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Abstract

Hepatic blood flow and sinusoidal endothelial fenestration decrease during aging.
Consequently, fluid mechanical forces are reduced in the space of Disse where he-
patic stellate cells (HSC) have their niche. We provide evidence that integrin o/p,
is an important mechanosensor in HSC involved in shear stress-induced release of
hepatocyte growth factor (HGF), an essential inductor of liver regeneration which is
impaired during aging. The expression of the integrin subunits o, and p, decreases in
liver and HSC from aged rats. CRISPR/Cas9-mediated integrin o; and p, knockouts in
isolated HSC lead to lowered HGF release and impaired cellular adhesion. Fluid me-
chanical forces increase integrin a; and laminin gene expression whereas integrin f,
remains unaffected. In the aged liver, laminin p2 and y1 protein chains as components
of laminin-521 are lowered. The integrin a; knockout in HSC reduces laminin expres-
sion via mechanosensory mechanisms. Culture of HSC on nanostructured surfaces
functionalized with laminin-521 enhances Hgf expression in HSC, demonstrating that
these ECM proteins are critically involved in HSC function. During aging, HSC acquire
a senescence-associated secretory phenotype and lower their growth factor expres-
sion essential for tissue repair. Our findings suggest that impaired mechanosensing
via integrin as/p, in HSC contributes to age-related reduction of ECM and HGF re-

lease that could affect liver regeneration.
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1 | INTRODUCTION

HSC are liver-resident mesenchymal stem cells which reside in the
space of Disse between sinusoidal endothelial cells (SEC) and he-
patocytes. This unique space contains a basement membrane-like
structure composed of laminins and collagen IV (COL4) and serves
as a stem cell niche for stellate cells (Kordes & Haussinger, 2013;
Kordes, Sawitza, Gotze, & Haussinger, 2013; Rohn et al., 2018;
Sawitza, Kordes, Reister, & Haussinger, 2009). In chronic liver dis-
eases, HSC become activated and develop into myofibroblast-like
cells which contribute to fibrogenesis (Kisseleva et al., 2012). HSC-
derived myofibroblasts show an increased expression of a-smooth
muscle actin («-SMA) and collagen | (COL1) and a downregulation
of quiescence markers such as glial fibrillary acidic protein (GFAP;
Gard, White, & Dutton, 1985). The activation of HSC is reversible as
demonstrated in fibrotic liver and culture of HSC-derived myofibro-
blast-like cells on laminin-521 (LN-521; Kisseleva et al., 2012; Rohn
et al., 2018). HSC fulfill important functions as mesenchymal stem
cells during liver homeostasis and regeneration (Kordes, Sawitza,
Gotze, Schumacher, & Haussinger, 2015). One function is the release
of trophic factors such as hepatocyte growth factor (HGF) which
maintains hepatocyte functions and induces their proliferation after
liver injury to facilitate tissue repair (Stolz, Mars, Petersen, Kim, &
Michalopoulos, 1999; Sumii et al., 2016).

Characteristics of quiescent HSC are maintained in their peri-
vascular niche, the space of Disse. Here, ECM components such as
LN-521 are involved in HSC maintenance (Rohn et al., 2018). The
heterotrimeric laminin chains LN-521 and LN-511 are important to
maintain stem cell characteristics (Domogatskaya, Rodin, Boutaud,
& Tryggvason, 2008; Rodin, Antonsson, Hovatta, & Tryggvason,
2014) and are synthesized by pericytes (Jeon et al., 1996) and endo-
thelial cells as reported for the kidney, cornea, skin, and lymph nodes
(Miner, 2012; Okumura et al., 2015; Sorokin et al., 1997). In contrast
to ECM remodeling during regeneration of injured or diseased liver
(Kim, Mars, Stolz, Petersen, & Michalopoulos, 1997), little is known
about age-related changes of hepatic ECM. Although liver function
is fairly stable during aging (Kitani, 1991), there are some age-related
alterations in liver physiology such as a reduction of blood flow by
20%-55% and a rarefication of endothelial fenestration (Le Couteur
& McLean, 1998; McLean et al., 2003) suggesting that fluid mechan-
ical forces are reduced in the space of Disse during aging.

Biondo-Simbes Mde et al. (2006) provided evidence that liver
regeneration after partial hepatectomy (PHx) is delayed in old rats.
This observation was supported by additional studies demonstrat-
ing an impaired regenerative potential of the aged liver in rodents
and humans (Enkhbold et al., 2015; Zhu et al., 2014). A possible

explanation could be the significant reduction of the HGF amount
in the aged liver (Enkhbold et al., 2015; Zhu et al., 2014). However,
the reasons for impaired liver regeneration are not fully understood.
Only few reports are available about the behavior of HSC during
aging thus far, although HSC are important players in liver regener-
ation (Kordes et al., 2015). The abundance of HSC and the number
as well as size of their retinoid-containing lipid droplets seems to
increase during aging, but contradicting results have been reported
about their activation state (Maeso-Diaz et al., 2018; Warren et al.,
2011). Moreover, the impact of aging on HSC function and the un-
derlying mechanisms have not been addressed so far. Therefore, the
present study was conducted to elucidate age-related alterations in
HSC and their perivascular niche and consequences for the regener-
ative potential of the aged liver.

2 | RESULTS
2.1 | Altered ECM composition in aged rat liver

Whole liver tissue from young (2 months) and old (22 months) rats
was analyzed by gene expression microarrays, qPCR, immunofluo-
rescence, and Western blot (Figure S1A). The microarray raw data
exhibited equal signal intensities and no obvious differences in
Pearson correlation analysis between age groups (Figure S2A,C).
Principal component analysis (PCA) revealed that liver samples
from both age groups could be separated into distinct groups
(Figure S2E). Hierarchical cluster analysis of microarray data of
liver tissue showed a differential expression of 130 genes out of
30,429 analyzed genes (Figure 1a). In detail, 63 genes were sig-
nificantly upregulated (Figure 1b, red dots) while 67 genes were
significantly downregulated in liver tissue from old compared to
young rats (Figure 1b, blue dots). All significantly altered genes as-
sociated with the ECM were found to be downregulated (Table S1).
ECM-associated gene expression such as laminin a2 (Lama2),
Lama4, nidogen 1 (Nid1), collagen 1a2 (Colla2), Col4al, and elastin
(Eln) was investigated in detail by gPCR using additional samples.
The expression of these genes was significantly reduced in liver
tissue from old rats while the expression of Lama5 remained un-
changed and laminin 1 (Lamb1), Lamb2, laminin y1 (Lamc1), and
Nid2 tended to decrease without reaching significance (Figure 1c).
Immunofluorescence staining of liver sections with antibodies
against LAMADS5, collagen 1 (COL1), and collagen 4 (COL4) revealed
no obvious differences in fluorescence signal intensities of differ-
ent age groups (Figure 1d-i). To further quantify protein composi-

tion changes of hepatic ECM during aging, a proteome analysis of

FIGURE 1 Altered ECM protein gene expression in liver tissue during aging. (a) Hierarchical cluster analysis of differentially expressed
genes in whole liver tissue from 2-month-old and 22-month-old rats. (b) Scatter plot of gene expression of whole liver tissue from both age
groups (n = 3 per age group, fold change > 2, p < .05, ANOVA). (c) Expression analyses of genes encoding for ECM proteins by gPCR. Mean
expression of liver tissue samples from young rats was set to 100% (n = 8-10 for 2-month-old and n = 8-9 for 22-month-old rats, *p < .05).
Immunofluorescence analysis of liver tissue sections from 2-month-old and 22-month-old rats (n = 3) with antibodies against (d, €) LAMAS5,
(f, g) COL1, and (h, i) COL4 (red). Cell nuclei were stained with DAPI (blue; scale bars: 20 um). (j) Proteome analysis of decellularized rat liver
tissue. Mean intensities of samples from young rats were set to 100% (n = 3, *p < .05). (c, j) Data are presented as means + SEM
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decellularized liver tissue from young and old rats was performed
(Figure S1B). The protein amount of different laminin chains
(LAMA2, LAMA4, LAMB2, LAMC1), NID2, and various collagens
(COL1A1, COL1A2, COL3A1, COL6A1, COL6A2, COL14A1) sup-
ported the mRNA data and declined in hepatic ECM of old rats
(Figure 1j). Furthermore, ELN and FN showed a significant reduc-
tionin the decellularized livers of 22 months compared to 2-month-
old rats. In contrast, COL4A2, COL4A5, and COL6A5 amounts
were elevated, but without reaching significance (Table S2). Only
COL6A6 increased significantly in old rat liver as determined by
proteome analysis (Figure 1j). FN in liver sections from old rats
was found to persist around larger vessels but clearly declined in
the remaining parenchyma as indicated by immunofluorescence of
liver sections (Figure 2a,b). Since FN was markedly reduced in he-
patic ECM from old rats, the subunits of the FN receptor integrin
as/p, (ITGA5 and ITGB1) were investigated in whole liver tissue
from young and old rats by immunofluorescence and Western blot
(Figure 2c-h). In line with the microarray data (Table S1), also the
protein amount of ITGA5 significantly declined during aging by
30% whereas ITGB1 showed a trend toward reduction (Figure 2h).
Among integrins, Itgal, Itga5, Itgaé, Itgall, and Itgb1 tended to de-
crease at the mRNA level in the aged liver (Table S1, Figure 2i).

