Plus DNA Reagent Kit (Becton Dickinson, CA, USA) ac-
cording to the manufacturer’s instructions. Cell cycle distribution was
evaluated using a FACSCanto II Flow cytometry (Becton Dickinson,
CA, USA). The results were analyzed using the ModFit LT3.3 software.
For each experiment, 10,000 events per sample were recorded.
Apoptosis was detected by using a PE (phycoerythrin) Annexin
V Apoptosis Detection Kit (Becton Dickinson, USA). HUVECs were
incubated with a mixture of PE annexin V and 7-amino-actinomycin
(7-AAD), and apoptosis was measured by flow cytometry.

TUNEL assay

The TUNEL staining was performed according to the instructions
of the DeadEnd Fluorometric TUNEL System (#G3250, Promega,
USA). Serum-starved HUVECs were treated with serum-free medium
or FBN1 (50 ng/ml) for 48 hours and then fixed in 4% paraformal-
dehyde at room temperature. After that, incubation buffer mixture
(including equilibration buffer, nucleotide mix, and rTdT enzyme)
was added and incubated at 37°C for 1 hour. Cell nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI) for 15 min at 37°C. The
cells were then washed by PBS for five times and observed under a
fluorescence microscope (Olympus, Tokyo, Japan). Apoptosis was
expressed as the percentage of TUNEL" to total number of HUVECs.
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RNA-seq analysis

HUVECs were inoculated in the KTS from control and UUO kidneys.
After 24 hours of incubation, RN A-seq was performed to character-
ize the transcriptome of HUVECs cultured on Ctrl- and UUO-KTS.
TRIzol reagent (Invitrogen, Carlsbad, CA) was used to isolate the
total RNA of each sample. The purity, concentration, and integrity
of RNA were checked using the NanoPhotometer spectrophotometer
(IMPLEN, Westlake Village, CA), the Qubit RNA Assay Kit in Qubit
2.0 Fluorometer (Life Technologies, Carlsbad, CA), and the RNA
Nano 6000 Assay Kit of the Bioanalyzer 2100 System (Agilent Tech-
nologies, Santa Clara, CA), respectively. In this study, a total of six
cDNA libraries were constructed, i.e., three for HUVECs cultured
on Ctrl-KTS and another three for HUVECs cultured on UUO-KTS.
Ribosomal RNA was removed from each RNA extraction using the
Epicentre Ribo-Zero rRNA Removal Kit (Epicentre, Madison, WI).
The RNA-seq libraries were performed on a cBot Cluster Genera-
tion System using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina),
the libraries were sequenced at the Novogene Bioinformatics Insti-
tute (Beijing, China) on an Illumina NovaSeq 6000 sequencers, and
150-base pair paired-end reads were generated. Sequencing reads
were mapped to hgl9 using HISAT2 v2.0.5 with default values for
the parameters (41). The mappable reads were assembled by cufflinks
v2.2.1, and individual transcriptome assemblies were then merged
into a comprehensive assembly using cuff merge with default pa-
rameters (42). FPKM (fragments per kilobase per million mapped
reads) values were called using Cufflinks. Differential gene expres-
sion was performed by using the cuffdiff. Adjusted P < 0.05 was con-
sidered as a significantly differential expression.

Western blot analyses

Protein expression was analyzed by Western blot analysis as described
previously (39). The primary antibodies are summarized and pre-
sented in table S2.

Quantitative real-time reverse transcription polymerase
chain reaction

Total RNA was isolated using the TRIzol RNA purification system
(Thermo Fisher Scientific, Waltham, MA). qRT-PCR was performed
on an ABI PRISM 7000 Sequence Detection System (Applied Bio-
systems, Foster City, CA) as described previously (43). The mRNA
levels of different genes were calculated after normalization with B-actin.
The sequences of primer pairs are presented in table S3.

Histology, immunostaining, and confocal microscopy
Paraffin-embedded mouse kidney sections were prepared by a rou-
tine procedure. The sections were subjected to MTS and Sirius red
staining. Immunohistochemical staining was performed as described
previously (39). Immunofluorescence stained slides were viewed un-
der a Leica TCS-SL confocal microscope equipped with a digital cam-
era. Antibodies used are summarized in table S2.

Knockdown of FBN1 in vivo

Knockdown of FBN1 expression in vivo was performed using an
shRNA-mediated approach, as reported in (18, 19). The efficiency
of transgene transfection after hydrodynamics-based gene transfer
was confirmed by injecting plasmid vector encoding HA-tagged
Wntl fusion protein, as recently reported (44). Male C57/BL6 mice
were divided into three groups (n = 6 in each group): (i) sham-
operated mice, (ii) UIRI mice injected with control shRNA, and
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(iii) UIRI mice injected with FBN1-shRNA. Four days after IRI, mice
were injected with either pLVX-shFBN1 or control (pLVX-control)
plasmids via tail vein injection. Mice were euthanized at 11 days
after IR, and serum and kidney tissues were analyzed.

Human serum and kidney biopsies specimens

Human serum and kidney biopsies specimens were obtained from
diagnostic renal biopsies performed at the Nanfang Hospital, Southern
Medical University. Some serum samples were also collected from
healthy volunteers. All the studies involving human samples were
approved by the Ethic Committee on Human Subjects at the Nanfang
Hospital, Southern Medical University.

FBN1 ELISA
Human FBN1 Assay Kit was purchased from the Enzyme-linked
Biotechnology Company (ml960041-2, Shanghai, China). Serum FBN1
level was measured according to the assay procedures specified by
the manufacturer. Serum FBNI1 levels were expressed as nanogram
per milliliter.

suPAR ELISA

Human suPARnostic Elisa Kit was purchased from ViroGates (Birkerod,
Denmark). Serum suPAR level was measured according to the assay
procedures specified by the manufacturer. Serum suPAR levels were
expressed as nanogram per milliliter.

Statistical analyses

All data examined were expressed as means + SEM. Statistical analysis
of the data was carried out using IBM SPSS Statistics (SPSS Inc.,
Chicago, IL). Comparisons between groups were made by t test or
using one-way analysis of variance (ANOVA), followed by Fisher’s
least significant difference test or Dunnett T3 test. Spearman correla-
tion analysis was used to assess the relationship between serum FBN1
and other variables. P < 0.05 was considered significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabc7170/DC1

View/request a protocol for this paper from Bio-protocol.
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