2.2 | Impaired HSC characteristics in the aged
rat liver

HSC isolated from old (22 months) rats showed a stronger vitamin A
signal during FACS than HSC from young (2 months) rats (Figure S1D).
After one day of culture, sorted HSC were collected for analysis by
gene expression microarrays. The microarray data exhibited equal
signal intensities within each group (Figure S2B), and Pearson cor-
relation analysis revealed that HSC from old rats were different from
those of young (Figure S2D). The three HSC samples of each age
group clustered together when a PCA was performed (Figure S2F).
Gene expression microarrays of HSC from young and old rats re-
vealed a differential expression of 1,426 genes (Figure 3a). The ex-
pression of 753 genes significantly increased (Figure 3b, red dots)
and 673 genes significantly decreased in HSC from 22-month-old
rats (Figure 3b, blue dots). Interestingly, genes encoding for different
collagens such as Col8a1, Colla2, Col3al, and Col5al showed lower
expression in HSC from old rats (Figure 3c, Table S3). In line with
this, expression of further genes associated with the ECM such as
Lama2, Lamc1, Nid1, Nid2, and Fn1 was significantly downregulated
in HSC from old rats (Table S3). GO term analysis of significantly
up- and downregulated genes revealed that biological processes as-
sociated with development, differentiation, aging, inflammation, cell
death, and cell migration as well as extracellular matrix organization,
cell adhesion, and integrin-mediated signaling pathway appeared in
the set of significantly altered genes in HSC from old rats (Figure S3,
Table S4). Although typical markers of activated HSC such as colla-
gens decreased and a-Sma remained unchanged during aging as indi-

cated by microarrays, the quiescence marker secreted protein acidic

and rich in cysteines-like 1 (Sparcl1) decreased (Table S5) and expres-
sion of genes associated with ECM remodeling and cell migration
such as matrix metalloproteinase 13 (Mmp13; Table S3) and Cxcr4
(Table Sé) increased, suggestive for impaired HSC maintenance. In
addition, focal adhesion elements such as vinculin (Vcl) and talin
(TIn1, TIn2) were significantly decreased in HSC from old rats (http://
www.ebi.ac.uk/arrayexpress; accession number: E-MTAB-7423) in-
dicating impaired anchorage of HSC in their stem cell niche.
Additional markers associated with HSC quiescence and ac-
tivation were analyzed in further liver tissue samples from young
and old rats. The results from qPCR analysis demonstrated reduced
expression of the genes Gfap, lecithin-retinol acyltransferase (Lrat),
reelin, nestin, and Fn in livers from aged rats, while desmin and a-Sma
showed no differential expression (Figure 3d). Immunofluorescence
of liver tissue sections and Western blot analyses supported gPCR
data and showed weaker fluorescence intensities and signifi-
cantly reduced protein amounts of GFAP and FN in old rat liver
(Figures 2a,b and 3e,fk,l). No differences in protein levels were de-
tected for desmin and a-SMA by immunofluorescence and Western
blot (Figure 3g-I). These observations indicated a loss of original
HSC characteristics during aging without synthesis of FN, fibrillar
collagens, and a-SMA as known for HSC-derived myofibroblast-like

cells in fibrotic processes.

2.3 | Senescence-associated secretory phenotype of
HSC from aged rats

Many senescence-associated secretory phenotype (SASP) factors
were significantly upregulated in the gene expression microarrays of
HSC from old rats (Table S6). Among them, multiple factors involved
in inflammatory processes such as interleukin 1a (/l1a), I16, tumor ne-
crosis factor receptors (Tnfrsfla/b), and colony-stimulating factors
(Csf2/3) as typical elements of SASP were found (Table Sé).

In contrast, the expression of growth factors such as transform-
ing growth factor p (Tgfb1, Tgfb2, Tgfb3), fibroblast growth factor 2
(Fgf2), connective tissue growth factor (Ctgf), and Hgf significantly
decreased in HSC during aging. However, nerve growth factor (Ngf)
showed elevated expression in HSC from aged rats (Table S6).

A rat cytokine antibody array was used to quantify cytokines
in blood serum and culture supernatants of isolated HSC from
young and old rats (Figure S1C,D). No marked differences in cyto-
kine concentrations of the sera were measured with exception of
CXCL7, which was significantly reduced in samples from old rats
(Figure S4A). The sensitivity of the array was quite low when cul-
ture supernatants of HSC from young and old rats were analyzed
and only CXCL1 and TIMP-1 could be detected in all samples. While
TIMP-1 remained unchanged, CXCL1 protein levels increased in cul-
ture supernatants of HSC from aged rats (Figure S4B,C). In addition
to protein arrays, ELISA analyses of CXCL3 and IL6 were performed
to investigate additional SASP factors at the protein level. Both cy-
tokines were markedly elevated in conditioned culture medium of

HSC from old compared to young rats (Figure S4D,E). These results
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FIGURE 3 Alterations of HSC characteristics during aging. (a) Hierarchical cluster analysis of differential expressed genes in HSC

from 2-month-old and 22-month-old rats. (b) Scatter plot of gene expression in HSC from young and old rats (n = 3 per age group, fold
change > 2, p < .05, ANOVA). (c) The expression of different collagens (Col8a1, Colla2, Col3al, and Col5a2) decreased in HSC from old rats.
(d) Expression analyses by qPCR of genes typically observed in quiescent and activated HSC using whole liver samples from both age groups.
Immunofluorescence analysis of liver tissue sections (red) with antibodies against (e, f) GFAP, (g, h) desmin, and (i, j) «-SMA (inserts: a-SMA
at blood vessels). Cell nuclei were stained by DAPI (blue; n = 3; scale bars: 20 um). (k, I) Western blot analyses of markers typically observed
in quiescent and activated HSC in liver tissue from young and old rats. (d, I) Mean values of liver tissue samples from young rats were set to
100%. Data are presented as means = SEM (n = 10 for 2-month-old rats, n = 9 for 22-month-old rats, *p < .05)

were in accordance with the data obtained by microarray analysis

and indicated cellular senescence in HSC from old rats (Table Sé).

2.4 | Influence of mechanical forces on
HSC function

Immunofluorescence staining of rat liver sections revealed that the
HGF protein was present in liver sinusoids where it co-localized with
FN (Figure 4a,b). Similar to FN, the intensity of HGF immunofluo-
rescence was reduced in liver tissue of old compared to young rats
(Figure 4a-d). Western blot analyses of whole liver tissue from young
and old rats revealed a reduction of the matrix-bound pro-HGF
protein amount by 62 + 10% (n = 6) in aged liver tissue (Figure S5).
After partial hepatectomy (PHx), which is associated with increased
HGF release and proliferation of hepatocytes (Lindroos, Zarnegar, &
Michalopoulos, 1991), the HGF immunofluorescence intensity sig-
nificantly decreased by more than 26 + 4% (n = 3) in liver sinusoids as
demonstrated here for young rats one day after PHx (Figure 4e,f). At
this time point, hepatocytes showed maximal proliferation as inves-
tigated by pulse labeling of DNA with bromodeoxyuridine (25 mg/kg
body weight; 4 hr) in proliferating cells (not shown).

Since hepatic blood flow is increased shortly after PHx but re-
duced during aging (Le Couteur & MclLean, 1998; Lorenz et al.,
2018), it was investigated whether mechanical forces such as fluid
shear stress and stretching trigger the HGF release in liver perfu-
sion experiments. The liver tissues of both age groups were per-
fused via the portal vein with Krebs-Henseleit buffer and exposed
to increased mechanical forces by rising the flow rate (Figure 4g-m).
Significantly elevated HGF release into the effluent was measured
for young rat liver after applying mechanical forces via the perfusion
buffer, whereas statistical significance was not achieved for aged rat
liver when HGF values before and after increasing the flow rate were
compared (Figure 4g). Similar to the situation after PHx, HGF was
found to be reduced in the liver sinusoids by the elevated perfusion
rate (Figure 4e,f,j,k) and the remaining pro-HGF amount was signifi-
cantly lower in whole liver samples of aged compared to young rats
as investigated by Western blot (difference of 65%; Figure 4l,m).

It was also investigated whether fluid shear stress and stretching
influence HSC function (Figure 5a-j). Therefore, freshly isolated HSC
were exposed to low (2.9 dyn/cm?), medium (15 dyn/cm?), or high
(29 dyn/cm?) shear stress under laminar pulsatile flow (2.5 Hz) and
compared to HSC under static conditions (0 dyn/cm?). Interestingly,
shear stress significantly upregulated the expression of Colla2,
Lamb1, Lamb2, Lamc1, and Itga5 in HSC (Figure 5a,b), genes that

exhibited decreased expression in HSC and liver tissue during aging
(Figures 1c and 2i; Tables S1 and S3). Although FN mRNA and protein
were significantly decreased in HSC and whole liver tissue during
aging, the expression of Fn showed a slight but in case of 15 and
29 dyn/cm? significant downregulation in HSC indicating additional
regulatory mechanisms for FN (Figure 5a). While the expression of
Itga5 was significantly increased by about 80% by shear stress, Itgb1
expression was not affected (Figure 5b). However, Itgb1 was already
highly expressed under static condition (O dyn/cm?). In contrast to
its reduced expression in HSC and liver tissue from aged rats, Itgaé
expression was not affected by shear stress (not shown). The Hgf ex-
pression was only slightly influenced, whereas 116 expression, which
was significantly increased in HSC from old rats, was downregulated
by about 65% under all shear stress conditions (Figure 5c).

The expression of Hgf was mainly upregulated by laminin chains
which were significantly reduced in the rat liver matrix during aging
and which could be induced by shear stress (Lamb1, Lamb2, Lamc1).
HSC cultured on either laminin-521 (LN-521)-coated polystyrene
or on LN-521-functionalized nanostructured surfaces comprising
of gold dots with a defined spacing (150 nm) for one week showed
significantly increased Hgf expression compared to HSC cultured on
uncoated polystyrene (Figure 5d). Moreover, a defined distance be-
tween the single LN-521 molecules further elevated the Hgf mRNA
amount. In contrast, HSC cultured on LN-211-coated surfaces
showed no altered Hgf expression compared to cells on polystyrene
(Figure 5d). Additionally, gPCR analysis of HSC cultured for seven
days on either polystyrene uncoated or coated with COL4 or FN re-
vealed no significant alterations in Hgf expression but tended to in-
crease on FN by about 45% (Figure Séa). Furthermore, HGF release
by HSC into the culture medium was investigated by ELISA and re-
vealed a significantly higher HGF concentration in the supernatants
from cells on LN-521, COL4, and FN compared to cells on LN-211
(Figure Séb). Alterations in Hgf expression and HGF release indicate
that the ECM composition critically influences HSC function.

HGF release was analyzed after applying shear stress and
stretching (Figure 5e-j). Under both conditions, HSC released signifi-
cantly more HGF into the culture medium compared to HSC under
static and unstretched conditions (Figure 5f,j). Inmunofluorescence
analysis of HGF before and after shear stress supported the ELISA
data and showed a low fluorescence signal intensity in HSC after
applying mechanical forces (Figure 5g,h).

Interestingly, ITGA5 was significantly reduced in HSC and liver
tissue from old rats (Figure 2c,d,g,h; Tables S1 and S3) and its ex-
pression could be induced when HSC were exposed to shear stress

for one hour (Figure 4b). Western blot analyses of freshly isolated
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Aging

FIGURE 4 HGF deposition and release decrease in the aged liver. (a, b) HGF (red) was detected in liver sinusoids by immunofluorescence
where it was co-localized with FN (green; scale bars: 100 um). (c, d) The HGF fluorescence intensity was reduced in old compared to young
rat liver (scale bars: 20 um). HGF (red) in liver sinusoids of the young rat liver (e) without and (f) with partial hepatectomy (PHx). One day
after PHx, HGF was reduced in liver sinusoids. The cell nuclei are stained by DAPI (blue; n = 3; scale bars: 100 um). (g-m) Mechanical
stimulation of liver tissue by elevated perfusion rates. (g) The liver from young and old rats were perfused via the portal vein using initially

2 ml/(min x g) liver weight. The flow rate was then elevated to 6 ml/(min x g liver weight) at the time point O min. HGF was quantified in the
effluent by ELISA. Statistical comparison of the HGF values before and after raising the flow rate within one age group (n = 3-4; *p < .05). (h,
i) Young and old rat liver was exposed to comparable liquid pressures, which were continuously recorded during perfusion as shown here for
two individual livers. Immunofluorescence of HGF using liver sections from (j) young and (k) old rats 30 min after increasing the perfusion
rate in comparison with mechanically unstimulated liver shown in c/e and d. (I, m) Quantification of the remaining pro-HGF in whole liver
tissue by Western blotting after elevation of the perfusion rate for 30 min (n = 4). (m) Densitometric analysis of the pro-HGF protein bands
shown in (I) revealed lower residual pro-HGF levels in old compared to young rat liver (*p < .05). (g, m) Data are presented as means + SEM

HSC indicated that ITGAS is already present in their quiescent state
(Figure 6a,b). To investigate the relevance of ITGA5 as a possible
mechanosensor in HSC, this integrin subunit was knocked out by
CRISPR/Cas9 using two guide RNA (gRNA), which showed differ-
ent knockout efficiencies of about 73% (gRNA 1) and 87% (gRNA
2), respectively (Figure 6c,d). HSC that underwent Itga5 knockout
exhibited lowered HGF release already under static conditions when
the control (mock) was compared with HSC that received gRNA 2
(Figure 6e). However, a stimulation of HGF release after applying
shear stress (15 dyn/cmz) was still detectable in HSC after Itga5
knockout, but the total amount of HGF released after shear stress
decreased markedly with increasing knockout efficiency (Figure 6e).
These data suggest the involvement of ITGA5 in HGF release by
HSC. Furthermore, HSC without Itga5 adhered less efficiently to the
culture surface compared to control (Figure 6f). Finally, the expres-
sion of genes which could be induced by shear stress (Figure 4a) was
analyzed by gPCR. Interestingly, the expression of ECM-associated
genes (Lamb1, Lamb2, Lamc1, Col1a2) was not altered by shear stress
in HSC with Itga5 knockout while the expression of [16 was still sig-
nificantly reduced (Figure 6g) indicating that ITGAS5 is involved in the
mechanosensing of HSC. In contrast to ITGA5, ITGB1 protein is not
detectable in quiescent HSC but appears early during activation as
demonstrated previously (Kordes et al., 2013). Since it is claimed that
ITGAS preferably dimerizes with ITGB1 to form a functional integ-
rin heterodimer (Nagae et al., 2012), Itgb1 was also knocked out by
CRISPR/Cas9 in freshly isolated HSC (gRNA 3) which were then ex-
posed to shear stress (15 dyn/cm?). The knockout efficiency of gRNA
3 amounted to 98% (Figure 6h,i). HGF release by HSC with Itgb1
knockout decreased significantly compared to mock transfection
(Figure 6j). In addition, the basal level of HGF released under static
condition (0 dyn/cm?) was significantly reduced in culture medium
from HSC with Itgb1 knockout in comparison to mock transfection.
As seen for the Itga5 knockout, the knockout of Itgh1 also impaired
cell adhesion significantly (Figure 6k). Reduced HGF release and im-
paired cellular adhesion due to knockout of Itga5 and Itgb1 indicate

involvement of these integrins in mechanosensing of HSC.

3 | DISCUSSION

In the present study, compelling evidence was obtained that the rat

liver tissue is significantly altered during aging as demonstrated by

decreased protein levels of collagens, laminins, elastin, fibronectin,
HGF, and ITGAS5. There were no signs of increased inflammation in
the liver tissue and serum samples from old rats as determined by
gene expression and protein arrays. Irrespective of this, the expres-
sion of inflammation-associated factors was found to be elevated in
HSC isolated from aged rat liver. Senescent cells secrete a specific
pattern of chemokines, interleukins, and growth factors also known
as SASP (Coppé et al., 2008; Freund, Orjalo, Desprez, & Campisi,
2010). These factors induce senescence and the release of SASP fac-
tors by neighboring cells in a paracrine manner (Acosta et al., 2013).
HSC isolated from aged rats exhibited signs of SASP as indicated by
elevated levels of CXCL1, CXCL3, and ILé. In contrast to these cy-
tokines related to inflammation, the expression of growth factors
such as Hgf decreased in HSC from old rats. This finding is in line with
previous studies that reported decreased HGF levels in the aged liver
(Enkhbold et al., 2015; Zhu et al., 2014). In contrast to this, fibroblasts
of the skin have been described to reduce their cell size and to elevate
HGF expression during aging (Qin, Worthen, & Quan, 2017), indicat-
ing that age-related changes apparently differ among organs.

The reduced expression of quiescence-associated markers such
as Gfap, Sparcl1, and peroxisome proliferator-activated receptor y
(Ppary) in HSC from aged rats indicated impaired HSC quiescence
and function. However, their phenotype was different from fibro-
sis-associated myofibroblast-like cells, since the expression of a-Sma,
desmin, and ECM-associated genes remained unaffected or even
declined in HSC during aging. In line with the loss of quiescence,
HSC from aged rat liver indicated increased migration and impaired
adhesion, since they upregulated the expression of cell migration-as-
sociated factors such as the chemokine receptor Cxcr4 and Mmp13
whereas the focal adhesion elements Vcl and Tin as well as diverse
integrin subunits were downregulated. CXCR4 is upregulated in
activating HSC and enables a CXCL12 (stromal cell-derived fac-
tor-1)-mediated cell migration (Sawitza et al., 2009). Increased HSC
migration in aged liver was further supported by GO term analysis
when differentially expressed genes in HSC from young and old rats
were analyzed regarding their biological functions. However, this
migration process is apparently not associated with an induction of
ECM synthesis and loss of lipid-containing droplets.

HSC fulfill a dual role in the regenerating liver. They release mul-
tiple factors including HGF to stimulate the proliferation of neigh-
boring cells such as hepatocytes and they can differentiate into

hepatocytes and cholangiocytes as demonstrated by transplantation
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and cell lineage-tracing studies in rodents with injured liver (Kordes,
Sawitza, Gotze, Herebian, & Haussinger, 2014; Kordes et al., 2015;
Michelotti et al., 2013; Swiderska-Syn et al., 2014). Their ultimate
behavior is most likely controlled by environmental factors and,

thus, by their stem cell niche. The importance of the presence of

specific ECM proteins in the microenvironment for the maintenance
of HSC characteristics was demonstrated recently, since it has been
shown that LN-521 promotes the quiescent state of isolated HSC
and that the LAMAS chain is present in the space of Disse (Rohn
et al., 2018). Although the LAMA5 amount remained unchanged
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during aging as observed in the present study, LAMB2 and LAMC1
showed a marked reduction in the liver tissue of old rats. These two
laminin chains together with LAMAS constitute the functional LN-
521 trimer. The present study provides evidence that Hgf gene ex-
pression and HGF protein release is supported by the culture of HSC
on LN-521. Furthermore, it has been shown previously that HGF is
bound to the hepatic ECM as pro-HGF (Masumoto & Yamamoto,
1991). Tissue section analyses of livers from young and old rats
demonstrated the presence of HGF in liver sinusoids and indicated
reduced HGF levels in the aged liver. In line with this, Western blot
analyses of liver tissue from 2-month-old and 22-month-old rats re-
vealed less pro-HGF in the aged liver. This finding can be explained
by the reduced ECM protein amount in combination with attenuated
Hgf expression in HSC during aging, resulting in a reduced HGF pool
available for liver regeneration. These results could explain the low-
ered regenerative potential of the aged liver after PHx that has been
described by several groups for humans and rodents (Biondo-Simées
Mde et al., 2006; Enkhbold et al., 2015; Zhu et al., 2014).

The liver blood flow decreases by about 20%-55% during aging
(Le Couteur & McLean, 1998) but increases shortly after liver injury by
PHx (Lorenz et al., 2018). Plasma HGF concentration reaches a peak
at about one hour and decreases during the first day after PHx while
remaining elevated for more than three days (Lindroos et al., 1991).
The rise of HGF plasma levels after liver injury is based on ECM-bound
pro-HGF unleashed from the ECM by MMP (Kim et al., 1997). In the
present study, analyses of rat liver tissue sections showed markedly re-
duced HGF levels one day after PHx compared to normal control liver.
Recently, it was demonstrated that the immediate increase of HGF
plasma levels involves also SEC that release HGF after exposure to
mechanical forces exerted by increased blood flow after PHx (Lorenz
et al., 2018). To analyze whether this mechanism also applies for per-
fused rat liver and isolated HSC, fluid mechanical forces were applied.
After elevating the perfusion rate via the portal vein, HGF release
from liver sinusoids was detected, similar to the situation after PHx.
Furthermore, HGF release by isolated HSC was increased by applying
shear stress and stretching. At present, the exact fluid shear forces
within liver sinusoids and the space of Disse in vivo remain unknown.
For liver sinusoids, 3.7 dyn/cm? was calculated (Noh et al., 2012).
Therefore, a wide range of shear forces ranging from 2.9 to 29 dyn/
cm? was used in this study, which all triggered the release of HGF by

HSC. Sensing of mechanical stimuli can be transmitted by integrins

Aglng 110f17

to downstream signaling pathways (Haussinger, Reinehr, & Schliess,
2006). For example, the hepatocyte volume increases under the in-
fluence of insulin, which leads to an integrin-dependent epidermal
growth factor receptor and ERK1/2 activation in hepatocytes, trig-
gering a proliferative response (Reinehr, Sommerfeld, & Haussinger,
2010; Schliess, Reinehr, & Haussinger, 2007). Adhesion of cells to
the ECM protein FN is mediated via a specific binding of the ITGA5/
ITGB1 heterodimer (Nagae et al., 2012). Interestingly, FN and ITGA5
were markedly downregulated in liver tissue and HSC from old rats
indicating impaired cell-ECM interactions. In contrast, when isolated
HSC were exposed to fluid shear stress, several genes with decreased
expression in aged rat liver (Col1a2, Lamb1, Lamb2, Lamc1, Itga5) were
upregulated. Knockout of Itga5 and Itgbl in HSC led to reduced cell
adherence and HGF release. Furthermore, Itga5 knockout abolished
the increased expression of ECM-associated genes after exposure to
shear stress. These results suggest that ITGA5/ITGB1 is a mechano-
sensor in HSC. However, since the shear stress-induced reduction of
116 expression in HSC persisted after Itga5 knockout, additional mech-
anisms for sensing of mechanical stimuli in HSC can be assumed.

In conclusion, HGF and several components of the liver matrix,
such as collagens, laminins, and FN which maintain HSC character-
istics and enhance their HGF expression, were significantly reduced
in the aged liver as shown in this study. In concert with this, HSC
from old rats showed downregulated HGF expression and signs of
senescence. Interestingly, the expression of laminins and collagens
as well as the release of HGF by HSC were found to depend on me-
chanical forces. Mean Itga5 and Itgb1 mRNA amounts were markedly
reduced in HSC from aged rat liver. Knockout of Itga5 and Itgb1 in
HSC impaired cell adhesion and reduced HGF release. Itga5 knock-
out additionally prevented elevated expression of laminins and col-
lagens after exposure to shear stress. Since other integrins and the
adherence of HSC decrease during aging, impaired mechanosens-
ing and signal transduction in HSC may not only depend on ITGAS5/
ITGB1. Nevertheless, the present study provides an interesting link
between shear stress, HSC function, and age-related changes of
liver homeostasis, demonstrating that physical factors belong to the
niche elements of HSC in the space of Disse. Reduced fluid mechan-
ical forces together with an altered ECM composition in the space of
Disse and a reduction of ITGA5/ITGB1 in HSC seem to affect proper
HSC function such as HGF release which might contribute to the

impaired regenerative potential of the aged liver.

FIGURE 5 Mechanical forces stimulate HGF release from HSC. Isolated HSC were exposed to either shear stress or stretching to
investigate changes in gene expression and HGF release in comparison to mechanically unstimulated cells. (a) Expression analyses by gPCR
of ECM-associated genes, (b) Itga5 and Itgb1, and (c) Hgf and 116 using RNA samples obtained from HSC exposed to fluid shear stress for

1 hr. The mRNA expression of HSC under static condition (0 dyn/cm?) was set to 100% for each independent experiment (n = 3; *p < .05 for
shear stress vs. static condition). (d) Hgf expression analyses by gPCR in HSC cultured for 7 days under serum-free conditions on uncoated
or laminin-coated (LN-211, LN-521) culture surfaces. Polystyrene and nanostructured surfaces with a spacing of 150 nm between gold dots
were used. The mRNA expression of HSC cultured for one week on uncoated polystyrene dishes was set to 100% (broken line) for each
experiment (n = 5; *p < .05). HGF release by HSC exposed to (e-h) fluid shear stress or (i, j) mechanical stretching as analyzed by ELISA and
immunofluorescence. HGF concentration of culture supernatants from static condition (0 dyn/cm?) and unstretched HSC were set to 100%
for each independent experiment (n = 4; *p < .05). Immunofluorescence analysis of HGF (red) in HSC showed a high fluorescence signal
intensity under (g) static condition, (h) which was lost under fluid shear stress for 1 hr. Cell nuclei are stained by DAPI (blue; scale bars:

20 um). (a-d, f, j) Data are presented as means + SEM
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FIGURE 6 Influence of shear stress on HSC with CRISPR/Cas%-mediated Itga5 or Itgb1 knockout. (a, b) ITGA5 was detectable in freshly
isolated (day 1) and culture-activated (day 3 and 7) HSC by Western blot analysis. The ITGA5 protein amount in HSC at day 1 of culture was
set to 100% for each independent experiment (n = 3). (c, d) CRISPR/Cas9-mediated Itga5 knockout in HSC was evaluated by Western blot.
The efficiencies of two different gRNA was assessed in comparison to the ITGA5 protein amount of the control (mock; 100%) and y-tubulin
served as a loading control (n = 3; *p < .05). (e) HSC with Itga5 knockout were exposed to fluid shear stress (15 dyn/cm?) for 1 hr and the
HGF concentration of the culture supernatant was measured by ELISA. The data were normalized to cell number. The HGF concentration
from mock static condition was set to 100% for each independent experiment (n = 5; a, b, c, d, e; p < .05; groups sharing the same letters did
not differ significantly). (f) Number of adherent HSC before and after shear stress experiments. The cell number from mock static condition
was set to 100% for each independent experiment (n = 5; a, b; p < .05). (g) Expression analyses of ECM-associated genes and 116 in HSC

with Itga5 knockout (gRNA 1) before and after shear stress was applied. The mRNA amount of the static condition was set to 100% for

each independent experiment (n = 3; *p < .05). The mRNA yield obtained from HSC with Itga5 knockout using the gRNA 2 was too low for
gPCR-based expression analysis. ITGB1 is not detectable in quiescent HSC but appears early during their activation (Kordes et al., 2013). (h,
i) CRISPR/Cas9-mediated Itgh1 knockout in HSC was evaluated by Western blot. The efficiency of gRNA 3 was determined in comparison to
the ITGB1 protein amount of the control (mock; 100%) and y-tubulin served as a loading control (n = 3; *p < .05). (j) HSC with Itgh1 knockout
were exposed to fluid shear stress (15 dyn/cm?) for 1 hr and the HGF concentration of the culture supernatant was measured by ELISA. The
data were normalized to cell number. The HGF concentration from mock static condition was set to 100% for each independent experiment
(n=3;a,b,c;p<.05). (k) Number of adherent HSC before and after shear stress experiments. The cell number from mock static condition
was set to 100% for each independent experiment (n = 3; a, b; p < .05). The mRNA yield obtained from HSC with Itgb1 knockout was too low

for qPCR-based expression analysis. (b, d, e-g, i-k) The data are indicated as means + SEM

4 | EXPERIMENTAL PROCEDURES
4.1 | Liver samples, cell isolation, and culture

Liver tissue and HSC isolation were derived from 2-month-old
(343 = 5 g) and 22-month-old (598 + 19 g) male Wistar rats from
Janvier Labs (France). Initially, the blood was harvested from the
portal vein for further analyses. Samples from three different lobes
(median lobe, left lateral lobe, and right lateral lobe) of each liver
were collected and pooled for further analysis. To isolate HSC, the
livers were perfused with collagenase and pronase E solutions, in
order to digest the liver tissue essentially as described (Hendriks,
Verhoofstad, Brouwer, Leeuw, & Knook, 1985). After enrichment
of HSC by density gradient centrifugation using 28% Nycodenz
(Nycomed Pharma, Oslo, Norway), the HSC were purified by fluo-
rescence-activated cell sorting (FACS) using their typical retinoid
fluorescence emitted after UV-light excitation (FACS Aria Ill, BD
Biosciences, Heidelberg, Germany).

The sorted HSC were cultured for 24 hr prior to collection for
RNA isolation in Iscove's Modified Dulbecco's Medium (IMDM;
Thermo Fisher Scientific) supplemented with 10% FCS and 1% anti-
biotic-antimycotic solution (Thermo Fisher Scientific). The HSC iso-
lation protocol was authorized by the Landesamt fir Natur, Umwelt
und Verbraucherschutz (Recklinghausen; 82-02.04.2015.A287).

For in vitro experiments, HSC were isolated from mid-aged
Wistar rats (> 500 g; 10-15 months), which were obtained from
the animal facility of the Heinrich Heine University Dusseldorf
(Germany). HSC were first cultured on plastic culture dishes in
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with
10% FCS and 1% antibiotic-antimycotic solution. After one day,
HSC were detached by trypsin/EDTA solution and finally seeded
into p-Slides 1°% precoated with COL4 (ibidi, Martinsried, Germany;
250,000 cells in 100 ul medium). Alternatively, 800,000 HSC were
seeded on silicone stretch chambers (STREX) precoated with 1.0 pg/
cm? COL4 (Sigma-Aldrich). After 24 hr, medium was exchanged to

serum-free IMDM supplemented with 1% insulin-selenite-transfer-
rin (ITS; Sigma-Aldrich) containing albumin and linoleic acid as well as

1% antibiotic-antimycotic solution.

4.2 | Culture of HSC on protein-coated surfaces

HSC were seeded (50,000 cells/cm?) either on uncoated polysty-
rene culture dishes or on dishes coated (1.0 ug/cmz) with fibronectin
(FN, Sigma-Aldrich), COL4 (Sigma-Aldrich), laminin-211 (LN-211), or
laminin-521 (LN-521) obtained from BioLamina. After 24 hr, culture
medium was changed to the serum-free medium. After seven days of
culture, cells and culture media were collected for further analyses.
In a different approach, nanostructured surfaces were generated by
binding laminin to gold dots with an average spacing of 151 + 35 nm.
These gold dots were bio-functionalized with LN-211 or LN-521
(BioLamina) as described (Rohn et al., 2018). HSC from mid-aged rats
were seeded directly after isolation on nanostructured surfaces and
cultured under serum-free conditions. After one week, HSC were
harvested for qPCR analyses.

4.3 | CRISPR/Cas9-mediated knockout of
Itga5 and Itgb1

Guide RNA (gRNA) for Itga5 and Itgbl were designed using the
program Chopchop V2 (Labun, Montague, Gagnon, Thyme, &
Valen, 2016) and synthesized with the GeneArt Precision gRNA
Synthesis Kit (Invitrogen). The target sequences of the Itga5 and
Itgb1 genes are listed in Table S7. The transfection of HSC from
mid-aged rats was performed with the TrueCut Cas9 Protein v2
(Invitrogen) together with the gRNA using the P3 Primary Cell
4D-Nucleofector X Kit L (Lonza, Basel, Switzerland) and the
4D-Nucleofector (Lonza; program DS167). As a control (mock),
HSC were transfected in the presence of Cas9 protein but gRNA

85UB01] SUOLUWIOD BA1IEB1D) @ [qeat|dde au) Ag peuenob afe sapile WO ‘8sn Jo S3jni 104 Aeiq1T8ulUO 8|1\ UO (SUOIIPUOD-pUe-SLLLRYWD B 1M AR.q 1 jeu|uo//Sdiu) SUORIPUOD Pue s L 8U} 89S *[9202/.0/20] Uo ARiqiTauliuo A8|Im ‘HopIBSSNA euioliqiosepue pun -SeIsieAlN Ag TETET  BIe/TTTT 0T/I0pAL00" A3 |1m ARelq Ul |UO//SAIY oI} papeojuMoq y ‘0202 '92.6v .Y T



ROHN ET AL.

14 of 17 Aglng

was absent. Subsequently, HSC were seeded on standard culture
dishes and harvested after 3 days to determine the knockout ef-
ficiency by Western blot. For shear stress experiments (15 dyn/
cm2), HSC with and without CRISPR/Cas%-mediated Itga5 and
Itgb1 knockout were seeded in p-Slides 1°% precoated with COL4
(ibidi) as described above.

4.4 | Gene expression analyses by
microarray and qPCR

Total RNA of HSC and whole liver tissue from three young (2 months)
and three old (22 months) rats was extracted using the RNeasy
Mini Kit according to manufacturer's instructions (Qiagen) and sent
to IMGM Laboratories for gene expression analyses by microar-
rays (Affymetrix, GeneChip Rat Gene 2.0 ST Array, Thermo Fisher
Scientific). The array data were processed by the Transcriptome
Analysis Console 3.0 (Thermo Fisher Scientific) and are available on-
line at ArrayExpress database (http://www.ebi.ac.uk/arrayexpress)
under the accession number: E-MTAB-7423. Gene ontology (GO)
term analysis of significantly altered genes with regard to biologi-
cal processes was performed with the GO enrichment analysis and
visualization software GOrilla (October 2018; http://cbl-gorilla.cs.
technion.ac.il/; Eden, Navon, Steinfeld, Lipson, & Yakhini, 2009).
Furthermore, RNA from liver tissue of additional rats was isolated
and the Revert Aid H Minus First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific) was used for cDNA synthesis according to manu-
facturer's instructions. The qTower3 cycler (Analytik Jena AG) and
the Maxima SYBR Green qPCR Mastermix (Thermo Fisher Scientific)
were used for gPCR analyses. The sequences of all expression prim-
ers are listed in Table S8. The qPCR raw data were normalized to the
Ct values of the housekeeping gene hypoxanthine-guanine phos-
phoribosyl transferase 1 (Hprt1) and the AACt-method was used for

the calculation of relative expression changes.

4.5 | Immunofluorescence analysis

Cryosections of young, old, regenerating (PHx), and perfused rat liv-
ers as well as isolated HSC under static and shear stress conditions
were fixed in ice-cold methanol or 4% formalin (n = 3). The follow-
ing primary antibodies were used: COL1 (C2456; Sigma-Aldrich),
COL4 (ab6586; Abcam), LAMAS5 (NBP2-42391; Novus Biologicals),
FN (610078; Becton Dickinson), ITGA5 (ab150361; Abcam), ITGB1
(ab52971; Abcam), HGF (80429-R052; Sino Biological), GFAP
(MAB3402; Merck/Millipore), desmin (ab8592; Abcam), and a-SMA
(M0851; Dako/Agilent). The samples were then incubated with anti-
mouse or anti-rabbit secondary antibodies labeled with Cy3 or FITC
(Millipore). The tissue sections were mounted with Fluoromount G
containing 4',6-diamidino-2-phenylindole (DAPI; Southern Biotech)
and a glass coverslip. Images were taken using an Olympus IX50

microscope equipped with a DP71 camera (Olympus). The same

exposure time was used for each antibody to enable comparison of
liver sections from different age groups.

4.6 | Western blot analysis

Protein analyses of whole liver tissue lysates were performed using
the semidry Western blot technique according to standard proto-
cols. Antibodies against a-SMA (MO0851; Dako/Agilent), desmin
(ab8592; Abcam), GFAP (MAB360; Merck/Millipore), fibronectin
(610078; Becton Dickinson), ITGA5 (ab150361; Abcam), ITGB1
(ab52971; Abcam), HGF (LS-C486534; Lifespan Biosciences), and
y-tubulin (T5326; Sigma-Aldrich) were used. The detection was
carried out using horseradish peroxidase (HRP)-coupled goat-anti-
mouse or goat-anti-rabbit antibodies (Merck/Millipore) and Western
Bright Quantum or Sirius HRP substrates (Advansta). Visualization
and documentation was performed with ChemiDoc Imaging System
(BioRad). The intensities of Western blot protein bands were ana-
lyzed using the multiplex band analysis tool of the AlphaView soft-
ware (Proteinsimple) and normalized to the intensity of y-tubulin
bands.

4.7 | Mass spectrometry-based label-free
quantification of ECM

The liver was perfused with PBS without Ca%*/Mg?* for 20 min
and then three times with 500 ml PBS with Ca?*/Mg?* containing
increasing concentrations of Triton X-100 (1%, 2%, and 3%; Sigma-
Aldrich). Subsequently, perfusion was performed three times
with 1,000 ml PBS with Ca?*/Mg?* supplemented with increasing
concentrations of sodium dodecyl sulfate (SDS; 0.1%, 0.5%, and
1%) each containing 20 mg DNase (Sigma-Aldrich). Finally, decel-
lularized liver tissue was flushed with deionized water. From each
rat liver, ECM pieces from three different liver lobes were pooled
and lyophilized for bottom-up mass spectrometric analysis es-
sentially as described for muscle cell cultures (Grube et al., 2018).
Briefly, tissue lysates were prepared and 5 ug per sample shortly
(~5 mm running distance) stacked in a polyacrylamide gel. After
staining and band processing, proteins were digested with trypsin
and peptides extracted from the gel and finally prepared for mass
spectrometry. Here, peptides were separated by an Ultimate 3000
rapid separation liquid chromatography system by a two-hour gra-
dient and injected into a QExactive plus mass spectrometer via a
nano-electrospray interface and measured with a top 10 method
essentially as described (Grube et al., 2018). Data analysis was car-
ried out within the MaxQuant environment (version 1.6.1.0; MPI
for Biochemistry) with standard parameters. Searches were car-
ried out using the Rattus norvegicus proteome set (UP000002494,
29,966 entries) from the Uniprot Knowledgebase downloaded on
April 18, 2018. The matched between runs function was enabled

as well as label-free quantification. Only proteins showing at least
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2 different peptides and three valid values in at least one group
were selected for further analysis of quantitative data.

4.8 | Analysis of SASP factors in serum and HSC
culture medium

For the detection of SASP factors in the serum (n = 4) or serum-free
conditioned culture medium of isolated HSC (n = 3) from young and
old rats, the Proteome Profiler Rat Cytokine Array Kit (R&D Systems)
was used according to the manufacturer's instructions. Analysis of
serum samples revealed that 10 out of 29 factors showed a reaction
on the membrane while only two factors could be detected on the
membrane incubated with the culture medium. Visualization and doc-
umentation were performed with ChemiDoc Imaging System (BioRad)
and protein dot intensities were analyzed with the AlphaView soft-
ware (Proteinsimple). Furthermore, culture supernatants of HSC from
young (n = 5) and old (n = 3) rats were analyzed with the Rat CXCL3/
CINC-2 alpha/beta Quantikine ELISA Kit (RCN200, R&D Systems) and
the Rat IL6 Quantikine ELISA Kit (R6000B, R&D Systems) according
to manufacturer's recommendations. Data from the cytokine array
and ELISA analyses were normalized to cell number per area, which
was assessed by counting the cells with the cellSens Dimension 1.16
software at three different positions of each culture dish (Olympus).
To investigate the amount of HGF released by HSC after shear stress
(n = 5) and stretching (n = 4) as well as by culture on different ECM
proteins, culture supernatants were analyzed with the Mouse/Rat
HGF Quantikine ELISA (R&D Systems).

4.9 | Partial hepatectomy

After anesthesia of male Wistar rats (approximately 250 g body
weight, 8-10 weeks), PHx was performed by surgical removal of the
two largest liver lobes (70% of the liver mass) as described (Higgins
& Anderson, 1931; Kordes et al., 2014). Tissue samples were taken
after liver perfusion with physiologic buffer one day after PHx to
analyze HGF within the regenerating tissue by immunofluores-
cence. HGF fluorescence intensity was quantified with the cellS-
ens Dimension 1.16 software from six different positions of each
liver section (Olympus). Liver tissues from three control and PHx
rats were analyzed. Permission for the animal experiments was
given by the Landesamt fiir Natur, Umwelt und Verbraucherschutz
(9.93.2.10.34.07.163).

4.10 | Liver perfusion

Rat livers from young and old male Wistar rats were perfused via
the portal vein using Krebs-Henseleit buffer essentially as described
(Wettstein & Haussinger, 1997). The flow rate of the buffer was ad-
justed to the liver weight. Initially the liver was perfused with 2 ml/

(min x g liver) and after 10 min the perfusion rate was increased to
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6 ml/(min x g liver). The liquid pressure was continuously recorded
during liver perfusion. The effluent was collected in fractions to en-
able quantification of HGF by the Mouse/Rat HGF Quantikine ELISA
(R&D Systems). The liver perfusion experiments were approved
by the Landesamt fiir Natur, Umwelt und Verbraucherschutz (81-
02.04.2018.A126).

4.11 | Mechanical stimulation of isolated HSC

Freshly isolated HSC at day 3 of culture were exposed to shear
stress (2.9, 15, or 29 dyn/cmz) for 1 hr under laminar, pulsatile
flow using the “yellow/green” perfusion set (ibidi). For mimicking
the heartbeat of rats, a pulsatile flow at 2.5 Hz was used which
represented the maximum pulse rate of the ibidi perfusion sys-
tem. The media from p-Slides under static condition (0 dyn/cm?)
were collected as a reference. HSC within the flow chamber were
lysed for RNA extraction or fixed for immunofluorescence analy-
sis. For cell stretching, the culture supernatant was aspirated and
1 ml of fresh serum-free medium was added. Stretch chambers
were either elongated by about 30% or remained unstretched as
a control for 1 hr. All culture supernatants were collected from
static and shear stress experiments as well as from unstretched
and stretched HSC.

4.12 | Statistics

Values from 3-13 different animals per age group are presented as
means and their variation is indicated by the standard error of the
mean (+SEM). Significant differences between age groups were de-
termined by nonparametric tests (Mann-Whitney test U test) unless
otherwise stated. Only p values smaller than .05 were considered
significant. To distinguish significantly different groups, either an
asterisk (*) or letters (a, b, ¢, d) were used. If groups share the same
letters, no significant differences were found. Principal component
analysis (PCA) on microarray raw data was conducted with the soft-
ware Transcriptome Analysis Console 4.0.0.25 (AppliedBiosystems,

Thermo Fisher Scientific).

ACKNOWLEDGMENTS

This study was supported by German Research Foundation (DFG)
throughthe Collaborative Research Center SFB 974 Communication
and System Relevance during Liver Injury and Regeneration
(project number 190586431) and the Ansmann-Stiftung fur
Altersforschung (Dusseldorf). Joachim P. Spatz acknowledges
Tingyu Zhang for technical assistance and funding by the Max
Planck Society. Excellent technical assistance by Claudia Rupprecht
and Nicole Eichhorst (Clinic of Gastroenterology, Hepatology and
Infectious Diseases, Dusseldorf) is gratefully acknowledged.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

85U017 SUOWWOD SAIERID 8cedt[dde auy Ag pausenob ale sejoie YO ‘8SN J0 S8|nJ 0} Aiq 18Ul UO A8]IA UO (SUOIPUOD-PUE-SUIBYWO A8 | 1M Ale.q 1 BulUO//Sdny) SUoRIpuoD pue swie | 8y} 88s *[9202/20/20] Uo ARiq178uluo A8 |IM *HOPESSNA »ylol(qigsspue|] pun SEISIBAIUN A] TETET BIe/TTTT OT/I0p/W00 A3 1M ARIq 1 pUIUO//SANY WOy Pepeo|umod v ‘0202 ‘9Z.6v.rT



ROHN ET AL.

16 of 17 Aglng

AUTHOR CONTRIBUTIONS

FR performed experiments, analyzed data, and wrote the manuscript;
CK designed study, performed experiments, analyzed data, and wrote
the manuscript; TB performed stretch experiments and analyzed
data; DR performed experiments and analyzed data; MW performed
FACS and analyzed data; GP and KS performed proteome analyses
and approved the manuscript; AB, FG, and JS generated laminin-func-
tionalized nanostructured surfaces and approved the manuscript; and

DH designed study, analyzed data, and wrote the manuscript.

DATA AVAILABILITY STATEMENT
The authors provide detailed description of methods and original
data upon request.

ORCID

Claus Kordes https://orcid.org/0000-0003-0782-1998

REFERENCES

Acosta, J. C., Banito, A., Wuestefeld, T., Georgilis, A., Janich, P., Morton, J.
P., ... Gil, J. (2013). A complex secretory program orchestrated by the
inflammasome controls paracrine senescence. Nature Cell Biology, 15,
978-990. https://doi.org/10.1038/ncb2784

Biondo-Simdées Mde, L., Matias, J. E., Montibeller, G. R., Siqueira, L. C.,
Nunes Eda, S., & Grassi, C. A. (2006). Effect of aging on liver regen-
eration in rats. Acta Cirurgica Brasileira, 21, 197-202. https://doi.
org/10.1590/s0102-86502006000400002

Coppé, J.-P, Patil, C. K., Rodier, F., Sun, Y. U., Mufnoz, D. P., Goldstein,
J., ... Campisi, J. (2008). Senescence-associated secretory pheno-
types reveal cell-nonautonomous functions of oncogenic RAS and
the p53 tumor suppressor. PLoS Biology, 6, 2853-2868. https://doi.
org/10.1371/journal.pbio.0060301

Domogatskaya, A., Rodin, S., Boutaud, A., & Tryggvason, K. (2008).
Laminin-511 but Not-332,-111, or-411 enables mouse embryonic
stem cell self-renewal in vitro. Stem Cells, 26, 2800-2809. https://doi.
org/10.1634/stemcells.2007-0389

Eden, E., Navon, R., Steinfeld, I., Lipson, D., & Yakhini, Z. (2009).
GOirilla: A tool for discovery and visualization of enriched GO
terms in ranked gene lists. BMC Bioinformatics, 10, 48. https://doi.
org/10.1186/1471-2105-10-48

Enkhbold, C., Morine, Y., Utsunomiya, T., Imura, S., Ikemoto, T., Arakawa,
Y., ... Shimada, M. (2015). Dysfunction of liver regeneration in aged
liver after partial hepatectomy. Journal of Gastroenterology and
Hepatology, 30, 1217-1224. https://doi.org/10.1111/jgh.12930

Freund, A., Orjalo, A. V., Desprez, P. Y., & Campisi, J. (2010). Inflammatory
networks during cellular senescence: Causes and consequences.
Trends in Molecular Medicine, 16, 238-246. https://doi.org/10.1016/j.
molmed.2010.03.003

Gard, A. L., White, F. P., & Dutton, G. R. (1985). Extra-Neural Glial
Fibrillary Acidic Protein (Gfap) Immunoreactivity in Perisinusoidal
Stellate Cells of Rat-Liver. Journal of Neuroimmunology, 8, 359-375.
https://doi.org/10.1016/50165-5728(85)80073-4

Grube, L., Dellen, R., Kruse, F., Schwender, H., Stihler, K., & Poschmann, G.
(2018). Mining the secretome of C2C12 muscle cells: Data dependent
experimental approach to analyze protein secretion using label free
quantification and peptide based analysis. Journal of Proteome Research,
17, 879-890. https://doi.org/10.1021/acs.jproteome.7b00684

Haussinger, D., Reinehr, R., & Schliess, F. (2006). The hepatocyte integ-
rin system and cell volume sensing. Acta Physiologica, 187, 249-255.
https://doi.org/10.1111/j.1748-1716.2006.01542.x

Hendriks, H. F. J., Verhoofstad, W. A. M. M., Brouwer, A., de Leeuw, A.
M., & Knook, D. L. (1985). Perisinusoidal fat-storing cells are the main

vitamin A storage sites in rat liver. Experimental Cell Research, 160,
138-149. https://doi.org/10.1016/0014-4827(85)90243-5

Higgins, G. M., & Anderson, R. M. (1931). Experimental pathology of the
liver - Restoration of the liver of the white rat following partial surgi-
cal removal. Archives of Pathology, 12, 186-202.

Jeon, H., Ono, M., Kumagai, C., Miki, K., Morita, A., & Kitagawa, Y. (1996).
Pericytes from microvessel fragment produce type IV collagen and
multiple laminin isoforms. Bioscience, Biotechnology, and Biochemistry,
60, 856-861. https://doi.org/10.1271/bbb.60.856

Kim, T. H., Mars, W. M,, Stolz, D. B., Petersen, B. E., & Michalopoulos,
G. K. (1997). Extracellular matrix remodeling at the early stages of
liver regeneration in the rat. Hepatology, 26, 896-904. https://doi.
org/10.1002/hep.510260415

Kisseleva, T., Cong, M., Paik, Y., Scholten, D., Jiang, C., Benner, C,, ...
Brenner, D. A. (2012). Myofibroblasts revert to an inactive pheno-
type during regression of liver fibrosis. Proceedings of the National
Academy of Sciences of the United States of America, 109, 9448-9453.
https://doi.org/10.1073/pnas.1201840109

Kitani, K. (1991). Aging of the liver: Facts and theories. Archives
of Gerontology and Geriatrics, 12, 133-154. https://doi.
org/10.1016/0167-4943(91)90024-k

Kordes, C., & Haussinger, D. (2013). Hepatic stem cell niches. Journal
of Clinical Investigation, 123, 1874-1880. https://doi.org/10.1172/
JCl66027

Kordes, C., Sawitza, |., Gotze, S., & Haussinger, D. (2013). Hepatic stel-
late cells support hematopoiesis and are liver-resident mesenchymal
stem cells. Cellular Physiology and Biochemistry, 31, 290-304. https://
doi.org/10.1159/000343368

Kordes, C., Sawitza, |., Gotze, S., Herebian, D., & Haussinger, D. (2014).
Hepatic stellate cells contribute to progenitor cells and liver regen-
eration. Journal of Clinical Investigation, 124, 5503-5515. https://doi.
org/10.1172/JCI74119

Kordes, C., Sawitza, |, Gotze, S., Schumacher, E., & Haussinger,
D. (2015). Beyond fibrosis: Stellate cells as liver stem cells.
Zeitschrift fiir Gastroenterologie, 53, 1425-1431. https://doi.
org/10.1055/s-0035-1566895

Labun, K., Montague, T. G., Gagnon, J. A., Thyme, S. B., & Valen, E. (2016).
CHOPCHOP v2: A web tool for the next generation of CRISPR ge-
nome engineering. Nucleic Acids Research, 44, W272-W276. https://
doi.org/10.1093/nar/gkw398

Le Couteur, D. G., & McLean, A. J. (1998). The aging liver. Drug clearance
and an oxygen diffusion barrier hypothesis. Clinical Pharmacokinetics,
34, 359-373. https://doi.org/10.2165/00003088-199834050-
00003

Lindroos, P. M., Zarnegar, R., & Michalopoulos, G. K. (1991). Hepatocyte
growth-factor (hepatopoietin-a) rapidly increases in plasma before
DNA-synthesis and liver-regeneration stimulated by partial-hepa-
tectomy and carbon-tetrachloride administration. Hepatology, 13,
743-750. https://doi.org/10.1002/hep.1840130422

Lorenz, L., Axnick, J., Buschmann, T., Henning, C., Urner, S., Fang, S., ...
Lammert, E. (2018). Mechanosensing by B1 integrin induces angi-
ocrine signals for liver growth and survival. Nature, 562, 128-132.
https://doi.org/10.1038/s41586-018-0522-3

Maeso-Diaz, R., Ortega-Ribera, M., Fernandez-Iglesias, A., Hide, D.,
Mufoz, L., Hessheimer, A. J., ... Gracia-Sancho, J. (2018). Effects of
aging on liver microcirculatory function and sinusoidal phenotype.
Aging Cell, 17,e12829. https://doi.org/10.1111/acel.12829

Masumoto, A., & Yamamoto, N. (1991). Sequestration of a hepato-
cyte growth factor in extracellular matrix in normal adult rat liver.
Biochemical and Biophysical Research Communications, 174, 90-95.
https://doi.org/10.1016/0006-291x(91)90489-t

McLean, A. J., Cogger, V. C., Chong, G. C., Warren, A., Markus, A. M.,
Dahlstrom, J. E., & Le Couteur, D. G. (2003). Age-related pseudocap-
illarization of the human liver. The Journal of Pathology, 200, 112-117.
https://doi.org/10.1002/path.1328

85UB01] SUOLUWIOD BA1IEB1D) @ [qeat|dde au) Ag peuenob afe sapile WO ‘8sn Jo S3jni 104 Aeiq1T8ulUO 8|1\ UO (SUOIIPUOD-pUe-SLLLRYWD B 1M AR.q 1 jeu|uo//Sdiu) SUORIPUOD Pue s L 8U} 89S *[9202/.0/20] Uo ARiqiTauliuo A8|Im ‘HopIBSSNA euioliqiosepue pun -SeIsieAlN Ag TETET  BIe/TTTT 0T/I0pAL00" A3 |1m ARelq Ul |UO//SAIY oI} papeojuMoq y ‘0202 '92.6v .Y T


https://orcid.org/0000-0003-0782-1998
https://orcid.org/0000-0003-0782-1998
https://doi.org/10.1038/ncb2784
https://doi.org/10.1590/s0102-86502006000400002
https://doi.org/10.1590/s0102-86502006000400002
https://doi.org/10.1371/journal.pbio.0060301
https://doi.org/10.1371/journal.pbio.0060301
https://doi.org/10.1634/stemcells.2007-0389
https://doi.org/10.1634/stemcells.2007-0389
https://doi.org/10.1186/1471-2105-10-48
https://doi.org/10.1186/1471-2105-10-48
https://doi.org/10.1111/jgh.12930
https://doi.org/10.1016/j.molmed.2010.03.003
https://doi.org/10.1016/j.molmed.2010.03.003
https://doi.org/10.1016/S0165-5728(85)80073-4
https://doi.org/10.1021/acs.jproteome.7b00684
https://doi.org/10.1111/j.1748-1716.2006.01542.x
https://doi.org/10.1016/0014-4827(85)90243-5
https://doi.org/10.1271/bbb.60.856
https://doi.org/10.1002/hep.510260415
https://doi.org/10.1002/hep.510260415
https://doi.org/10.1073/pnas.1201840109
https://doi.org/10.1016/0167-4943(91)90024-k
https://doi.org/10.1016/0167-4943(91)90024-k
https://doi.org/10.1172/JCI66027
https://doi.org/10.1172/JCI66027
https://doi.org/10.1159/000343368
https://doi.org/10.1159/000343368
https://doi.org/10.1172/JCI74119
https://doi.org/10.1172/JCI74119
https://doi.org/10.1055/s-0035-1566895
https://doi.org/10.1055/s-0035-1566895
https://doi.org/10.1093/nar/gkw398
https://doi.org/10.1093/nar/gkw398
https://doi.org/10.2165/00003088-199834050-00003
https://doi.org/10.2165/00003088-199834050-00003
https://doi.org/10.1002/hep.1840130422
https://doi.org/10.1038/s41586-018-0522-3
https://doi.org/10.1111/acel.12829
https://doi.org/10.1016/0006-291x(91)90489-t
https://doi.org/10.1002/path.1328

ROHN ET AL.

Michelotti, G. A., Xie, G., Swiderska, M., Choi, S. S., Karaca, G., Kriger,
L., ... Diehl, A. M. (2013). Smoothened is a master regulator of adult
liver repair. Journal of Clinical Investigation, 123, 2380-2394. https://
doi.org/10.1172/Jci66904

Miner, J. H. (2012). The glomerular basement membrane. Experimental
Cell Research, 318, 973-978. https://doi.org/10.1016/j.yexcr.2012.
02.031

Nagae, M., Re, S., Mihara, E., Nogi, T., Sugita, Y., & Takagi, J. (2012).
Crystal structure of a5p1 integrin ectodomain: Atomic details of the
fibronectin receptor. Journal of Cell Biology, 197, 131-140. https://doi.
org/10.1083/jcb.201111077

Noh, J.-K,, Jung, J. G, Jang, E.-M., Lee, J.-H., Park, H.-J., Kim, Y. A, ...
Lee, S.-K. (2012). Live cell-imaging perfusion culture system of
liver sinusoidal endothelial cells to mimic stem cell engraftment
in liver. Transplantation Proceedings, 44, 1116-1119. https://doi.
org/10.1016/j.transproceed.2012.03.007

Okumura, N., Kakutani, K., Numata, R., Nakahara, M., Schlotzer-
Schrehardt, U., Kruse, F., ... Koizumi, N. (2015). Laminin-511 and -521
enable efficient in vitro expansion of human corneal endothelial cells.
Investigative Ophthalmology & Visual Science, 56, 2933-2942. https://
doi.org/10.1167/iovs.14-15163

Qin, Z., Worthen, C. A., & Quan, T. (2017). Cell-size-dependent upreg-
ulation of HGF expression in dermal fibroblasts: Impact on human
skin connective tissue aging. Journal of Dermatological Science, 88,
289-297. https://doi.org/10.1016/j.jdermsci.2017.08.003

Reinehr, R., Sommerfeld, A., & Hé&ussinger, D. (2010). Insulin induces
swelling-dependent activation of the epidermal growth factor re-
ceptor in rat liver. Journal of Biological Chemistry, 285, 25904-25912.
https://doi.org/10.1074/jbc.M110.125781

Rodin, S., Antonsson, L., Hovatta, O., & Tryggvason, K. (2014). Monolayer
culturing and cloning of human pluripotent stem cells on laminin-
521-based matrices under xeno-free and chemically defined con-
ditions. Nature Protocols, 9, 2354-2368. https://doi.org/10.1038/
nprot.2014.159

Rohn, F., Kordes, C., Castoldi, M., Gétze, S., Poschmann, G., Stihler, K.,
... Haussinger, D. (2018). Laminin-521 promotes quiescence in iso-
lated stellate cells from rat liver. Biomaterials, 180, 36-51. https://doi.
org/10.1016/j.biomaterials.2018.07.008

Sawitza, |., Kordes, C., Reister, S., & Haussinger, D. (2009). The niche of
stellate cells within rat liver. Hepatology, 50, 1617-1624. https://doi.
org/10.1002/hep.23184

Schliess, F., Reinehr, R., & Haussinger, D. (2007). Osmosensing and sig-
naling in the regulation of mammalian cell function. FEBS Journal, 274,
5799-5803. https://doi.org/10.1111/j.1742-4658.2007.06100.x

Aglng 17 of 17

Sorokin, L. M., Pausch, F., Frieser, M., Kroger, S., Ohage, E., & Deutzmann,
R.(1997). Developmental regulation of the laminin a5 chain suggests
a role in epithelial and endothelial cell maturation. Developmental
Biology, 189, 285-300. https://doi.org/10.1006/dbio.1997.8668

Stolz, D. B., Mars, W. M., Petersen, B. E., Kim, T. H., & Michalopoulos,
G. K. (1999). Growth factor signal transduction immediately after
two-thirds partial hepatectomy in the rat. Cancer Research, 59,
3954-3960.

Sumii, T., Nakano, Y., Abe, T., Nakashima, K., Sera, T., & Kudo, S. (2016).
The effect of nitric oxide on ammonia decomposition in co-cul-
tures of hepatocytes and hepatic stellate cells. In Vitro Cellular
& Developmental Biology - Animal, 52, 625-631. https://doi.
org/10.1007/511626-016-9999-y

Swiderska-Syn, M., Syn, W. K., Xie, G., Kriiger, L., Machado, M. V., Karaca,
G., ... Diehl, A. M. (2014). Myofibroblastic cells function as progen-
itors to regenerate murine livers after partial hepatectomy. Gut, 63,
1333-1344. https://doi.org/10.1136/gutjnl-2013-305962

Warren, A., Cogger, V. C., Fraser, R., Deleve, L. D., McCuskey, R. S., & Le
Couteur, D. G. (2011). The effects of old age on hepatic stellate cells.
Current Gerontology and Geriatrics Research, 2011, 439835. https://
doi.org/10.1155/2011/439835

Wettstein, M., & Haussinger, D. (1997). Cytoprotection by the osmolytes
betaine and taurine in ischemia reoxygenation injury in the per-
fused rat liver. Hepatology, 26, 1560-1566. https://doi.org/10.1053/
jhep.1997.v26.pm0009397998

Zhu, C., lkemoto, T., Utsunomiya, T., Yamada, S., Morine, Y., Imura, S.,
... Shimada, M. (2014). Senescence-related genes possibly responsi-
ble for poor liver regeneration after hepatectomy in elderly patients.
Journal of Gastroenterology and Hepatology, 29, 1102-1108. https://
doi.org/10.1111/jgh.12468

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Rohn F, Kordes C, Buschmann T, et
al. Impaired integrin o;/p,-mediated hepatocyte growth
factor release by stellate cells of the aged liver. Aging Cell.
2020;19:e13131. https://doi.org/10.1111/acel.13131

85U017 SUOWWOD SAIERID 8cedt[dde auy Ag pausenob ale sejoie YO ‘8SN J0 S8|nJ 0} Aiq 18Ul UO A8]IA UO (SUOIPUOD-PUE-SUIBYWO A8 | 1M Ale.q 1 BulUO//Sdny) SUoRIpuoD pue swie | 8y} 88s *[9202/20/20] Uo ARiq178uluo A8 |IM *HOPESSNA »ylol(qigsspue|] pun SEISIBAIUN A] TETET BIe/TTTT OT/I0p/W00 A3 1M ARIq 1 pUIUO//SANY WOy Pepeo|umod v ‘0202 ‘9Z.6v.rT


https://doi.org/10.1172/Jci66904
https://doi.org/10.1172/Jci66904
https://doi.org/10.1016/j.yexcr.2012.02.031
https://doi.org/10.1016/j.yexcr.2012.02.031
https://doi.org/10.1083/jcb.201111077
https://doi.org/10.1083/jcb.201111077
https://doi.org/10.1016/j.transproceed.2012.03.007
https://doi.org/10.1016/j.transproceed.2012.03.007
https://doi.org/10.1167/iovs.14-15163
https://doi.org/10.1167/iovs.14-15163
https://doi.org/10.1016/j.jdermsci.2017.08.003
https://doi.org/10.1074/jbc.M110.125781
https://doi.org/10.1038/nprot.2014.159
https://doi.org/10.1038/nprot.2014.159
https://doi.org/10.1016/j.biomaterials.2018.07.008
https://doi.org/10.1016/j.biomaterials.2018.07.008
https://doi.org/10.1002/hep.23184
https://doi.org/10.1002/hep.23184
https://doi.org/10.1111/j.1742-4658.2007.06100.x
https://doi.org/10.1006/dbio.1997.8668
https://doi.org/10.1007/s11626-016-9999-y
https://doi.org/10.1007/s11626-016-9999-y
https://doi.org/10.1136/gutjnl-2013-305962
https://doi.org/10.1155/2011/439835
https://doi.org/10.1155/2011/439835
https://doi.org/10.1053/jhep.1997.v26.pm0009397998
https://doi.org/10.1053/jhep.1997.v26.pm0009397998
https://doi.org/10.1111/jgh.12468
https://doi.org/10.1111/jgh.12468
https://doi.org/10.1111/acel.13131

	Titelblatt_häussinger_final
	Häussinger_impaired

